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The adiabatic compressibility »s. concentration curves in aqueous solutions of ¢-butyl alcohol (¢-Bu) over a

certain temperature range have a common intersection at a fixed concentration (uf).

The sound absorptions

of solutions are nearly constant and are independent of the concentration up to a concentration (u%) nearly the
same as the g#f. On the basis of the value of uf(=u?), the properties and the dissolved state of ¢-Bu in liquid

-water discussed in terms of the liquid clathrate hydrate model.

At this concentration, the liquid clathrate hydrate

of t-Bu consists of 18-hedron, containing 32 water molecules for each #-Bu molecule. For higher concentrations
than uf, the breakdown of the liquid clathrate hydrate by the addition of excess ¢-Bu occurs, accompanied by

an increase in the number of clusters.

In previous papers,h»? the sound velocity (V), the
density (p), and the adiabatic compressibility (f) in
aqueous solutions of nonelectrolytes have been inves-
tigated as functions of the concentration (u: mole
fraction). For each aqueous solution, it has been
found that the V-u curves and S-g# curves have common
intersections at the fixed concentrations of #¢ and
uf respectively, the sound velocity (V,) and the com-
pressibility (8,) at these concentrations being in-
dependent of the temperature over a certain range
(AT and AT¢) respectively.

From the temperature dependency of the f-u curves
in these systems, it can be concluded that the structural
unit termed “liquid clathrate hydrate” with a com-
position of u¢ or r¢=(water/solute) does exist for va-
rious aqueous systems. ‘

A number of papers have been published on the
ultrasonic absorption («) in aqueous solutions of non-
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relatively insensitive to the compositions of the so-
lutions (see also Thamsen®). Above this concentra-
tion, the value of « increases rapidly, reaches a ma-
ximum, and then gradually decreases to a lower value
of a. According to Blandamer et al.,%571213) this
behavior of the a-z# curve in the lower concentration
range is attributable to the formation of a clathrate
in a solution. In one group of theories, the absorption
peaks are explained in terms of a chemical relaxation
process (¢f. Andrea et al.'®) involving the formation
and decomposition of associated complexes, but the
behavior of the «-u4 curve in the lower concentration
range can not be interpreted in terms of this mechanism.

In the present work, the acoustical properties of
an aqueous solution of f-Bu have been studied both
for the sound velocity and the absorption. It was
found that the concentration (uf) at the sudden in-
crease of the a-z curve corresponds to #5. On the
basis of this result, we will report that the low-concentra-
tion absorption-behavior of a #Bu solution can also
be explained on the basis of the liquid clathrate hy-
drate model used for the explanation of the behavior

of B.

Experimental

Materials. Water was purified by two distillations.
In order to purify the #-Bu, the reagent-grade product was
refluxed with calcium oxide and then distilled.

Ultrasonic Apparatus. The wultrasonic pulse method
was used for the absorption measurement. The absorption
coefficients were determined at 60 MHz, and the mean value
of 5~9 measurements was used. A crystal-controlled
ultrasonic interferometer operating at a frequency of 5 MHz
was used for the velocity measurements. The experimental
error for the absorption data was about 29, and the
overall accuracy of the sound velocity data was within =-0.2
m/s.

Measurements of Viscosity and Density. The viscosity
coefficient () was measured for aqueous solutions by means
of a modified Ostwald capillary viscometer. The density
measurement was made by means of an Ostwald-type py-
cnometer. All the measurements were carried out between
20° and 50 °C at 5.020.1 °C intervals.

Classical Absorption Coefficient (a,).
quency (f) was calculated by the relation:

The «, at fre-

8n%y
= ey

Results

Ultrasonic Velocity. In Fig. 1, the sound velocity
is plotted against the mole fraction for aqueous solutions
of +Bu. The intersection point of V-u curves for
various temperatures converges to one point (u¥=—
0.032), at which V¥, is constant (=160 m/s) in
this temperature range (20—35 °C). The parameters,
Ve, u¥, ¢, r¥, and A4T7, were obtained from Fig. 1;
they are summarized in the left-hand half of Table 1.
Here the notations used were the same as those used in
Refs. 1 and 2.

15) J. H. Andreae, P. D. Edmonds and J. F. McKellar, Acustica,
15, 74 (1965).
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Fig. 1. Concentration dependence of sound velocity.
TaBLE 1. DATA CONGERNING V-4 CURVE AND f-u

CURVE OF AQUEOUS ¢-Bu soLuTiONS

Sound velocity Adiabatic compressibility

V. 1601 m/s B.  40.0x 10~ cm¥/dyn
s 3.2molY, ut 3.0 molY,

4 14.7 vol.%, vf 13.9 vol.%,

24 30 8 32

c
ATY 20—35°C ATE 20—35°C

46 T T T T T

42— 20 ]

40—

Adiabatic compressibility, 10-12 cm?/dyn

mol%,

Fig. 2. Concentration dependence of adiabatic compres-
sibility.

Adiabatic Compressibility. In Fig. 2, the adiabatic
compressibility is plotted against the mole fraction
for aqueous solutions of ¢-Bu. It is found that the
p-r curves at various temperatures intersect at one
common point (#§=0.030), at which £, is constant
(=40.0x 10712 cm?/dyn). The values of 8,, uf, rf, vf,
and AT¢ are shown in the right-hand half of Table 1.
The behavior of the V-g and -z curves for various
temperatures is similar to that of other nonelectrolyt-
es.1,?)

Viscosity and Classical Absorption Coefficients. The
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Fig. 3. Concentration dependence of viscosity.
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Fig. 4. Concentration dependence of classical absorption.
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Fig. 5. Concentration dependence of sound absorption.

