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Recently several reports2-8) on the conforma-

tion of proteins have drawn attention to the 

properties and structure of water from the 
viewpoint of the stabilization of hydrophobic 

bonds. However, although there is a consider-

able literature on the properties and structure 

of water, there are still many problems to be 

solved.7-15) 

In a series of studies, of which this is the 

first report, we propose to give information 

on the hydration and the structure of water 

and to elucidate the role of water in maintain-

ing the conformation of proteins. As a basis 

for a consideration of these problems, the 

present paper is devoted primarily to the 
hydration of electrolytes. 

There have been numerous investigations16-25) 

in different ways of the hydration of electro-

lytes in aqueous solutions. However, in all

cases the results have been obtained in terms 
of various differing assumptions and there are 
large discrepancies between the results obtain-
ed.17,18,26,27) In addition, the state of the water 
of hydration is unknown. If the effective 
volumes of ions in aqueous solutions were 
known, various questions concerning the state 
and number of molecules of the water of 
hydration could be resolved. This problem is 
especially important in the case of uni-univa-
lent (1-1) electrolytes.23,28) This paper will 
report on the effective volumes of ions and 
the magnitudes of the electrostriction of the 
solvent as analyzed from a measurement of 
their density at various concentrations in 
aqueous salt solutions. The state of the water 
around the ions will also be discussed. 

The volumes of inorganic salts in aqueous 
solutions are apparently smaller than the 
volumes in their respective crystals, due to 
the contraction of the solvent by electrostatic 
attraction between ions and water dipoles. 
However, the volume of lithium iodide in 
solution is greater than that of its crystals.29) 
To obtain details on the magnitude of elec-
trostriction, it is necessary to know the effec-
tive volumes of salts in solution rather than 
in crystals. 

Calculation 

The values for densities in aqueous salt 
solutions used in the calculations are quoted 
from the International Critical Table. 

The reciprocal of the density (dm) of a 
solution which contains mg. of the solute in 
100g. of the solution corresponds to the volume 
(Vm) of 1 g. of the solution. Therefore, the 
volume (Ve) of a solution containing 100g. 
of water and c g. of solute can be written as 
follows:
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where ƒÒ is the effective specific volume of salt 

in the solution; Vec, the volume of water 
-decreased by electrostriction

, and do, the density 
of pure water. c is given by:

c=100m/100-m (3)

On changing the concentration, c, from ci 

to cj, we find:

(4)

(5)

where υi, j corresponds to the apparent specific

volume of the salt at , a given concentration

range. If Veci becomes equivalent to Vecj with

an increase in the concentration or if dVe/dc

=0
,υi, j wii correspond to the effective specific

volume of the salt in solution, because all the

solvent water will be attracted by ions at

a high concentration. In consequence, the

volume of water (100g.)may approach a

constant (100/do-Vemax) with an increase in

the concentration of the solute, as is shown 

by curve B in Fig. 1. 

Next, with regard to the correlation between 

Ve and the concentration of salt, the relation 

given in Eqs. 6 holds true empirically.

Fig. 1. Schematic representation of the volumes 

of the solution and the solvent plotted against 
the concentration of salt. 
Curve A: volumes of solutions containing 

100g. of water. 
Curve B: volumes of the solvent. 
Veei and Veer represent the volumes of water 

decreased by electrostriction.

(6-a)

(6-b)

(6-c)

where M in Eq. 6-c indicates the molal con-

centration centration of salt and ƒÒmol is the effective 

molar volume of salt in the solution. VM is 

the volume of a solution containing 1000g. of 

water and M moles of solute. The three

parameters, υ, r and Vemax, in Eq.6-b were

determined by the method of least squares on

an electronic computer.

