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The sound velocity and density of binary mixtures of benzene, toluene, p-xylene and cyclo-
hexane with 1,2-dichloroethane (DCE) as a common component were measured at temperature
20—40°C, and the excess molar volume and excess compressibility of these systems were calculated.
They were found to be positive. The excess compressibility is independent of temperature in
the DCE-benzene system. Thermodynamical properties and the nature of intermolecular in-
teraction in the systems were discussed. It has been shown that there is a certain weak attrac-
tion between DCE and aromatic molecules, and that there is no complex formation viz., hydrogen-
bonding or change transfer complex. It has been proposed that the interaction between gauche
form of DCE and aromatic molecules is of electrostatic nature (dipole-induced dipole or hyper-
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polarizability).

Binary solutions consisting of a halogen-substitu-
ted ethane and an aromatic solvent have long been
studied from various viewpoints, but complete in-
formation is still lacking.

One approach to the liquid structure of the
system is in the field of the molecular structure
theory by means of Raman and infrared spectro-
scopy,™® dielectric measurements,*~? and NMR.®)
The solvent dependence of the conformational equi-
librium in halogen-substituted ethanes in the solu-
tion has been studied.’™® It has been found that
aromatic solvents exhibit an anomaly in the confor-
mational equilibrium of halogen-substituted ethanes
in contrast to non-aromatic solvents.3~8)
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In a second approach, viz., a thermodynamical
consideration, the 1,2-dichloroethane-benzene sys-
tem has been regarded as a nearly ideal solution,?1%)
because the excess free energy, enthalpy and entropy
resulting from mixing are small. However, excess
molar volume is large in comparison with other
excess thermodynamical quantities.’*19 Measure-
ments of thermodynamical quantities have been
made on this “pseudo-ideal” solution.?—16)

By the analysis using the solution theory,'? it has
been shown that this system is not ideal, and that
a certain kind of order is present between two
components.1?)

As a third approach for the 1,2-dichloroethane-
benzene system, ultrasonic studies, which present
a useful means for the study of liquid structure in
general, have been made by Staveley et al.,'®)
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Kohler et al.'® and others.2)

This system is interesting as the object of studies
of the interaction between polar molecules and 7
electrons, as well as that of studies of liquid structure.

We report here the results of an ultrsonic and
thermodynamical investigation for the dichloro-
ethane-aromatic systems and the dichloroethane-
cyclohexane system which is taken as a reference
system, and discuss the nature of the solute-solvent
interactions in the systems.

Experimental

Samples of benzene, toluene, p-xylene, cyclohexane
and 1,2-dichloroethane (DCE) were guaranteed reagents
obtained from Wako Pure Chemical Industry Co. Ltd.,
and used on further purification.??) The purity was
examined by measurements of density at 20°C.

Sample Density at 20°C Lit. value??
Benzene 0.87904 0.87903
Toluene 0.86703 0.86696
p-Xylene 0.86105 0.68100
Cyclohexane 0.77853 0.77853
DCE 1.25297 1.25294

Sound velocity was measured using a usual crystal
interferometer,??) working at 3 Mc. The cell used is
shown in Fig. 1. Measurements were made at 20, 30
and 40°C. The temperature was controlled within
£0.05°C. The measurement of sound velocity was
reproducible within +0.3 m/sec.

In order to test the apparatus, sound velocity was
measured at 30°C for pure samples of benzene, n-hexane,
cyclohexane and carbon tetrachloride. The results
obtained were compared with data in literature.

Sound velocity

Sample at 30°C (m/sec) Lit. value
Benzene 1275.4 (3 Mc) 1276.9,* 1275.8*2
n-Hexnae 1062.8 (1 Mc) 1055.3*2
Cyclohexane 1228.6 (3 Mc) 1231.3,*3 1229.5%2
Carbon
tetrachloride 908.6 (1 Mc) 905.9,*¢ 908%*5
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The agreement is satisfactory on the whole.
The merit of this apparatus is that the quantity
of samples needed for measurements is small, 15—20 cc.
Density measurements were made using a pycnometer
of usual type, whose capacity was about 15 cc. Accuracy
of the density obtained was +0.019%,.