»-4 curves are shown in Fig. 3. The values of 7 at
various temperatures increased monotonously with an
increase in the concentration. The classical absorption
coeflicients («;/f?) are shown in Fig. 4. The behavior
of the «,[f2-p curves at various temperatures is al-
most like that of the 7-# curves.

Ultrasonic  Absorption  Coefficients. The o[f%u
curves are given in Fig. 5. It is seen that aff? was
relatively insensitive to the change in # in a low con-
centration range, and that it increased suddenly at a
definite concentration. This limiting concentration
is denoted by uf. It is seen that u{=0.03 mole frac-
tion for the 20—35 °C temperature range, and that
it decreases slightly in the higher temperature range
(#=0.02 for 40—50 °C). In the 20—35°C tem-
perature range, the value of uf for the «ff2-p curves
coincides with that of x4 for the B-u curves. The
behavior of the excess absorption (da/f2==c|f%—a,/[f?)
is not significantly different from that of «/f? alone.

Discussion

The experimental results shown above can be inter-
preted in terms of the same model of aqueous non-
electrolyte solutions as was employed in previous
papers.'® In our model, #% corresponds to the con-
centration where df,,/dT (f,,=structural compres-
sibility) becomes zero. Solute molecules are accom-
modated in water clusters without changing their
size and ice-1 structure up to this concentration.
Therefore, the 8,, of the solution decreases with an
increase in the concentration up to this point, thus
keeping the water-cluster structure intact. On the
other hand, the Pfew(instantaneous compressibility) is
constant and df«/dT=0 up to this concentration in
order to keep the number of water cluster constant.
We have seenl'?) that the ratio r4(=water/solute) at
this concentration, £, corresponds to the specific
molecular ratios for some clathrate-making substances,
and we assumed that the “liquid clathrate hydrate”
exists at this composition. Here, the f£,, of the
“water-solute-cluster” at the composition of rf is
small, but this value is not zero since the size of
this “water-solute-cluster” is significantly larger than
that of this structure unit. Beyond this concentration,
the number of clusters increases, resulting in a de-
crease in their mean size. This increase in the
number of clusters takes place slowly, accompanying
a decrease in f,, up to the concentration of df/du=
0, at which the “water-solute-cluster” is destroyed
separately. This is also accompanied by an increase
in the f=(df«/dT >0).

Now that the 7§ for -Bu—water system becomes 32,
as was observed for tetra-ethyl ammonium chloride,
the shape of the clathrate was assumed to be 18-hedron.
(The solid clathrate hydrate of this composition of the
t-Bu—water system is not known, but a “double hy-
drate” with help gas (H,S) of the 16X8Y136H,O
(X=H,S and Y=¢-Bu) composition is known).

The above finding, that the ultrasonic absorption
remains nearly constant, that it is not very different
from that of water in the lower concentration range,
and that it increases rather rapidly from a certain
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concentration uf(=pf), is of prime importance in
elucidating the mechanism of the ultrasonic absorption
in aqueous nonelectrolyte systems. This behavior is
not explicable on the basis of the reaction-type
theory!4:13 between a solute and solvent molecules.
It can, however, be explained easily, at least qualita-
tively, on the basis of the “entropy of mixing”-type
diffusion-theory®:1? of sound absorption in aqueous
systems if we employ the same model of the aqueous
systems as was employed previously!-? in explaining
the behavior of the sound velocity and the adiabatic
compressibility. According to this theory,1%:17 the
excess sound absorption in aqueous nonelectrolytes
arises from the irreversible entropy production caused
by the diffusion of solutes into the groups of water
molecules produced by the collapse of water-clusters
under sound pressure. If we assume that the solute
molecules are all incorporated in water-clusters up
to the concentration of u#f as has been assumed pre-
viously,!-? almost no diffusion can be expected when
some of the clusters are collapsed under the sound
pressure, because the collapse of clusters does not ac-
company a local concentration change. This explains
the initial concentration-independent part of the ab-
sorption curves. The increase in ultrasonic absorp-
tion beyond pf(=uf) is to be expected, because free
solute molecules or smaller clusters of different com-
positions are present at higher concentrations, as has
been assumed previously.1-2)
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Wel'®) ourselves have also previously pointed out
that when ¥V, and f, are plotted as functions of ¥
and o{ respectively, the various solutes can be classified
into three groups according to the shapes of the curves.
Here, v and »f indicate the volume fractions cor-
responding to #¥ and w4 at 20 °C respectively.

The first group (I) consists of the urea-homolog
series, hexamethylenetetramine, and glycerine. The
molecules of the solutes belonging to this group col-
laborate in making the framework of water constituent
part of liquid water. The sound velocity, V,, and
v¢ and the adiabatic compressibility, f,, at v§ for this
series of solutes are represented by:

V. = 40357 + 1547 (m/s)
Bo = (45.6—42.7 08) X 10-12 (cm?/dyn)
respectively.

The second group (II) consists of formamide, ace-
tamide, and the alcohol homolog series except for the
lowest-molecular-weight substances in each homolog.
These solutes only fill up the cavity of the liquid water
structure. The V, vs. v¥ and B, vs. v& relations for this
group are represented, respectively, by:

V. = 1143 5¥ + 1390 (mjs)
Be = (77.5—286.7 v8) X 10-12 (cm?/dyn)

The third group (III) consists of the lowest-mole-
cular-weight substances in each homolog series. This
group will presumably have intermediate properties
between Groups (I) and (II).

Notice that t-Bu, although of the alcohol homolog
series, belongs to Group (I).






