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The mechanism of the temperature dependence of ultrasonic absorption in water under atmospheric pres-
sure has hitherto been studied by means of the two-state-model theory of water. For an explanation of the pres-
sure dependence ofultrasonic absorption by the two-state model, however, we are obliged to adopt the contra-
dictory assumption that the open-packed structure of water has a higher energy than the more close-packed one.
In order to avoid this contradictory assumption inherent in the two state-model theory, we have here employed
the water model recently proposed by Narten et al. on the basis of X-ray scattering analysis. Although the cal-
culation based on the Narten-model succeeds in explaining the pressure dependence of the ultrasonic absorption
without the above-mentioned contradictory assumption, the structual compressibility (f;,) thus obtained is
about two times larger than the most reasonable value. The origin of this discrepancy seems to be that the Narten
model of water considers the framework of the ice-1 lattice to be of infinite extent, without any boundary. By
assuming the cluster-structure to be of a finite size, we can reduce f; to a reasonable value in agreement with
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the experimental results.

The ultrasonic absorption («) in water is known to
be higher than the classical value («:) due to the
shear viscosity (7) and the heat conductivity (k). As
«et is proportional to the square of frequency (f), it

is usual to write:
R
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Here, p is the density; V, the sound velocity; C,, the
specific heat at a constant volume, and y(=C,/C,),
the ratio of the specific heats. As y=1 in water, the
term due to heat conduction can be omitted in this case.
The difference being ascribed to the bulk viscosity
(x), the total absorption («/f?) becomes:
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It is known, from hypersonic measurements, that («/
f?) in water is independent of the frequency up to
the GHz (=10° Hz) range. This means that, in the
general formula of relaxational viscosity absorption;:

The water cluster is found to be about eight molecules in diameter at 4°C.

2 9 w? +‘l K w?
3 V3 1+w?r? 2 pV? l+w?1,?

and dispersion:
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the relaxation time for the shear viscisity (7;) and that
for the bulk viscosity (7,) are sufficiently small (w7,<1,
wt,&1 where w=2nf), even in the GHz range. Here,
G is the shear modulus, and K’, the relaxational part
of the bulk modulus related to 7 and # by Maxwell’s
relations:

4)

7 =Gt and £ = K'1, (5)
There being relations
1 1
— =K, — =Ku 6
B =" B ©

between the static and instantaneous compressibilities
(Bo and f=), and the corresponding bulk modulus (K,
and K«), we obtain as the relaxational modulus, K’,
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and the structual (or relaxational) compressibility,
ﬂsti
K=K0+K' and ﬁozﬁw +ﬁu (7)

The mechanism of ultrasonic absorption in water has
been studied by Hall,)) by Smith and Lawson,? and
by Davis and Litovitz.®) They applied the two-state-
model theory of water to explain the bulk viscosity
and relaxational compressibility. Hall’s theory, based
on the monomer-dimer model, explained the tem-
perature dependence of sound absorption using sui-
tably adjusted parameters to fit the experimental re-
sults (¢f. also Davis and Litovitz®). In Hall’s paper,
it is assumed that the open-packing state of water is
the lower energy state. For the explanation of the
pressure dependence of the ultrasonic absorption,
however, Litovitz and Carnevale,® calculating by
means of a modification of Hall’s two-state-model
theory, were obliged to adopt the assumption that the
open-packing structure of water has a higher free energy
than the close-packing state, in contradiction to the
usual physico-chemical concepts as to the structure of
liquid water (¢f. also Herzfeld and Litovitz®). To
interpret the pressure dependence of ultrasonic ab-
sorption in water without introducing these contra-
dictory assumptions in the two-state-model theory,
we employed the water model recently proposed by
Narten et al.®) on the basis of their X-ray scattering
analysis.

Water Structure Model Proposed by Narten
et al. (Interstitial Model)

Samoilov? has proposed an interstitial model of
the liquid water structure so as to explain the radial
distribution function obtained from the X-ray data.
Narten et al., building on Samoilov’s idea, formulated
a model, consisting of a framework of the extended
ice-1 structure, with some non-hydrogen-bonded water
molecules filling some of the cavities of the network.
This framework structure is very open, with ample
spaces or cavities to accommodate non-hydrogen-
bonded water molecules. The positions to accom-
modate the water molecules in the interstices are on
the triad axis. The accommodated water molecules
in the cavity interact with the framework molecules
with less specific, although by no means negligible,
force. In this model, the ice-1 framework is aniso-
tropically extended, and both vacant lattice sites and
the occupancy of the interstices by water molecules
are permitted, although the vacant lattice site of the
framework is practically absent up to 100°C. Ac-
cordingly, liquid water can be said to consist of two
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species forming both the framework and the inter-
stitial molecules. This model, however, considers the
lattice of the extended ice-1 framework to be infinite,
without boundary, no cluster-structure being taken
into account. Narten et al. found that the calculated
radial distribution functions agree with the experi-
mental results up to very high temperatures (ca. 200°C).

Theoretical

Acoustic pressure in an associated liquid accom-
panies two sorts of compression: a) the compres-
sion of the intermolecular distance, and b) the break-
down of intermolecular bonds accompanying the de-
struction of the open structure. The former is re-
presented by the instantaneous compressibility, fe,
while the latter is the origin of the structual com-
pressibility, B,,. In this calculation, we assume the
volume of the liquid water to be proportional to the
number of framework lattice sites. This means that
the dimensions of the framework remain the same,
independent of whether the cavity sites are vacant or
not. On this assumption, the molar volume (v) can
be given by the following relations:

(8)

v=2y
£ "
Sitzf,
W= —77">"+ 9
A ©)
where
v,,: the volume per mole of H,O of framework
W: the fraction of water molecules in the frame-
work positions
f1: the occupancy of the framework sites
(f1 is 100% up to 100°C; ¢f. Narten et al.®)
fo: the occupancy of the interstitial sites
z: the number of interstitial sites per framework
site
In this calculation, we will limit the temperature range
at up to 100°C. Then, we obtain f;=1 in Egs. (8)
and (9) from the experimental results of Narten et
al.®
By substituting Eq. (8) into

ﬁ” - _%( g; )T (10)

ofs
M~W{%L (11)
where z is kept constant.