\///% 2

77777

2,
S

D
R’ E.

N\
()
Z

D

7

Z Do~ ’ —-F

Fig. 1. Interferometer cell.
A: micrometer, B: double jacket, C: reflector,
D:sample, E: crystal, F: liquid inlet, G: co-axial
cable

Results

Density d and sound velocity v were measured
over the whole concentration range at 20, 30 and
40°C for the four systems: DCE-benzene, DCE-
toluene, DCE-p-xylene and DCE-cyclohexane.

Excess Molar Volume on Mixing. Excess
molar volume VZ was calculated from density data
which are given in Figs. 2(a), (b), (c) and (d) for
each system. Abscissa x represents the mole frac-
tion of DCE. The accuracy of VZ is about +0.02
cc/mole. VZ values of DCE-benzene system agree
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with literature values.?-14:198) The trend of its
temperature dependence is also in agreement with
the data.131419%) The values of VZ increase in the
order: toluene<benzene<p-xylene< cyclohexane.
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Fig. 2(a). Excess molar volume of DCE-benzene
system.

Temperature: O 20°C, A 30°C, @ 40°C
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Fig. 2(b). Excess molar volume of DCE-toluene

system.
Temperature: O 20°C, A30°C, @ 40°C
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Fig. 2(c). Excess molar volume of DCE-p-xlyene

system.
Temperature: O 20°C, A 30°C, @ 40°C
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Fig. 2(d). Excess molar volume of DCE-cyclo-
hexane system.

Temperature: O 20°C, A 30°C, @ 40°C

Sound Velocity. Sound velocity v of all these
mixtures deviates negatively from linear addivity
in mole fraction, and the deviation decreases with
rising temperature. Sound velocity vs. concentra-
tion curve of DCE-xylene system is shown in Fig. 3
as an example. The sound velocity of DCE-ben-
zene system was measured by several workers,8—20)
and that of DCE-cyclohexane system by Kohler
et al.¥?)  Qur data for these two systems are in good
agreement with those of Kohler et al.

Compressibility. From the values of sound
velocity » and density d, adiabatic compressibility
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Fig. 3. Sound velocity for DCE -p-xylene system.
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£s has been calculated by means of the relation

1

Ks d (1)
The k; of the pure liquids obtained are given in
Table 1. The uncertainty in £, is within 40.1%,.
Values of k; of pure liquids are in agreement with
the values obtained by Kohler et al.1?)

The excess adiabatic compressibility «f and
(Vkg)® are calculated from #; and molar volume
V of mixtures and pure components by the equations

KsE = ks — *Tl/:‘(xAVA'fs,A"‘xBVB’fs,B) (2)

(Ves)E = Vs — (x4V aks,a+x8V5Es,B) (29

(Vks) becomes linear in mole fraction if a system

behaves as an ideal solution.*® (Vk,)¥ vs. concen-

tration curves are shown in Figs. 4(a), (b), (c) and
(d) for each system.

All #F and (Vk,)? are positive. The values

increase in the order: benzene < toluene< xylene<(

cyclohexane. The temperature coeflicients are all
16|
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Fig. 4(a). (Vks)F for DCE-benzene system.
Temperature: O 20°C, A 30°C, @40°C
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Fig. 4(b). (V&s)E for DCE-toluene system.

Temperature: O 20°C, A 30°C, @ 40°C

*6  See also Ref. 19a.
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Fig. 4(c). (Vks)E for DCE - p-xylene system.
Temperature: O 20°C, A 30°C, @ 40°C
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Fig. 4(d). (Vxs)E for DCE-cyclohexane system.
Temperature: O 20°C, A 30°C, @ 40°C

positive except for the DCE-benzene system, whose
coefficient is found to be zero within experimental
error.

The adiabatic compressibility of DCE-benzene
system has been obtained by several workers.18—20)
Stavely et al.’® reported that the temperature co-
efficient of £% for this system was slightly positive.
However, in our measurements, the coeflicient is
almost zero within experimental error.

