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PROPAGATION OF ULTRASONIC WAVES IN LIQUID
MIXTURES AND INTERMOLECULAR FORCES I

By RAM PRASAD, M Sc.

\Received for publication, July -8, 1941}

ABSTRACT. 'This paper considers the compressibihiy-conecntration curves of the liquids
on the basis of intermolecular action,

The following mixtures have been studied here @ -

(1) Rthyl alcoho) and benzene, (2) Butyl aleohol and heptane, (3) Bensene and carbon
tetiachloride, (4) 1ithcr and henzene,  (5) Bithyl acetate and carbon tetrachloride

The most interesting case is of alcohol and henzene, the compressibility cuive being in-
flected. Tt is shown how the high polarisability of henzene anel (e associati n-forming tendency
of alcohol determines the natore of the curve  In batyl alcohol-heptane, the inertness of
heptane as contrasted to the activity of bensene s very significant.

The analysis made in this series of papers is an approach fo intermolecnlar action fiom a
new angle  Tn view of the approximate nature of the moleenlar fields, the freatment is neces-
sarily gualitative.

INTRODUCTION

This paper is the sccond of the series on liquid mixtures, the first of which
dealt with alcohols and water.® Herein are treated the tollowing mixtures :—

(1) Lthyl alcohol and henzene ;
(‘1
(

Butyl alcohol and heptane ;

(

4) Benzeuce and ether

)
2)

;) Benzene and carbon tetrachloride
)

)

() Jithyl acetate and carbon tetrachoride.

The data for velocities and compressibilitics for mixtures (1) and (4) were
taken by the author, for (2) by Wilson and Richards,” for (3) and (5) by Partha-
sarathy.” A qualtative explanation of the compressibility-concentration curves 18
attempted on the basis of intermolecular action.

EXPERIMENTAL RESULTS

The experimental technique and details empioyed for mixtures (1) and (4)
haves been described in the first paper and will not he repeated here. Tu the follow-
ing tables the collected results of all the mixtues are given,

*  Communicated by the Indian Physical Society.
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In the compressibility-concentration graph the cove always ramans above

the straight hine joinjug the points representing the pure liyuids.

It means that

the compressibility 1s always more (han that cxpected tor wdeal mixtures,  The

velocity-concentiation curve always remains below the straght line corresponding

to ideal cases (Fig. 2).
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The velocity-concentration cuive lics below and the
tion curve above their respective straight lines (Fig. 3)-
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The velocity-concentration curve is hincar and the
tion curve slightly concave (Fig. 4)-
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MIXTURE §
Ethyl acetale and carbon letrachloride

Temp.=23°C

No. Mole fraction of ‘ Density E Velocity " Cn_mprc.seaibilitlv
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; |
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I'he veloeity-concentiation curve lies below and the compressibility-concen-
tration curve is irregular (Fig. 5).
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DISCUSSION

The basic considerations relating the compressibility with molecular forces
has been discusscd in the first paper and will not be repeated here.  Attemprs
will be made here 10 explain the naturc of variation of the compressibility with
concentration of the different mixtures on those basic considerations,

MIXTURE (1) ETTIYL ALCOITOL AND BENZFENTN

Before discussing the curve proper let us review the structure of the pure
liquids.

Alcohol :—I1 has been well established from many branches of investigation,
wiz., infrated absorption spectra, Raman effect, dielectric polarisation, and direct-
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ly by X-ray difiraction cxperiments that aicohols are highly associated liquids.
T'his association is due to the nature of the hydroxyl dipole OH and its position
with respect to the rest of the molecule.

It has been shown that associations detract from thie cohesive energy between
difiercut associated groups and thus increase the compressibility.  Again cven
allowing for the associations, the cohesive cnergy s mainly dipolar due to the
dominating cffect of the OH dipoles in molecular interaction.

Brnzene :==Benzene has the well-known plavar structure and has a high
value of polatisability.  Due to its high polarisability, i1 has a strong  dissociating
effect on the associated groups of any liguid that may be introduced 1 it and
may be shown to be so as follows - —

(1) Benzeue molecules will develop  induced  dipoles duc to then polari-
sability, and these induced dipoles will so interact  with the associations that they
will be dissociated.

