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The Ion-Solvent Interactions and Ionic Associations in Solvent

Mixtures. I. The Conductances of Potassium Halides and the

Behaviours of Ions in n-PropanoトWater Mixtures at 25oC.

Yosei Uehara* and Tsu酢omasa Moriyama*

Abstract

The equivalent conductances of KG, KBr, and KI were measured

in n-PrOH-Water mixtures at　25。C. The conductances of these electro・

lytes increase with the crystalgraphic radii of anions, which are expected

from electrostatistical explanation. The concentration effect on the

conductance appears to change with the change of composition of the

alcohol in solvent mixtures. The association constant K, the ion-size
C

parameter a, and the limitting equivalent conductance A were cal-

culated by using the conductance equations. The results have been

discussed comparing with the data in water, methanol-water, and ethanol-

water. a and K show the tendency to increase with the size of alcohols

in solvent mixtures. The ion-size parameter(solvation radii) rh were also

calculated by Walden's rule. This gives considerable lower values than
°

a.

I. INTRODUCTION

The effects of the ions and the solvents on the association constant for the

formation of electrostatic ion pairs in nonaquious solvents or solvent mixtures have

been studied by many workers,u-8】 Especially in the solvents of low dielectric con-

stant, the behaviors of the ionic association of large molecules like tetraalkylammomum

salts have been investigated extensively.4).別　But a theoretical interpretation of the

properties of electrolytic solution in terms of molecular parameters is still in process

of development. In the conductance equation derived by Fuoss, et.al.9) , however,

considerable success has been obtained by using very much oversimplified model, the

印here in continium, in which ions are represented as rigid charged spheres in a

continiuous medium which is described electrostatistical】y by the macroscopic dielectric

constant and hydrodynamically by the macroscopic viscosity. With this model.仙e

only interaction which may be considered is that between ions; a contmium. by

difinition, is without structure and the model therefore excludes ion-solvent interactions.
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The latter includes several distinct types, as well as their conbinations. The most
extrem interaction between ion-solvent interactions is the formation of complex ions,
which, of course, includes solvates. Even if stoichiometric compounds are not formed,

there will always be an electrostatic interaction between the fields of solvent dipoles
and ions. In the case of hydrogenbonded solvents, the resulting solvent structure can
in some cases be reinforced by the presence of ions and in other cases will be
destroyed. It should be emphasized that all of these short-range interactions depend

on the structure of the solvent and are specifically dependent on shape, size, and
charge distribution of the solvent molecules, as well as on the corresponding proper-

ties of the ions. It is clear that a continium model neglects all of these important

details and necessarily shows their effect ihto the ion-size parameter. So, for example,
it has been found that the same electrolyte in isodielectric solvents of different

chemical composition gives different values for the contact distance and for the
association constant.6).") In a general way, it has been found that the larger the ions

are, the better will the simple theory account for the experimental results. This is,
of course, about what one would expect; as the ions become larger, the solvent
approaches more and more the continium of the ideal model from the point of view
of the ions. That is the reason why most of the works for the ionic association have

been published so far have dealt with tetraalkylammonium salts in solvents or solvent
mixtures. In the case of electrolytes with small ions, such as the alkali halides in

mixtures containing water, specific ion-solvent interactions have been observed. As
mensioned above already, the ion-solvent interactions are affected not only by the
natures of ions and solvents, but also by the fine structural changes of solvents.
Especially in solvent mixtures, various types of solvent can be obtained. Therfore, it

is very difficult to generalize the ion-solvent interactions. It is, however, worth to
study how the conductance equation derived by Fuoss, etal.9) evaluates the behaviors

of ions against the changes of ion-solvent interactions, including the structural changes
of solvents. That will be evaluated more in detail by discussing together with the
data from photochemical measurements.

In this paper which is the first of the series, in order to investigate how a
solvent structure affects on the ion-solvent interaction, we used the potassium halides
for electrolytes which are the most popular salts and n-propanol-watcr mixtures for
solvents which are well ordering solvents with the hydrogen bond. The use of potas-

sium halides make us possible to compare our results to various data in various
kinds of solvents, and the use of alcohol-water mixtures permittes us to make the

solvent with arbitrary dielectric constant.
In alcohol-water mixtures, it has been reported that some characteristic physical

phenomena have been observed at the specific component of alcohols.2).«).io) Such
phenomena will be expected to depend on the structural change of the solvent, i.e.,
the nature of the hydrogen bond. In the system of propanol-water mixtures, however,

available data have not been sufficient to study the ion-solvent ineteraction or the
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ionic association from the point of view of the solvent structure. In this paper, the
behaviors of the ions at alcohol-rich region of propanol-water mixtures at 25°C have
been discussed by means of the association constant and the ion-size parameter which
had been calculated from conductance equations derived by Fuoss, et.al.,^) comparing

with the data in methanol-water and in ethanol-water mixtures.