For each system, the data of excess adiabatic
compressibility £ and the excess molar volume VZ

TABLE 1. ADIABATIC COMPRESSIBILITIES £5 OF
PURE LIQUIDS (bar—!Xx 10-¢)

Cyclo-

(OE) Benzene Toluene p-Xylene hexane DEC
20 64.9, 65.4, 65.5, 78.7, 54.2,
30 70.8, 70.64 70.7, 86.13  58.5,
40 77.1, 76.54 76.1, 94.4, 63.34
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TABLE 2. VALUES OF THE COEFFICIENTS IN EMPIRICAL EQUATIONS FOR ksE AND VE

System T(°0) A (bar—lA X 10-5) B (cm®/mol) B
DCE-Benzene 20 1.00 0.14 0.17
30 }4.98 0.13 0.17 0.97 0.07 0.05
40 0.91 0.89 0.17
DCE-Toluene 20 5.01 —1.05 0.52
30 5.44 —0.97 —0.26 0.76 —0.03 —0.30
40 5.49 —0.92 —0.29
DCE-p-Xylene 20 7.80 —3.22 —0.23 1.61 —0.37 —0.21
30 9.07 —2.80 —0.03 1.84 —0.78 0.50
40 10.28 —5.03 —0.87 2.16 —0.88 0.55
DCE-Cyclohexane 20 17.32 4.57 —1.25 4.16 0.75 0.17
30 18.33 5.77 —0.01 4.31 0.78 0.20
40 20.46 6.66 —0.39 4.44 0.77 0.13
fit with the equation of the type TABLE 3. MOLECULAR PARAMETERS OF PURE LIQUIDS
2 L. 3 * Cp
KeE = x(l—x)zgoAi- (2x—1)¢ Liquid (07(;) (cc /201) Ex digl_ol) (cc/VmoI) (craiglj)eg.
VE = x(1—2)S1Bi- (26— 1)f Benzene 20  88.86 1.214 69.09 32.38»
=0 30 89.40 1.223 69.21 32.80%
where x is the mole fraction of DCE. The coeffi- 40  91.07 1.256 69.31 33.38
cients 4; and B;, which were determined for each Toluene 20 106.26 1.055 84.65 36.12®
system by the method of least squares using FACOM p-Xylene 20 123.29 1.007 98.97 43.07%
270—20 Computer, are given in Table 2. Cyclohexane 20 108.10 1.180 84.21 36.67%
. . 30 109.41 1.232 84.33 37.48Y»
Discussion 40 110.79 1.285 84.51 38.35®
Thermodynamical Function. Let us discuss DEC 20 78.99 1.141 62.09 30.67%
thermodynamical properties of the systems by means 80 79.92 1.184 62.04 30.79
of the statistical theory given previously.') Excess 40 80.88 1.228 62.01 30.920
volume V7%, excess entropy S? and an interaction DBE 20 8.18 0.943
energy parameter §*7 are calculated for equimolar a) Ref. 22. b) Ref. 19b.

TABLE 4. THERMODYNAMICAL QUANTITIES OF EQUIMOLAR MIXTURES*

E E E E E
System (%) (cg/‘}ﬁbl) (cgiffb]) (cZ/‘x"x’fél) (cﬁ‘}ﬁﬁl) (cgé;;ggl) x10°
DCE-CgH, 20 219 0.25 —0.04 150 6 3.3
30 17 0.24 —0.04 129 6 3.6
40 140 0.23 —0.04 9v) 5 3.9
DCE-C,H;(CH,) 20 —109 0.18 —0.50 4 15.3
DCE-p-C¢H,(CHj), 20 —179 0.40 —1.21 9 32.5
DCE-¢-CgH,, 20 4269 1.04 0.86 127 —70.7
DBE-CgH, 20 729 0.269 0.01 299 9 — 7.4
CoH,-0-C5H, 25 150 0.30 0.49 44 —30.7
CoHy-c-CoHi, 25 195 0.65 0.50 117 61 —32.1
CoH,(CH,)-c-CoH,, 25 149 0.57 0.53 41 —95.1
CoH,F-c-CoH,, 40 212 0.71 0.71 98 67 —36.7
a) Ref. 14.
b) Estimated values (see Ref. 14 and Ref. 11).
c) Ref. 13.
d) A. Neckal and H. Volk, Monatsh., 89, 754 (1958).
e) Ref. 19b.