(2) Due to high polarisability, benzene uolecules can exert Ingl dis-
persion forces on the molecules of the associations as given by the formula,!

[ = _3h apay vavy
" . (|"4+|'2) . }\’“

and so dissociate them.
(up is polarisalnlity of benzene, ay of the other liquid, vg.vy the main mole-
cular frequencies, h Planch’s Constant, and R the distance between the molecujes).

(5) The dissociating cffect of benzene duc to its poiarisability is enbanced by
the naturce of the planar  stiucture of its molecules.  Molecules  tend to come in
contact along their axes of polansability. In benzene, the axis is at right angles
to the plane of its molecule and so when benzene will approach the associated
molecules, all the atoms of the plane will also come in close contact with the asso-
ciations.  ‘These atoms of the plane will exert dispersion [orees and so tend to
dissociate the associations,

The dissociating effeet of Benzene may be seen from the following  experi-
ments .- -

(1) In Wolf's paper,? it is shown how the diclectric  polatisation curves of
alcohol in benzene arc fattened out as compared to the steep curves in cyclo-
hexane.  In cyclohexanc, the concentrations at which double and triple molecules
only are formed arc sharply defined, but not so in benzene and in fact there seems
indication of only little or no double wolecules being formed at all.  Benzenc is,
thus, able to dissociate the nssocia}ion while cyclohexane cannot.

(2) From heat of mixing* it isscen that dissociation of alcohol into mono-
molecules is complete at .01 mol of alcohol in benzene, while it is complete at
.oo1 mol. of alcohol in cyclohexane.  The above points to the dissociating  effect

of benzenc.
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(3) Arkel and Snock”® found that Dbenzonitrile is unassociated in henzenc,
hut associated in hexane,  ‘This was rightly attributed by them to henzene mole-
cules having higher external fields than those of hexane, which were instrumental
in giving benzene its high dissociating power.

The mixiure :—Now we are in a position to discuss the interactions in the
mixture with respect to its compressibility.  We shall analyse the compressibility
curve starting from the benzene side.

(1) Very little alcohol in benzene :(—All the alecohol molecules will be in the
monomolcctular form and will be separated widely from one another. Now, since
the interaction cnergy has an extremcly short 1ange (falling inversely as sixth
power of the distance) and the cohesive encrgy of pure alcoliol is mainly dipoiar,
it 1s clear that due to the great distance among the alcohol molecules, the cohesive
energy of the mixture will be less than that in the ideal case. This means to
say that the compressibility curve will rise above the straight line.

Now, all along, benzene molecules will interact with alcohol molecules, due
to the induced  dipoles  developed m them in virtue of their polarisability.  The
cohesive energy  will inerease on this account, bringing the  conuessibility
curve down  In the case of mert lguids this influence will be negligible. There
are thus two opposing influences in Benzene and (he resulting curve  will depend
on the magnitudes of the two influences  In our actunal case, the interpolated
curve goes very slightly above the straieht Tinc,

(2) More alcohoi in benzene :—As more and more aleohol is introduced, the
distance among the alcohol molecules  decreases, the interaction becomes more
effective, and so, the curve begins to come down towards the straight line,

After a large concentiation of aleohol a stage comies when  associations
would have occurred, if there had been no dissociating influence of benzene. ‘I'his
non-formation of associations will enhance the coliesive energy in the way dealt
with before! and thus deerease the compressibility Further.

t3)  Iittle henzene in alcohol .—Now the curve after going helow the straipht
line must, near the alcohol-end, begin to rise duc to the following, reasons ;-

With very little benzene, the dissociating power 1s decreased,  while at the
b

It concentration of alcohol, the association-forming

same time duve to the hig
rendency is increased.  Coliesive energy is therefore not so much more  than that
of the ideal casc, as when there was more of benzene. Hence the curve rises and

meets the point representing the pure alcohol

MINTURE () BUTYL ALCOTTOIL AND ITEPTANE

Hcplaizc:—-ll is very inert. It has a very small value of polarisability
and so cannot interact as benzene can. Also its axis of maximum polaiisa-
bility is along the chain length® while the maxinum numbers of points of contact
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of its molecule with another will be at right angles to the chain. The two re-
quirements are mutually exclusive as contrasted to the case in benzene where they
are mutually additive. This fact adds all the morc to its inertness for the purpose
of dissociation,

Butyl ulcohol == Its nature may be taken on the whole to be the same as
that of ethyl alcohol.