Further, from Eq.5, the difference between

υi. j at an infinite dilution or the apparent

specific volume, υo, of a salt, and its effective

specific volume, υ, corresponds to the magnitude

of electrostriction, υe, per 1g. of salt at an

infinite dilution, which can be obtained from

Eq.8

υe=υ-υo (7)

=kVemax (8)

Results and Discussion 

Figure 1 gives a schematic representation of 
the volumes of the solution and the solvent 
in the aqueous solution of a strong 1-1 elec-
trolyte. The volume of the solution does not 
increase linearly with the concentration on 
account of the electrostriction of the solvent. 
This phenomenon may be due to the extremely 
rapid exchange reaction between hydrated and 
unhydrated water or to the overlap of hydrated 
water layers. In consequence, two curves, for 
the volumes of the solution (Ve) and of the 
solvent (Vs) respectively, are drawn under 
the following conditions;

Using Eq. 6-b, we analyzed these curves for 

the solutions of 1-1 electrolytes and determined 

the effective specific volumes, v, of salt in an 

aqueous solution and the maximum volumes, 

Vemax, of water decreased by the electrostric-

tion; then, from Eqs. 7 and 8, the apparent 

specific volumes, ƒÒo, and the magnitudes of 

electrostriction, ƒÒe, were calculated. The values 

obtained are listed in Table I. 

For the least square calculation, we used the 

densities, dm (obeserved), quoted from the
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TABLE I. VARIOUS CALCULATED SPECIFIC VALUES FOR AQEEOUS 1-1 ELECTROLYTE SOLUTIONS AT 20℃

TABLE II. COMPARISON OF THE OBSERVED AND CALCULATED RESULTS

THE EXAMPLE SHOWS THE VALUES FOR A SOLUTION OF SODIUM CHLORIDE AT 20℃

International Critical Table, of the solutions 
at the concentration, m, of salt from zero to 
that, m, described in Table I at intervals of 
2g. Within this concentration range, all the 
data, dm (observed), agree completely with the 
results, dm (calculated), calculated from Eqs. 
6-b and 1 using the parameters obtained. As 
an example, the results calculated for a solu-
tion of sodium chloride are shown in Table 
II. 

As may be seen from Table II, however, at 
very high concentrations dm (calculated) values 
deviate slightly from dm (observed) values. 
This phenomenon may be interpreted as fol-
lows. 

Instead of Eq. 2, as a function of the molal 
concentration of salt Eq. 9 is obtained:

(9)

The volume of water decreased by the electro-
striction, Ver(observed), at any given concentra-
tion of salt is obtained from Eq. 9; also,. 
VeM (calculated) can be calculated from Eq. 6-c 
as:

VeM=10(1-e-k'M)Vemax (10)

In Fig. 2, VeM (observed) and VeM (calculated) 

are plotted against the molal concentration of 

some 1-1 electrolytes in solutions taken as typical 

examples. As may be seen from this figure,. 

VeM (observed) deviates from VeM (calculated) 

at high concentrations; this may be caused by 

the change in the effective volume of salt in 

a solution as a result of the formation of ion 

pairs. In consequence, ƒÒi, j in Eq. 5 at high 

concentrations may approach the specific volume 

of salt in the crystal state. In fact, for most.
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Fig. 2. Volume of water decreased by the elec-

trostriction, VeM, plotted against the molal 

concentration of a few 1-1 electrolytes at 20°•Ž 

as examples.

of the electrolytes calculated this expectation 

is realized. 

On the other hand, if the hydration is 

related only to the shrinkage of the solvent 

due to electrostatic attraction, the lithium ion, 

which has the smallest ionic radius of all 

univalent cations, should have the largest elec-

trostriction effect. However, in contrast, as 

may be seen from Fig. 3, which shows the 

curves for VeM (calculated) obtained from Eq. 

10 plotted against the molal concentration of 

salt, and ƒÒemol in Table III, which represents 

the magnitude of the molal electrostriction, 

the order of the molal electrostriction of 

univalent cations was found to be as follows:

Na+>K+>Rb+>Cs+>Li+

Therefore, the behavior of the lithium ion in

Fig. 3. Volume of water decreased by the elec-

trostriction, VeM (calculated) obtained from 

Eq. 10, plotted against the molal concentra-

 tion of the salt at 20ƒÒ.

is well known that the lithium ion in an 

aqueous solution has an abnormal viscosity19,22) 

and compressibility16) compared with other 

univalent ions. Frank and Wen20) and 

Kaminsky22), therefore, suggested that there is 

a clathrate around the lithium ion; our results 

support this conception. One of these results 

is described in the present paper; the other 

will be reported in subsequent papers. 