II. EXPERIMENTAL SECTION

Reagent grade electrolytes were recrystalized from conductance water, put in a

dryer for several hours at about 120°C, and cooled in a decicator. Aqueous stock
solutions were prepared for each salt.

The conductance water was prepared by redistilling the distilled water by a

pyrex evaporator with NaOH and KMnO4. The middle fraction was collected and
stored. The redistilled water had the specific conductances of less than 10~6mho å cm"1,
Propanol was prepared by distilling reagent grade 99.5% n-propanol with anhydrous

CuSO4. The middle fraction was collected and stored.

The solvent mixtures employed in the conductance measurements were individu-
ally prepared by mixing purified propanol with the aqueous solution of potassium

halides which contain exactly necessary amount of salts to obtain the correct con-
centration. Prior to the measurements, the mixtures were put in 100ml mess-flasks
and placed in the constant-temperature water bath till the temperature equilibrium

was obtained. The water bath was maintained within 0.01°C by means of Beckman's
thermometer. The room temperature was maintained at 25± 1°C during the measure-
ments. All measurements were carried out at 25"C. The instrument used here was
TOA Electronics, CM-2A conductometer. The conductance cells which are comercially

available from TOA Electronics were used. At low concentration regions CG-2001PL
which has cell constant 0.950X lO^cnr1 was used, otherwise CG-201PL which has cell
constant 1.015 cm'1 was used. The cell constants were checked at 25°C by measuring

the conductances of aquious KC1 over the concentration range, l~~10X10~3M. The cells
were rinsed several times with the solvent before to use, otherwise they were
soaked in distilled water.

The viscosity measurements were carried out by Ostwald viscometer. The con-
ductance water was used as standard solution. The densities were measured by using
the Weld type pyenometer. The viscosity was calculated by the equation

Vx={ txpx/tsps ) 7JS

where the symbols rj, t, and p are viscosity, time, and density respectively. The sub-

scripts x and s designate unknown solution and the standard solution.
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Table I. The equivalent conductance of KCl m

n-PrOH-Water mixture at　25℃.

C X 10 "

(N )

E q u iv a le n t C o n d u c ta n c e {Q ーlCmつ

19 .4 6 m o le 甑 43 .14m o le % 49 .1 5m o le %

1 6 1 .80 6 1 .9 5 3 6 .70 37 .4 5 -

4 58 .63 58 .38 3 2 .6 3 32 .3 8 28 .88

9 54 .56 5 4 .4 4 3 0 .9 4 30 .7 2 27 .78

16 5 2 .39 5 2 .56 -
2 9 .3 8 29 .3 1

26 .47

2 5 5 2 .00 52 .60 2 8 .9 2 29 .38 25 .56

3 6 50 .6 9 50 .56 2 7 .0 4 2 4 .8 1

4 9 50 -0 0 50 .(‥}0 2 6 .4 3 2 3 .88

-34 5∈).16 49 .6 1 2 5 .7 8 2 3 .5 2

8 9 2 4 .7 1 2 1 .9 7

10 0 4 7 .7 0 47 .20 2 3 .4 5 - 2 1 .4 1

Table II. The equivalent conductance of KBr in

n-PrOH-Water mixture at　25℃.

C X l O4

(N )

E q u iv a le n t C o n d u cta n c e (J3ーCltf )

19 .46 m o le % 4 3 .1 4 m o le % 4 9 .1 5 m o le % (n P rO H )

