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Stoichiometric Investigations of the Liquid State. III. The Relation between 

the Sound Velocity and the Chemical Structure. (3). Molar Sound Velocity 
and its Addi ti vi ty for Associated Liquids 

By KIYOSHI Tyuzyo1) 

(Received April 17, 1954)

Introduction 

The author theoretically calculated the 

molar sound velocity of unassociated liquid 

and found its calculated value to be 

independent of temperature and to be 

satisfactorily consistent with the observed 

value 2). Then, the author interpreted the 

additivity of the molar sound velocity and 

also showed that the calculated atomic or 

radical sound velocity was satisfactorily 

consistent with the observed one3). In this 

paper, results of the same analysis for 
associated liquids will be reported. 

The Temperature Variation of the 

Molar Sound Velocity of 

Associated Liquids 

According to the first paper, Rao's molar 

sound velocity, K, is expressed by the follow-

ing equation.

(1)

The previous paper may be referred to about 
the meaning of notations in Eq. 1. 

The temperature variation of K calculated 
from Eq. 1 is shown in Table I. There are 
few substances of which all values in Eq. 1 
are complete. They are only water, methyl 
alcohol and ethyl alcohol. As the special 
case, the liquefied gas, oxygen and nitrogen, 
are also added in the table. 

TABLE I 
TEMPERATURE VARIANCE OF MOLAR SOUND 

VELOCITY OF ASSOCIATED LIQUID AND 
LIQUEFIED GAS

It is clear from the table that K of water, 
liquid oxygen and liquid nitrogen are con-
siderably dependent on temperature, but K 
of alcohols are nearly independent of tem-

perature like unassociated liquids. Weissler 
accurately measured the sound velocity in 
a number of alcohols and calculated the 
molar sound velocity on the bases of the 
definition, K=u1/3V.4) Then, he found that 
K of alcohols are independent of tempera-
ture, in contrast with water. This result is 
quite consistent with the above result of 
calculation. 

In the calculation from Eq. 1, all values 
are observed ones except C=2. But whether 
C=2 or not is questionable. On trial, C was 
calculated from sound velocity by the fol-
lowing equation2).

(2)1) Present Address: Research Laboratory, Dai-Nippon 
Celluloid Co. Ltd., Sakai City, Osaka. 

2) K. Tyuzyo, This Bulletin. 27, 300 (1954). 
3) K. Tyuzyo. This Bulletin, 27. 303 (1954). 4) A. Weissler, I. Amer. Chem. Soc., 70, 1634 (1948),
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 The calculated temperature variation of 
C is shown in Table II. It is clearer than 
in Table I that C of water, liquid oxygen, 
and liquid nitrogen are dependent on tem-
perature but those of alcohols are almost 
constant. 

TABLE II 

TEMPERATURE VARIANCE OF PACKING 
NUMBER, C

In Table III C-values at 20℃ are shown

for several associated liquids. The C-values 
in the third row are the calculated ones 
from vapor pressure by Eyring and others5). 
The values of C of water, ethylene glycol, 
and glycerol are much larger than 2, while 
on the contrary, C those of liquid oxygen 
and nitrogen, are much smaller than 2. 
However, in methyl and ethyl alcohol the value 
is much larger than 2, and the higher the 
alcohol, the smaller C becomes and its value

converges to 2. For fatty acids C is generally 

2 except formic and acetic acid. The above 

facts will be discussed later. Perhaps these 

are due to the difference in the associated 

state of the associated liquid. 

TABLE III 

PACKING NUMBER, C, OF ASSOCIATED

LIQUIDS(20℃)

The Calculated Values of Molar 
Sound Velocity 

Table IV shows the calculated (C is put 
 equal to 2) and observed molar sound veloc-

ity, K. K,,,1, of water, ethylene glycol, glyc-
erol, oxygen, nitrogen, methyl alcohol, ethyl 
alcohol, formic acid, and acetic acid are con-
siderably different from Kobs, but others are 
consistent with Kcalc. (about 5% deviation). 

TABLE IV 
CALCULATED AND OBSERVED VALUES OF 

MOLAR SOUND VELOCITY, K

4) H. Eyring and J. Hirshfelder, J. Phys. Chem., 41, 249 
(1937).
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Additivity of Molar Sound Velocity 

According to the second paper of this 
series3), the molar sound velocity, K, is ex-

pressed as the sum of atomic or radical sound 
velocities, Ka . Namely,

(3) 

(4)

The previous paper may be referred to 

about the meaning of notations in Eq. 4. 

Table V shows the radical sound velocities 

of hydrogen-bonding radicals calculated from 
Eq. 4. Generally, the calculated value is 

larger than the observed, but the deviation 

is not much larger than that of the normal 

radicals except amine-radical. 

Table VI shows the calculated K using the 

valve of Table V and the observed one of 

associated liquids. The consistency is gen-

erally satisfactory. Perhaps, the fact that 

the deviations of -CH,-and -OH radical 

compensate each other is the cause of this. 

fact.