There have been several reports on the 

clathrate structures of water around inert 

gases,30,31) hydrocarbons3,7,32,33) and ions20,25,34-
36) A clathrate consists of water molecules 

bound mutually with hydrogen bonds and has 

a lower density than pure water.7,8) If these 

conceptions are valid, then it becomes much 

easier to understand why Vem.ol and Vemax are 

small for lithium salts. Hydration water seems 

to exist partly as a clathrate around the lithium 

ion, the density of which is low. 

As may be seen from Table III, the effective 

molar volumes for various 1-1 electrolytes in 

aqueous solutions are stoichiometrically addi-

tive. The existence of this stoichiometric rela-

tion suggests that the results are accurate. 

On the other hand, as may be seen from 

Fig. 3, the volume of the water of solutions 

TABLE. III1. VARIOUS CALCULATED MOLAR VALUES 

FOR 1-1 ELECTROLYTE SOLUTIONS AND THE NUMBER 

OF MOLECULES OF WATER OF HYDRATION, N, AT 20°C
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of lithium bromide and iodide decreases very 

little as a result of electrostriction. Thus, the 

difference in density between pure and hydrated 

water is apparently small. Therefore, the 

results support the theory that the hydration 

water around the lithium ion, perhaps in the 

secondary hydration shell, exists as a clathrate 

of a lower density. 

Another point of interest shown in Fig. 3 

is that the curves for VeM in rubidium salt 

and cesium salt solutions decreased very little, 

as in lithium salt solutions. This suggests very 

strongly that there is a clathrate around the 

rubidium and cesium ions, too. Further 

evidence for this conception will be given in 

subsequent papers in this series. Furthermore, 

Fig. 3 indicates the presence of a clathrate 

around the bromide and iodide ions, too. 

Studies were made of the number of the 

molecules of the water of hydration of ions. 

The curve shown in Fig. 3 converges to the 

constant, Vemax, which corresponds to the 

decrease in the volume of water when it is 

completely hydrated to the ions. Values for 

Vemax for various electrolytes obtained from 

Eq. 6 are listed in Table I. As may be seen 

from Fig. 1, the tangent of curve B at an 

infinite dilution intersects the constant, Vemax, 

at the concentration cS. The relation between 

these is represented as follows:

(11)

(12)

where HS is the weight (g.) of water hydrated 
to 1 g. of the solute. The value of cS agrees 
with the reciprocal of k in Eq. 6-a. The 
number of the molecules of the water of 
hydration of ions, N, is obtained by the 
following equation:

N=HS/18×(moleclar weight of solute) (13)

The values of N are listed in Table III. As 

may be seen from this table, the hydration 

numbers of ions are quite large, even though 

this estimation cause something of an error. 

The hydration number includes the primary 

hydration water molecules which are orientated

towards the ions and affected by the electro-

striction effect. However, the number is so 

great that it is not possible to explain the 

properties of 1-1 electrolytes by this effect 
alone. Therefore, there are probably clathrates 

around the ions. 

In addition, it is of interest to draw atten-

tion to the significance of Pauling's model of 

the structure of water with regard to clathrate 

compounds.13,15,37) In this model the number 

of water molecules per unit is about the same 

as the number of hydration of ions and the 

diameter acting as a cavity is the same as in 

a primary hydration shell. 

The character of the clathrate formation of 

ions will be supported by experiments by means 

of nuclear magnetic resonance spectrometry 

and ultrasonic interferometry to be described 

in subsequent papers. The other strong evi-

dence for the existence of a clathrate around 

ions is that of various reports20,33-35) on the 

clathrate around tetraalkylammonium ions.

Summary 

The effective volumes, the apparent volumes 

and the magnitudes of electrostriction for 

various 1-1 electrolytes in aqueous solutions 

have been determined from an analysis of the 

densities of solutions at various concentrations. 

The molar values thus obtained are stoichio-

metrically additive. The state of water mole-

cules around ions and particularly the existence 

of clathrates around various univalent ions, 

such as lithium, rubidium, cesium, bromide 

and iodide, and the numbers of hydration 

water have also been discussed. 
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