1

6 8 .8 8 -

3 6 .5 5 3 6 .25 3 6 .30 33 .9 5 3 4 .80 3 4 .9 5

4 3 2 .6 3 3 2 .63 3 3 .1 3 3 1 .25 3 1 .50 3 1 .2 5

9 5 9 .28 - 3 1 .67 3 1 .6 1 3 1 .8 9 29 .8 3 2 9 ー5 6 3 0 .17

16 56 .4 4 5 7 .50 30 .78 30 .4 1 3 0 .7 2 28 .88 2 8 .6 6 28 .8 8

-
25 ー 5 5 .20 3(I).30 30 .38 3 0 .1 8 27 .96 2 8 .0 0 28 .0 0

36 53 .8 9 54 .17 2 8 .89 2 8 .8 9 2 9 .0 3 26 .79 2 6 .9 2 27 .14

49 52 .8 6 52 .7 6 2 8 .8 7 2 8 .67 2 8 .6 7 2 6 .32 2 6 .3 3 26 .2 2

64 5 1 .95 52 .5 0 2 8 .13 2 7 .89 2 8 .1 3 2 5 .78 2 5 .7 8 25 .55

89 4 9 .38 4 9 .38 2 6 .74 2 6 .58 2 6 .5 8

l

24 .27 2 4 .6 1 24 .4 9

1 00 48 .8 0 4 9 .80
l
2 6 .0 0 25 .85 2 6 .3 5 2 3 .60 2 3 .7 0 23 .一6 5

Table M. The equivalent conductance of KI in

n-PrOH-Water mixture at　25℃.

C X 104

(N )

E quiva lent C ondu ctance {Q 一cm )

43.14 m ole % 49 .15 m ole% (n -P rO H )

1 36 .25 36 .65 34 .50 34 .80

4 33 .63 34 .50 32 .50 32 .60

9 33 .28 33 .94 3 1.61 31 .61

16 32 .34 32 .34 30 .44 30 .50

25 32 .02 32 .00 30 .40 30 .34
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Fig.1. The dielectric constant of n-PrOH-

Water at　25℃.

Fig.3. The plots of equivalent conductan-

ces of KCl and KBr as the funcト

ion of y/C in n-PrOH-Water mix-

ture(n-PrOH : 19.46mole%) at　25℃.

The expenme】ntal data were obta・

med by averaging the valLIes in

Table I,II,and III at each concen-

tration of a salt.

Fig.2. The viscosity of n-PrOH-Water

mixture at　25℃.

Fig.4. The plots of equivalent conductan・

ces of KCI KBr, and KI as the

function of 、尼: in n-PrOH-Water

rnixture(n-PrOH : 43.14mole%) at　25

℃　The experimental data were

obtained by averaging the values

in Table I,II,and II工at each con-

centration of a salt.
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Fig.5. The plots of equivalent conductan-

ces of KC1,KBr, and KI as the
function of và¬~ in n-PrOH-Water

mixture(n-PrOH : 49.15mole%) at 25
°C The experimental data were

obtained by averaging the values

in Table I,II, and III at each con-

centration of a salt.

in. RESULTS AND DISCUSSION

The results of conductance measurements are tabulated in Tables I,II, and III,
The Onsager plots are shown in Figs. 3, 4, and 5. From the data, no matter how

the mixing ratio of solvents changes, the equivalent conductances in the concentration
range investigated here increase with the increase of crystalgraphic radii of anions.

That is expected electrostatistically. The concentration effect on conductances appears
to be getting smaller as the increase of propanol composition. If a selective soluvation
occurs, the ionic solvation shell will not change in the solvent mixtures. Consequently
the ion-solvent interaction and the concentration effect will not change so much in

each of the mixtures. In this case, for each salt, the plots in Figs. 3, 4, and 5 will
give the same slope. For lithium chrolide in methanol-water mixtures, however, it. has
been reported that such selective solvation will not occur.ll" In the system of propanol-

water mixtures, that might be true also.
In alcohol-water mixtures, some characteristic physical phenomena have been

observed.-1-s-iff Bobtelskyii; suggested four types of hydrogen bond in alcohol-water
mixtures as follows :

ROH CC~H HOH O^H ROH Q^H HOH <X^
H R R H

(a) (b) (c.) (d)
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which type of hydrogen bond is significant depends on their relative amounts in the
mixtures. In order to investigate those hydrogen bonds, the help of photochemical
measurements is required. In the systems investigated here, however, we have not
been able to observe any specific behaviors of ions so far.

The dielectric constant is one of the main factors which affect on the conduc-
tance. The dielectric constants measured by Akerlof12'' in propanol-water mixtures at
25"C is shown in Fig.l as the function of propanol mole%. From Tables I,II,III, and

Fig.l, it is clear that the equivalent conductance decreases as the dielectric constant
decreases. According to the Bjerrum theory,is the ionic association increases as the

dielectric constant decreases, hence decreases the concentration of ions per mole.
Bjerrum proposed that the ionic distance in which ions can form ion pairs is defined
by the equation

q=Z+Z- e2/( 8 xeoekT) (1)

where eo and e are the dielectric constants in a vaccum and in a solution respectively.

q is called the Bjerrum's critical distance. From equation (1), as the dielectric con-
stant decreases, q increases and therefore the possibility of the occurence of ionic

association increases. By using Bjerrum theory, the ionic association constant, K is
derived as

K=( 4 7rN/100Q)a3b*Q(b)

b=ZiZj ez/( 4 xe.ekTa)^-^

a
Q(b)= /*6 x4exdx

x=-ZiZJe2/( 4: ire.<-kTr)

where

'(2)

TV is the Avogadro's number, a the nearest distance between i and / ions. Relationg

to the Bjerrum's equation, Fuoss derived the following equation

K= A nriVa3 e73000 (6)

The equation (6) shows that the plot of inK v.s. 1/e gives stright line at constant
temperature in the system where a will change little.