* The values given in the 6th to 9th rows are cited from the preceding paper!? for comparison.

*7  O=[esp— (644-+&nB)[2]/e44, Where e4p is a pair and gpp that between the same species, respectively.
interaction energy between different species, and e44 '
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mixtures, using the molecular parameter listed in
Table 3. They are given in Table 4, together with
the observed values of excess enthalpy HZ (lit.
values) and V®. The values for the 1,2-dibromo-
ethane (DBE)-benzene system and those for the
other four binary systems containing an aromatic
solvent as a component are also given in Table 4
for comparison.

We see appreciable differences between the three
DCE-aromatic solvent systems and others. The
values 0 for these systems are all positive, and their
magnitudes are in the order of aromatic basicity.26:27)
On the contrary, those for six other systems, in
which the DCE-cyclohexane and the DBE-benzene
systems are included, are all negative. The values
of T2 . for the DCE-aromatic solvent systems are
found to be less than those for the DBE-benzene
system and those for the aromatic-alicyclic systems.
This supports the idea that a certain specific but
weak attraction is present between DCE and arom-
atic molecules. The values of T.S?,,;.. for the aro-
matic-alicyclic systems are about half as much as
TS%,ss.. This might be ascribed to the presence of
a certain ordered structure in aromatic liquids.??
The fact that the values of VZ,,;, for these DCE-
aromatic systems are less than those of V%, in
contrast to the good agreement between VZ,;. and
V. for other systems is also attributed to a certain
attraction between DCE and aromatic molecules.

Compressibility. The values of «/” obtained
for the DCE-aromatic system are found to increase
in the order : benzene, toluene, xylene and cyclo-
hexane. The values of (Vi,)? and .7 of DCE-
xylene system are about half as small as thosé of
DCE-cyclohexane system in spite of the fact that
molar volume of xylene is larger than that of cyclo-
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interacting with aromatic molecules than with cyclo-
hexane.

Let us compare theoretical values &%, o4y, with
experimental ones, using an approximate formula
on excess compressibility?® derived from the solution

theory.!”) We have
e L L=
3RT |4

— ATVt Vo= Vha s} @)

where V*is V*,.x 4+ V*z.x5 and other notations
are the same as those in the preceding paper.l?)
From the values of sound velocity, we can get the
adiabatic compressibility x,. £¥ can be transferred
to excess isothermal compressibility #%, using the
thermodynamical relation

V-T-a?
AN 4

The values of excess specific heat C% are available
from literature. The values of #¥ obtained for
equimolar mixtures are given in column 7 of Table 5,
together with the values of V¥, , C¥, 4 and
k%4 ops. used (those of pure components are given in
Table 3.). On the other hand, £7 can be calculated
by Eq. (3) from the observed VZ. The %, o4,
are listed in the last column of Table 5, and those
for the DBE-benzene system are included for com-
parison.

The &7, g for all the systems are in good agree-
ment with £%, .,;.. The agreement is good also
with respect to its temperature dependence for the
DCE-benzene and DCE-cyclohexane system. This
supports the idea that the interaction between DCE
and aromatic molecules obeys the 6th power rule

Kt = Ks +

hexane. This shows that DCE molecules is more  with respect to intermolecular distance.!?)
TABLE 5. THE EXCESS COMPRESSIBILITIES FOR EQUIMOLAR MIXTURES
£ x 108
System T Viss. G obs. gy X 1039 'E;‘;:rl?) (tbar—l)
b4 %) (cc/mol) (cal/deg-mol)  (deg™?) Obsd —
Obsd Calcd
DCE-Benzene 20 0.25 —0.0,» 1.164 1.2 1.3 2.5
30 0.24 —0.0,» 1.195 1.2, 1.3 2.5
40 0.23 —0.15» 1.228 1.24 1.3 2.5
DCE-Toluene 20 0.19 —0.4% 1.089 1.24 2.9 4.6
DCE-p-Xylene 20 0.40 —0.49 1.111 1.9 8.0 11.7
DCE-Cyclohexane 20 1.04 —0.6,» 1.191 4.3, 11.3 12.6
30 1.08 —0.8» 1.231 4.5 12.1 13.0
40 1.11 —1.0,» 1.273 5.1, 13.0 13.4
DBE-Benzene 20 0.26% ~—1.59 2.1
a) Ref.19.  b) Ref 18.  c¢) Ref 13.

d) Estimated values from the observed dVE/dT and « of pure liquids (Table 3).

e) Value at 27°C (Ref. 19a).

