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Stoi chi ometri c Investigations of the Liquid State. I The Relation between 
the Sound Velocity and the Chemical Structure. (1). The Physical Meaning 

of the Molar Sound Velocity of the Unassociated Liquid 

By Kiyoshi TYuzyol) 

(Received April 17, 1954)

Introduction 

Thermodynamic quantities such as adiabatic

c ompressibility(βad=1/pu3, whereρis density,

u is ultrasonic velocity in the liquid) and

ratio of specific heat(γ=βiso/βad where βiso is

isothermal compressibility of liquid) can 
easily be evaluated from the ultrasonic velo-
city in the liquid. Therefore, the measure-
ment of the ultrasonic velocity in the liquid 
is important to clarify the intermolecular 
force in the liquid2). 

On the other hand, in 1940, Rao found that 
K, expressed in the following equation, is a 
characteristic constant of each liquid and is 
independent of temperature3).

(1)
where V is molar volume of the liquid. 

Moreover, in 1941, Rao found that K in 

Eq. 1 can be given as the sum of increments 

of the constitutive elements4). That is, K, 

as well as parachor and molar refraction, is 

independent of temperature and has the ad-

ditive property. 

K is now designated as molar or molecular 

sound velocity. It is now possible from this 

investigation to treat quantitatively the rela-

tion between sound velocity and the chemi-

cal structure of liquid. Thereafter, investi-

gations of this field were remarkably 
developed and were dealt with very strictly

by Lagemann5), Weissler6), Schaafs7), etc. But 
the theoretical investigation of molar sound 
velocity has scarcely ever been performed 7a). 

The present author can satisfactorily 
interpret the physical meaning of molar 
sound velocity (K), its temperature-invariance, 
and its additive property on the basis of the 
simple theory of liquid state, which will be 
reported in the following series of papers. 

The Physical Meaning of Molar Sound 
Velocity, K 

According to Kincaid and Eyring8), the 
sound velocity in a liquid (u) is expressed by 
the following equation,

(2)

where ugas is sound velocity in a gas, v is 

molecular volume, and of is free volume of a 

liquid. 

of is approximately given by the following 

equation8),

(3)

where Evap is the energy of vaporization and
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C is the packing number of liquid. (This is 
equal to 2 for cubic packing.) 

Then, u is expressed by Eq. 4, making use 
of Eq. 2 and 3.

(4)

Therefore,

(5)

In comparison of Eq. 5 and Rao's Eq. 1, 

the molar sound velocity is expressed as 

follows,

(6)

Namely, Rao's characteristic constant, K, 
as is shown in Eq. 6, contains several factors 
such as geometrical configuration of the 
liquid state (C, V), thermodynamic property
of the gaseous state (γ), and property of

equilibrium state between liquid and gas 
(Evap). Therefore, it is rather questionable 
to conclude simply the additivity of K as was 
done by Rao3 and Lagemann 9). The author 
will discuss this conclusion in the second 
paper of this series. 

Temperature-invariance of H

In Eq.6, Evap1/6,γ1/3, C1/3 and V are

dependent on temperature. But, among them,

temperatllre-variance of γ1/6 is negligible and

C1/3 can be regarded as temperature-invaria-
ble in the range of ordinary temperature (ca.
0°to 100℃). C must be equal to 2 for the

cubic packing. For normal unassociated 
liquids, this value was computed from the 
vapor pressure data by Eyring and others 
and is approximately equal to 2. The present 
author has examined the temperature-
variance of C by calculating it from Eq. 5, 
using the observed value of u, and found 
that its temperature-variance does not exceed
several percent in the range of 50℃ for

normal liquids. Examples are shown in 

Table I. Table II shows the comparison of 

C values obtained from sound velocity and 

from vapor pressure. The coincidence of the 

values from two different methods is satis-

factory and both methods give C=2 on the 

average, but in general, the value from sound 

velocity is somewhat smaller than that from 

vapor pressure. 

As no satisfactory theoretical equation for 

the temperature-variance of Evap and V can 

be found, so their values at each temperature 

were obtained from International Critical 

Table and other tables.

TABLE I 

THE TEMPERATURE-INVARIANCE OF PACKING 
NUMBER, C

TABLE II 

PACKING NUMBER, C, OF NORMAL LIQUIDS

γ is the value from the Taschenbuch11),

but in the case of the compound of which γ

is unknown, its value is approximately

obtained from the following method. As the

first apProximation, γ-values are determined

by the number of atoms constructing the

molecule, then the relation between known

values of γ and numbers of atoms construct-

ing the molecule is drawn in Fig.1. As is

Fig.1. The relation between the ratio of

specific heats (γ)and the number of atoms

constituting the molecule in the gaseous

state.

9) R, T. Lagemann, J. S. Evans, and D. R. McMillan, Jr, 

J. Amer. Chem. Soc., 70, 2696 (1948).

10) H. Eyring and J. Hirschfelder. J. Phys. Chem., 41, 
249 (1937). 

11) J. D'Ans and E. Lax, " Taschenbuch fur Chemiker 
and Physiker" (1949).
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shown in the figure, γ varies in the consider-

ably broad range in the molecules which are 

made of small numbers of atoms, but the 

values become fixed dependent only upon the 

numbers of atoms constructing the molecule 

when the molecules are made of many 

numbers of atoms. If the experimental 

values are connected with a smooth curve as

in the figure, γ can be determined from this

curve when the number of atoms construct-

ing the molecule is known.(As γ appears in

Eq. 6 with 1/6-power, this degree of approxi-
mation is quite satisfactory.)
With these treatments, Evap, γ, C and V-

values are known, and so K-values can be 
calculated by Eq. 6 at several temperatures. 

Results are shown in Table III for several 
normal liquids. As is clear from the table, 
K is almost independent of temperature and 
this result is consistent with that of Rao 
and others. 

TABLE III 
TEMPERATURE-INVARIANCE OF THE CAICULATED 

K-VALUES FOR NORMAL LIQUIDS

Comparison of the Calculated and 
Observed K-values 

It was found in the previous paragraph 
that K calculated from Eq. 6 is independent 
of temperature and is the characteristic 
constant of the substance. Next, the K-
values calculated from Eq. 6 and observed 
(Eq. 1) are compared. Results are shown in 
Table IV12). It is clear from the table,

THE CALCULATED AND OBSERVED MOLAR SOUND 

VELOCITIES, K

Summary 

(1) The physical meaning of Rao's molar 
sound velocity (K) is given. 

(2) It is found that K-values calculated from 
the theory are independent of temperature 

 in the case of normal liquids. 

(3) It is found that the calculated K-values 
are satisfactorily coincident with the 
observed ones for normal liquids (aliphatic 
and aromatic hydrocarbons, ether, acetone, 
esters, alkyl halides). 

12) As the sound velocity, u is ordinarily expressed in the 
unit of m. /sec., so Kobs must be converted in the c. g. s. unit. 
Namely, ordinary K must be multiplied by (100,1/8-4.62.
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