The data reported in this paper were calculated by using the conductance equa-

tions

A=A.-S(cyV + Ecy{ logcy)+Jcy- Kf2cyA

which was derived by Fuoss-Onsager-Skinnera) and

A/F(Z)=A-(cA2/2K/(A0F(Z)2 )

(7)

(8)
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which was derived by Fuossl5) by linearizing the Onsager's equation

A=A,~S{cyf

using

K=c( l -y)/(cy)2f2

and

7=A/(A.F(Z))

F(Z)=1 -Z(1-Z(1-Z{ )-+)-*)-*

Z=(S/A )(cA)r

(9)

(10)

where y is the degree of dissociation, / the mean activity coefficient, and S the

Onsager slope. S, E, and / were calculated by machine calculations. From equation
(7), the limitting equvalent conductance Ao, the ion-size parameter a, and the associa-
tion constant K were computed by the least square method. The results are shown

in Tables IV and V with other parameters. From equation (8), the plot of A/F(Z)
v.s. cA2/2/F(Z)Z gives Aa as the intercept and K/A. as the slope. The results are
tabulated in Table VI. The computing procedures are described elsewhere.!) All

calculations had been done by using FACOM 235 computer. From Tables IV, V, and
VI, for KI and KBr, the association constant seems to have the tendency of the

increase as the dielectric constant decreases. But for KG, that is not clear so much.
Comparing the data in Tables IV and V with those in Table VI, the association
constants calculated from equation (8) mostly give lower values than those from

equation (7). The association constants for alkali halides had been reported to be less
than 1 in apuious solution, up to 40 or less in methanol-water mixtures, and up to

100 or less in ethanol-water mixtures.i!-^ Therefore in propanol-water mixtures, they
will be up to several hundreds or less. The increase of the association constant as
the increase of the size of the alkylic group of alcohol, which is obviously accompan-

ied by the decrease of dielectric constant, had already been expected from the equation
(6). But in solvent mixtures, equation (6) does not always hold.'' It is considered
that a solvent structure affects on the association constant complicatedly.

In general, the association constant increases with the ion-size parameter.D.8)
The ion-size parameters are tabulated in Tables IV, V, and VI. rh in Table VI was

calculated by using Walden's equation

jf.A=Z{e2F/( 6 xrH) 04}

which is obtained by applying the Stock's law to an ionic soltion. rh is considered
the solvation radious. From the Tables IV, V, and VI, a and rh are quite different
each other in the magnitude of their numerical values. The crystalgraphic radii of

(川

(1 2)

(1 3)
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Table IV. The conductance parameters for potassium ha】ides

calculated from Fuoss-Onsager equation in n-PrOH-
1]

Water mixture at 25℃. Where symbols, A., a, and

K are the limiting equivalent conductance, the ion

size parameter, and the association constant

respectively.

n -P rO H c om positioit

43 .14 m ole % 49 .15 m ole %

A 1 B A B C

K C l A . 35 .32 33 .90 32 .50 31 .26 30 .32 30 .22

lコα 20 .90 6 .59 20 .93 7 .74 7 .27

K 196 .48 75 .18 170 .00 57 .84 51 .90

K B r 』。 34 .66 34 .37 32 .80 33 .22 33 .58 32 .42

。α 6 .14 8 .59 12 .30 13 .72 7 .21

K 49 .86 52 .81 97 .86 119 .40 44 .16

K I A D 35 .62 34 .50

。
α 4 .14 12 .15

K 6 .76 67 .45

a The concentration range of salts; A: 4X10-4-16XIO-3M,

B: 16XIO"3-36XIO~3M, C: 36XIO~3-64XIO-3M.

b The calculation gives the negative value of ∬

Table v. The conductace parameters which will be considered

the most reasonable values among those in Table IV

are tabulated for each salt.