The mixture :—Now, when some hexane is added to alcohol, it will not be
able to dissociate the alcohol polymers, duc to its inertness, the different polymers
will only sceparate to a greater distance from one another.  As more and more
hexanc is added, the different polymers will reduce in size from a high complex
to triple, double and cventually monomolecules, at a very great dilution of .oo1.
As seen from Wolf's paper on dieleetric polarisation of ethyl alcchol in hexane,
the associations rather persist, till they form into triple and double molecules
rather suddenly.  Also it is scen from Wolf’s graphs, that the triple, then double
and finally wonomolecules of alcoliol are formed at a very great dilution of
alcohol, the mono-formy being at about .oo1 mole fraction.  So we see that nearly
all along the different ranges of compositions, the alcohol molecules are in the
form of associations.

Now becanse, all through the different compositions of the mixture, the
alcohol molecules, mainly associated, arc at a greater distance from one another
than in the pure alcohol itself, and because the mutual energy of alcohol
molecules is in all forms greater than the mutual energy of alcohol and hexane,
the cohesive ercergy of the mixture will always be less than that expected for
the ideal case.  The compressibility curve will thercfore be always above the
straight line concerned.

MIXNTURE () BENZIENTET AND CARBON TETRACHIORIDRE

Pure liquids :—Benzene is planar and carbon tetrachloride symmetrically
spherical, both being non-polar. In carbon tetrachloride the cohesive cnergy is pre-
dominantly due todispersion forces between Clatoms.  Due to the widely different
shapes of the molecules, there is not expected to be much interaction between the
unlike molecules and so the cohesive energy of the mixture will be less than that
of the ideal case and the compressibility curve in these couditions will lie above
the straight line concerned.  Side lights may be thrown on this mixture from
thie following :—

London" showed theoretically that, in approximate cascs, encrgy of cohesion
between two unlike  atoms 1s equal to or less than the geometrical mean of the
cnergics among the pure molecules separately. Hildebrand” has derived an
approximate equation for solubirity applicable to regular soluticns viz.,

-

1-578T foe | ) = 1, V3ZD*?
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where D is the difference between the square-roots of encrgies of vaporisation
per c.c., i.e., the internal pressures or cuergy densities. The cquation has been
deduced on the assumption that the potential between two unlike molecules is
the geometrical mean of the two. Now D has been calculated on this assump-
tion and also determined experimentally fiom solubility.  The difference in the two
values for the mixture in guestion being considerable (the values heing .6 and 1),
Hildebrand concludes that this may be interpreted as indicating that dispersion
cnergy between the unlike molecules is less than the geomietric mean., This fact
will make the compressibility cuve lie above the straight line of the ideal case.

2. Again ITildebrand and Wood® have obtained, for the encrgy of transfer
of a molecule from its purc liquid to a given solution, the equation

>

S U
RT log f=V. .) ]\:.: o ]\";l 2
2 1

L4
lll;

where V. is the moleculer volume of the solvent, V, that of the solute ; 1iy, Tt
their respective energics of vaporisations from the pure liquids, i.c., the volume
fraction of the solvent in the solution and “ f " the activity.  There is systematic
disparity between caleulated and obscrved values in the case of benzenc-carbon-
tetrachitoride mixture. The source of disagreement may be ascribed fully or
partly to tle assumiption that the dispasion eneigy between benzene and carbou-
tetrachloride molecules is equal to the mean of the separate molecules, in their
pure liquids.  Actually it must be less.

More considerations —Tlie tetrachloride-benzene mixture is rather anomalous

in its behaviour which may be showu below :
.