26) M. Tamres, J. Amer. Chem. Soc., 74, 3375 (1952).
27) M. R. Basila, E. L. Saier and L. R. Cousins,
ibid., 87, 1665 (1965).

28) O. Kiyohara and K. Arakawa, The 14th Annual
Symposium on Ultrasonic and Chemical Physics, Nov.
1969, Tokyo.
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Solute-Solvent Interaction. From the consi-
deration on thermodynamical quantities and com-
pressibility it is evident that there is a weak but
specific interaction*® between DCE and aromatic

molecules, which is too small and insufficient for

the formation of a complex between solute and
solvent molecules.

There have been two interpretations for the nature
of this interaction. The first one was given by
Ruiter,¥ Neckel and Volk?® and others.>? They
proposed that it is a hydrogen-bonding (proton-
donor-acceptor) interaction between the protons of
gauche form of DCE and 7 electrons of aromatic
molecules. However, the magnitude of ¢ z—
(aat+epp)/2*8 is evidently too small to support
the presence of a hydrogen-bonding between species
A and B, where A is DCE and B is an aromatic. The
situation is quite similar with respect to the presence
of a charge transfer complex (electron-donor-accep-
tor). The hydrogen-bonding interaction can not
explain the presence of “benzene effect” for the
2,3-dihalo-2,3-dimethylbutane-benzene system, in
which all hydrogen atoms in DCE or DBE are re-
placed by methyl groups.?

This type of interaction, the so-called “benzene
effect”, is widely observed in binary mixtures of
substituted dihaloethanes and haloketone with aro-

29) A. Neckel and H. Volk, Z. Electrochem., Bd82,
1104 (1958).

*8 The magnitude of esp—(e4a+€pp)/2 is of the
order of several ten calories per mole, which is estimated
from the values of 8 given in Table 4.

30) C. Altona and H. J. Hageman, Rec. Trav. Chim.
Pays-Bas, 87, 279 (1968); H. R. Buys, C. Altona and
E. Havinga, Tetrakedron Lett., 3067 (1967).

31) W. F. Reynold and D. J. Wood, Can. J. Chem.,
47, 1295 (1969).
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matic solvents.5»3%31) The data on the shift of C-H
stretching in Raman and infrared spectroscopy®:32
do not support the presence of hydrogen-bonding in
substituted dihaloethane-aromatic solvent systems.

It is concluded that there is no appreciable com-
plex formation between DCE and aromatic mole-
cules, and that the solute-solvent interaction is not
ascribed to hydrogen-bonding or charge transfer.

There remains the second interpretation that it
is an electrostatic interaction which is of a more
general nature. The gauche form of DCE molecule
has a large dipole moment and aromatic molecules
are greatly polarizable. Thus, for the DCE-aroma-
tic system the dipole-induced dipole interaction is
considered to play an important role.

As seen in Table 4, the magnitudes of @ for DCE-
aromatic systems are positive but at the most of the
order of a few 9. This shows that the interactions
between DCE and aromatic molecules are of a
similar nature to those between each identical mole-
cules themselves, and supportes the results that it is
the dipole-induced dipole interaction. The same
idea was recently presented on the basis of NMR,
dielectric and spectroscopy data.30-33)

It is concluded that the interaction between DCE
and aromatic molecules is not hydrogen-bonding
and is of electrostatic nature (dipole-induced dipole
or hyperpolarizability).

We wish to thank Mr. T. Kabashima for his
cooperation in carrying out this study.

32) N. Oi and J. F. Coetzee, J. Amer. Chem. Soc.,
91, 2478 (1969).

33) T. L. Brown and K. Stark, J. Phys. Chem., 69,
2679 (1965).