n-PrOH mole% : 43.14

A (m h 0 -cm2) A (A K

K C】 33 .90±0.01 6 .59±0 .07 75 .18±0 .31 67 .54 118 .09 533 -74

K B r 34 .66±0 .00 6 .14±0 .06 49 .86士0 .25 68 .27 121.19 496 .68

K I 35 .62士0 .00 4 .14±0 .01 6 .78±0 .03 69 .20 125 .14 278 .41

n-PrOH mole% : 49.15

A。(m h o 'cnf) 五(A K E

K C l 30 .22士0.01 7 .27±0.04 51 .90±0.13 69 .50 128 .13 663 .75

B B r 32 .42±0.01 7 .21±0.09 44 .16±0.25 71 .78 138 .81 626 .58

K I 34 .50士0.01 12 .1±0.04 67 .45±0.13 74 .00 149 .29 1196.0

65
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Table vI. The conductance parameters for potassium halides

calculated from Fuoss method in the n-PrOH-Water

mixtures at　25℃.

n -P rO H 43 .14 m o le % n -P rO H 4 9 一15 m o le %

A (m h o -c…つK rh(A )a iK m h o -cmO K r h(A )a

K C l 35 .3 5 48 .48 1 .9 3 3 1 .3 4 2 3 .2 3 2 .13

K B r 3 4 .57 10 .8 2 1 .8 7 33 .2 9 17 .9 2 2 .0 1

K I 3 5 .49 - 0 .2 3 1 .83 34 .48 10 .10 1 .94

a. rh was calculated by using the Walden's rule.

Table VII. The densities and viscosities Of n-PrOH-Water

mixtures at　25℃.

n -P r O H D e n s ity V is c o s ity n -P r O H D e n s ity V is c o s ity

(m o le % ) (g / c ni) c p ) (m o le % (g / c m ) ( C D )

0

2 .7

5 . 5

9 .2

1 3 .7

1 8 . 6

0 .9 9 7 5 0 .8 9 0 3 2 5 .6

3 5 .9

4 7 .4

6 5 .5

1 0 0

0 .8 9 8 3 2 . 6 2 1 6

0 一9 9 7 5 0 .8 9 0 3 0 .8 9 8 9 2 . 6 2 6 1

0 .9 8 5 0 1 .2 4 0 8 0 .8 7 6 5 2 . 5 8 9 8

0 .9 8 5 2 1 .2 3 9 1

-

0 .8 7 7 0 2 . 6 0 5 9

0 .9 7 3 2 1 . 6 5 3 8 0 .8 5 4 6 2 .4 7 0 5

0 .9 7 3 6 1 . 6 6 1 1 0 .8 5 4 8 2 .4 8 4 7

0 .9 5 7 5 2 .0 1 7 6 0 .8 3 0 9 2 .2 2 2 3

0 .9 5 7 5 2 . 0 1 6 8 0 .8 3 0 4 2 .2 3 4 3

0 .9 3 8 6 2 . 3 1 0 1 0 .8 0 0 5 1 .9 0 7 5

0 .9 3 8 8

0 .9 1 8 9

0 . 9 1 8 9

2 . 3 1 8 9

2 . 5 1 7 7

2 . 5 2 8 8

0 .8 0 0 8 1 .9 2 0 7

KCl, KBr, and KI have been given by pauling as 3.14A, 3.28A, and 3.49A respective-

ly.ifc The values from Walden's equation gives considerable low estimate for rk.王t
F=

has been reported by other workers that a of KCl is 3.ll in water, 3.28 in methanol.
i-

and　4.6 in ethanol.i】 For KI, however, a is 3.67 in water, 3.78 in methanol, and　3.6

in propanol.ii For tetraalkylammonium halldes, a is　3 to　4 in methanol, 4　to　5 in

ethanol, and 5 to 6 in propanolj'・6日　The values from Fuoss equation give somewhat
l>

high estimation for a. As mensioned above, in alcohols, the ion-size parameter appears

to increase as the increase of the size of alkylie groups of alcohols.
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The ion-size parameter is intimately related to the ion-solvent interaction. In the
solvent mixtures, solvation numbers, that is, the solvation sheath often changes as the
mixing ratio changes.10' Consequently the ion-size parameter which is considered effec-

tive ionic radious or solvation radious, will change with the change of a mixing

ratio. 21.7) The data in Table IV are insufficient to evaluate that.
In propanol-water mixtures, what we are most interested in is the behaviours

of ions in vicinity of the azeotropic mixture from the poit of view of solvent structure.
In our lab., the conductance measurements in the azeotropic mixture and in the
vicinity of it are being undertaken. We are going to reprot the results in next paper.

The data reported here will contain some errors which can not be overlooked,

becuase we can not sufficiently prevent the solutions from the contamination of at-
mosphere, especially of C02 in the air. Now we are improving the procedure of the

measurements.
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