On the other hand, Narten et al. found both the
entropy of mixing and the molar Gibbs free energy of
the model from their statical thermodynamic con-
sideration of the interstitial water model. Further,
they obtained, as the free-energy change associated
with the transformation of the interstitial molecule
into the framework:

we obtain:

AGI":RT[ln lf} —zln(l—fz)] (12)
We obtain from Eq. (11):
s\ .
G@QT—WﬂuﬁﬁwnMT (13)
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Then, the structural compressibility is given by

Be = W2, (1— f2)40°|RT (14)
Here Av,°=(9G,%/dp), becomes v, because we as-
sume that the interstitial water molecule has no ef-
fective volume. Therefore, by substituting Eq. (10),
we obtain the relation:

B :ﬁf_"_gfl(_l___-&)_
YTORT (L+zfy)?

It is easy to show that Eq. (15) is equivalent to the
result obtained by Frank and Quist® on Pauling’s
water model:%

(15)

Buu = g (1=W)IW—v(1-W)]

(16)

where v=1/z.

We can find the temperature (¢) dependence of the
parameters (f, and W) from the data of Narten et al.,
represented as graphs in their paper:

W= —4.59x10-* (¢—4) 4 0.82

In their paper, however, f, is so random that we can
not find any definite relation with the temperature.
We calculated f, from Eq. (9), by assuming z (=1/2)
to be independent of the temperature.

Results of Calculations

Figure 1 shows the temperature dependence of f,,
as obtained from Eq. (15). The results of other
authors!-% are also shown for the sake of comparison.
As may be seen, the present result gives nearly the
same slope of the f,,(t)-curve as in previous investi-
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Fig. 1. Structual compressibility as function of temperature.
(1) Present study (5) Frank and Quist
(2) Hall (6) Eucken!®

(3) Davis and Litovitz
(4) Smith and Lawson
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Fig. 2. Bs: dependence of f, at various temperature.

Temperature dependence of f, under the atmos-
pheric pressure.

gations, but the value of £, is about two times any
previous finding (such as that of Hall et al.).

Figure 2 shows the f; dependence of g, at 0, 30,
and 100°C. As the framework-structure part of water
is destroyed with an increase in the pressure, we have
to expect a monotonous increase in the occupancy of
the cavity (f;) with an increase in the pressure. On
the other hand, the dotted line shows the temperature
dependence of f, under atmospheric pressure.

Considerations and Discussion

Our results at 4°C are shown in Table 1, together
with the previous ones. An obvious difference is that
our value of f§,,=78.9 X 10~!2 cm?/dyne is much larger
than that, p,(=f=+pF,)=50.2x 10712 cm?/dyne, in
water. It is necessary to remove this contradiction.
If we assume a reasonable value (¢f. HallV) to be
Bs:=32.2x 10712 cm?/dyne at 4°C, which is in accor-
dance with ultrasonic absorption measurements, we
find from Eq. (16) that the apparent value, z’, is 0.284
on the condition that w=0.820 remains the same (here
we assume Eq. (17)). Then, we obtain from Eq. (9)

Sf:=0.773.
TasBLE 1
Present results Frank- T
Temp. —_— Quist st:;O
4°C Narten Cluster Pauling m del
model model model ) ode
Vi 22.0 22.0 22.0
w 0.820 0.820 0.818
z 0.500 0.284 0.261
S 0.439 0.773 (0.858)
Bsex10-12  78.9 32.2 21.0 32.2v
30.0®
The radial distribution function determined by

Narten et al. from the X-ray scattering data is based
on the lattice model up to a distance of about 10 A,
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further distances being averaged out. It is probable
that water consists of clusters of finite sizes larger than
10 A in radius.

Here we assume that the water structure consists of
clusters containing n3 water molecules, the structure
inside the cluster being the same as the Narten model.
As the number of interstitices are reduced to [(n—1)/
n]® times, we find that z apparently becomes [(n—1)/
n]® times as large as the infinite model. Further, we
assume in this cluster model that the average inter-
molecular distance between clusters is not affected,
so the density in this model does not change. The
space between the clusters is assumed not to accom-
modate the non-hydrogen-bonded molecules. Con-
sidering the above conditions, we obtain the following

relation:
z=2z
n

where z (=1/2) is the number of interstitial sites per
framework site, corresponding to the Narten model
without considering the cluster. If we choose z'=
0.284, so as to bring the calculated g, value in Table
1 (column (2)) into agreement with the observed value,
we obtain 7=5.81 from Eq. (18). Assuming the cluster

(18)
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Fig. 3. n, in dependence on temperature.

to be spherical, the diameter of the cluster becomes
about eight molecules at 4°C. In performing the
above calculations at various temperatures, we find
the radius (n,) of the spherical cluster (expressed in
the number of water molecules) to be dependent on
the temperature as is plotted in Fig. 3. As may be
seen, n, increases with an increase in the temperature.
Although this is rather unexpected, we cannot place
too much weight on it, considering the very approxi-
mate nature of our hypothesis.