TABLE V 

RADICAL SOUND VELOCITY OF HYDROGEN-BONDING RADICALS

TABLE VI 

CALCULATED K AS THE SUM OF ATOMIC OR RADICAL SOUND VELOCITY AND OBSERVED 

ONES FOR ASSOCIATED LIQUIDS

Discussion 

Summarizing the results of the previous 
sections. 

(1) The calculated K of alcohols are almost 
independent of temperature, but that of water 
is remarkably dependent on temperature. 
This fact is clearer from the packing number,

C. These results are censistent with the 
experimental results of Weissler. Below, for 
convenience, the associated liquids such as. 
alcohols and fatty acids series are named as. 
" the associated liquids of the first kind " and _ 
water, ethylene glycole, glycerol, etc. are 
named as " the associated liquids of the 
second kind." 

(2) Packing number is much larger than 
2 (normal value) for the associated liquids. 
of the second kind, but is almost 2 for the-
asoociated liquids of the first kind except.

6) H. Mark and A. V. Tobolsky, "Physical Chemistry of 
High Polymeric Systems." p. 144 (1950). 

7) S. Glasstone. " Textbook of Physical Chemistry," p. 
525 (1946). 

8) L. Bergmann, "Der Ultraschall," p.' 263 (1949).
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the initial two members of the homologous 
series. 

(3) The consistency of the calculated -and 
observed K is unsatisfactory for the associ-
ated liquids of the second kind, but is sat-
isfactory in those of the first kind except 
the initial two members of the homologous 
series. 

(4) The calculated radical sound velocity 
is consistent with the observed value with 
the deviation of about 15% and the calculated 
molar sound velocity based on" the additivity 
principle is satisfactorily consistent with the 
observed value in the associated liquids of 
the first kind. (Data for the associated 
liquids of the second kind are lacking, but 
the calculated value of K of ethylene glycol is 
consistent with the observed one). 

Until now, methods of inferring the state 
of association of associated liquids from sound 
velocity were those of Lagemann9) and van 
Itterbeek10), but these are both unsatisfactory 
even qualitatively, as well as quantitatively. 
The results obtained in this paper are also 
not so striking, but it seems to be reasonable 
to divide the associated liquids into the first 
and the second kind. The author already 
showed that the associated liquids must be 
distinguished in the first and second kind by 
the analysis of the viscous flow11). It is a 
very interesting fact that this is also re-
asonable in the case of molar sound velocity. 
According to the author's opinion, it is pro-
bable that in the associated liquids of the 
second kind, there exist no clearly distin-
guishable associated units and they have a 
network structure as a whole, and their struc-
tures are remarkably deformable and also 
destroyed with the increase of temperature. 
In this case it is natural that molar sound 
velocity shows the several abnormalities as 
are shown above. On the other hand, in the 
associated liquids of the first kind, there 
exist clearly distinguishable associated units, 
and hydrogen bond connecting this unit 
is almost strong enough not to be influenced 
by temperature. Then, except the fact that 
the unit is large, the molecules of the asso-
ciated liquids of the first kind are the same 
as the molecules of the normal liquids.
Moreover, Evap. V of Eq.1and ΔE, Va of

Eq. 4 contain already the factors of the as-

sociated state and so molar sound velocity 

has no abnormalities. Abnormalities of 

formic acid and acetic acid probably depend

on the special type of association in the 
liquid states11,12). Abnormalities of methyl 
and ethyl alcohol can not be explained at 
present. 

Lastly, among the methods of determining 
the state of association of the associated 
liquids, those methods are quite unsatisfac-
tory which contain the energy of vaporiza-
tion as an important factor ; for example, 
surface tension, parachor13) and sound ve-
locity. In the energy of vaporization of the 
associated liquids, dissociation energy of as-
sociated units is contained in addition to the 
normal cohesive energy. Therefore, it seems 
to be very difficult to obtain any , knowledge 
about the state of association from the 
vaporization phenomenon14). Those methods 
which use the properties of the liquids them-
selves such as viscosity are more effective 
than those which depend on the quantity of 
the equilibrium state of liquids and gases 
such as energy of vaporization for studying 
the state of association11,12). 

Summary 

(1) Associated liquids are analysed with 
a method similar to that of the previous 
papers, and the temperature variation of 
molar sound velocity, comparison with ex-
periment, calculation of the radical sound 
velocity, additivity, etc. are developed. 

(2) It seems to be reasonable to distinguish 
the associated liquids to the first and second 
kind. This is consistent with the results "of 
the author's investigation of the viscous flow. 

(3) Something about the structure of the 
associated liquids of the first and second 
kind, and methods of investigating the state 
of association are discussed. 
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9) R. T. Lagemann, J. Chem. Phys., 12, 464 (1948). 
10) A. van Itterbeek and A. De Bock, Nature, 162, 611 

(1948).

11) K. Tyuzyo, Kolloid-Z., 131, 40 (1953). 
12) K. Tyuzyo, The fourth and fifth paper of this series, 

to be published elsewhere. 
13) S. Sugden, "Parachor and Valency", Chap. VI1I(1930). 
14) K..Tyuzyo,. The sixth oaoer of this series, to be 
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