(@' ‘'There is negative heat of mixing (heat absorbed), the value being 20.0
calories only for .44 mole fraction of benzenc (Vold®).

(b) 'The viscosity curve is lincar with concentiation in  mole fraction, while
the fluidity curve lies below the straight line for ideal mixtures (Lmel').

(¢) ‘There is volume concentration on mixing.

(d) ‘There is a small positive vapour pressure dcviation, i.c., the actual
vapour pressurc is more than required for ideal cases.’’

Properties (b) and () indicate more intermolecular action than in the ideal
case and reqliire that the compressibility curve lie below the  straight line
concerned. Propertics (a) and (d) indicate just the reverse.

Numerical cstimate of the maximum demation from idealily —Now it may
be argued, a priori, that the maximum deviation from ideal value of compressibility
will be when the two unlike molecules have to come in for the maximum of
interaction, i.e., when they are present in the 1:1 ratio. The actual ratio obtained
from the graph is roughly also 1:1, the exact ratio being ill defined, due to the
nature of the curve,

2—1423P—I1
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MIXTURE (4 LTHYL ETHER AND BENZENE

Pure liquids =—VAler is polar but its positive end is embedded inside the

molecule as is evident from the structural formula

(‘:H,,\(
)
1,7

and only the negative end ‘O of the dipole is open to the surface. Conscquently,
the role of the dipole in intenmolecnlar action is small, but still it is there, sinec
with increasing leugth of the alkyl groups in the homologous ethers, the velocity
coes on inercasing, r.c., compressihility goes on deercasing.  'This is due to more
and more screening of the dipole, and also hecause the moment of the dipole
itself hecomes Iess and Iess.

Miviuie —In the mixture ether will exert cficetive polarising action on
benzene.  ‘The inconspictous position of the positive end of the dipole in ether
and its great distance from the surface of the molecule, which is the cause for
only little dipole cuergy in pure cther, hecomes the very cause for grcat polarising
action in henzene.  ‘I'he negative pole ‘O of ether can induce dipole in a benzene
molecule without much counter-influcnce from the positive end and caunse great
intermolecnlar action between the unlike molecnles.

Due to the separation of the ether molecules on the introduction of henzene,
the dipole action among them is reduced more than proportionately due te the
distance effect, and so, on this account alone, the compiessibility curves should
lic above the straght line for the ideal case, i.e., be convex, but this convex
clrvature would be very small indecd, due to the minor role played by the
dipoles in the pure liquid.  Trom what we have considered above, however,  there
will be greater dipole action hetwean cther and henzene molecules than between
cther moleeules themselves. Due to this cause the intermoleculer energy of the
mixture is expected to he greater, rather than less, than that required for the
ideal case. Hence the compressibility curve shall be concave, i.c., Tie below the
straight line of the ideal case.

MINTURE (5 BTUYL ACHKTATIE AND CARBON
TETRACNLORIDE -

Puie liquids :—1ithyl acetate is an ester, having a dipole, but as in the ether
molecule and for similar reasons the dipole plays a minor role in intermolecular
action. *

Mixture :—Duc to the slightly polar character of cthyl acetate, and the
non-polar and non-polarisable nature of carbon tetrachloride, the intermolecular

encrgy is expected to he less than that for the ideal case, due to the separation
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of the dipeles in the mixtures.  The compressibility curve is therefore expected
to be slightly convex.

Now, Glasstone’' has shown that the mixture shows abnormal dielectric
polarisation. This shows 1oughly that there is some sort of dipole boud between
th¢ unlike molecules. We won’t go imto the discussion of the nature of the
bond. etc., since it is highly countroversial yet and also is not relevant.
All we can say is that there is, therefore, & new source of molecular interaction
between the unlike molecules which will tend to lower the compressibility cuive.

The treatment of this mixture however, at the present stage, lacs precision.

In conclusion, it is my great pleasurc to thank Dr. A. K. Dutta for discussions
and helpful suggestions. 1 thank Prof. D. M. Bose for his kewn interest in
the work.
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