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IONIC SOLUTIONS UNDER HIGH PRESSURES II

Pressure and Temperature Effects on the Dissociation of the

Co(NH3~3+.SO4a- Ion-Pair

BY MASARU NARAHARA, RIYOSHI SHIM IZU AND JIRO OSUGI

   The dies«iation constant of the Co(NHs)sa'•SO~r- ion-pair in water has 
been determined at high pressures up to 5.000 aim at the temperatures of t5•, 
25' and 40'C. using the previous electrochemical datar>. Then the closest 
approach distanres of the ion-pair, dLn. dr and 6n, were calculated from the 
theoretical equations of Denison-Ramseyr), Fuossal and Bjerrumsl, respectively. 
All of them decrease almost linearly with increasing prtssure. This decrease 
in d's with pressure could 6e understood, considering that these ion-pairs are 
solvent-separated ones in which both rations and anions are already eatensive-
ly solvated in the loosely ass«ia[ed state. And this dtcrease in d turns out 
to be the reason why there appears a plateau in the curve of log X vs pressure 
above 2,500 aim. Therefore, it would be concluded that pressure affects not only 
upon the solvation energies of the free ions through the dielec[rit constant of the 
solvent but also upon the Coulombic icteraction energies between the rations 
and the anions in the ion-pairs through the closest-approach distance.

Introduction

   Pressure and temperature effects on the dissociation constants of various weak acids and bases in 

water have been studied and interpreted in terms of the change in the dielectric constants of sol-

vents6j°>. Bu[ the dissociation constants of ion-pairs have not yet been investigated sufficiently at 

high pressures ;most of them increase with pressure, but some of them decreased or remain constant°>. 

In aqueous solutions at high pressures. [he diss«iation constants have been determined for Mga••
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SOsa-e1 Co(NHz)szi•CI-sr, Fez*•NOz-ro7 Fez+•CI-rat La'*•Fe(CN)s°-°', MnziSO,z-rs~. Ca(NHz)sa. 
•SQz'rzz and Iaz*•50~z-s'r. In this paper the dissociation constant of the Co(NAs)sa*•SQ,z-ion-

pair in water has been re-examined extensively up to the higher pressure (5,000 atm) than in the 

previous paper'z and analyzed with the aid of theoretical equations for [he dissociation constant of 
the ion-pair in order to obtain some informations about the molecular s[rutture of the ion-pair in 

water at high pressures.

Calculations and Considerations

   In the aqueous solution of [Co(NHz)s]s(SOaz, the first ionization may he assumed complete, and 

then ion-pair, Co(NHs)s°* •SOs°' would be in equilibrium with their free ions, Co(NHz)sz* and S0, ' 

        [Co(IQH~s]s (S0.)s -• 2 Co(NHz)sz'•SO*°' t SO,z' (1) 
               m 2m m , 

         Co(NHz)sz*•SO*'' ~ Co(NHz)s34 t SO,z' 
           2m(1-a) 2ma 2matm (2) 

where m is the stoichiometric molar Concentration and a fs the degree of the dissociation of the ion-

pair. Then, the dissociation constant K corresponding to eq. (2) is defined as follows: 

          K _ msmz Jafa               m
s Jr 

         _ a(It2a)m Jsfs (3) 
                 1-a Jr 

where ms, ms and mr are the molar concentrations of Co(NHs)szt, SO.z' and Co(NHz)sz+•SOs°-, and 

fs, Js and h are the activity cce(ficients of respective ions. Activity coefficients are calculated from the 
Debye-Huckel limiting equation, 

          - log J. = L291 x 10-z.zr%. /'VZ ~ (DT)vx = z,°Y, (4) 

where z{, D and /' aze the ionic valence of i-ion, the dielectric constant of water and the Tonal con-

centration (=2 xionic strength), respectively. In this system, [he Tonal concentration, 

         ]' = Emrzrz = 6m(4a t 1). (5) 

From eqs. (3) and (4), we have 

        log K= {log a t log(It2a) - log(1-a)} t log m - 12y, (6) 

which is a function only of a, because y is also known from a according to eqs. (4) and (5). This 

unknown variable a is to be determined from the solution of the conductance equation of this ionic
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system, using the theoretical equation of Onsager'st in the following way. Now, the solvent-corrected 
specific conductante of this system, 

And from definition 

Inserting K' in eq. (g) and m; in eq. (2) into eq. (i), we Gave 

Here, for A; Onsager's equation is assumed ; 

         z; = a°,-s;(a ;, D, ,,`, T)•,/ c •t/4a+1 (i = a, z) , (lo) 

where Si is a constant which is determined by the dielectric constant, D (Table I), the viscosity r 

(Table 2) of solvent water, temperature T and the limiting equivalent conductance, .l°;, of i-ion. 
And, furthermore, for the equivalent conductance of the Co(NH~)e'*•50,`' ion-pair, it was assumed18J 
that 

Inserting eqs. (10) and (11) into eq. (9), we can get finally, 

         n= aC.i`a+a',-(Sa+s,) •,i c• t/4q+ 1}+ 1 3 a{a', /s+ 

           J°,-(S, / 3+Sx)• 1/ L • t/4IX+ 1} . (12) 

a in this equation is able to be solved by means of successive approximation. Then, the obtained 

values of a are put into eqs. (5), (4) and (6), so that the values of log X may be obtained, which are 

tabulated in Tables 3 (a), (b) and (c) with their average values. 

                Tahle t The dielectric constant of water at high pressures, D<r)t

_. T, 'C 

        P, atm ---"~

t5 15

(Fisher)*

40

1 

 500 

1,000 

1,500 

2,000 

a,ioo 

3,000 

3,i00 

4,000 

4,500 

5,000

~ 82
.23 

   84.62 

   86.80 

   88.83 

   90.69 

   92.46 

   94.1 l 

   91.69 

   97.za 

   98.64 

   100.04

78.36 

SO.iS 

83.06 

84.55 

86.20 

Si.84 

89.41 

90.90 

92.31 

93.64 

91.89

7858 

80.81 

82.86 

84.80 

86.57

73.3> 

)i.38 

71.12 

78.94 

80.15 

82.05 

83.47 

aa.83 

86.12 

87.37 

88.55

15) 
t6)

$ calculated from the Owen-Brinkley equationts>; 1-IXr>/Dtr) = AIXr~ log(B+P)/(B}t) 
* F . H. Fisher's calculations: Ref. 8) 
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I. L. Ienkins and C. B. Monk, !. Chem. Soc., 1951, 168
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'Cable 2 The viscosity coe/ficient of water at Ligh pressures , n`ua (cp)

_ T, 'C 
     P, atm

li 15

(Fisher)"

40

1 

 500 

1,000 

1.500 

2,000 

2.500 

3,000 

3.500 

4,000 

4.500 

5.000

1.1 i6 

1.129 

L122 

1.135 

L136 

L190 

1.230 

1.276 

1.326 

1.385 

1.446

0.8931 

0.8865 

0.8905 

0.9053 

0.9266 

0.9534 

0.9709 

1.0022 

1.0392 

1.073fi 

1.1163

0.8937 

0.9014 

0.9(32 

0.9314 

0.9fi04

0631 

0.663 

0.67fi 

0.695 

0.715 

0.731 

0.761 

0.788 

0.817 

0.846 

o.aao

            # from the data of J. B. Cappi~rl 
             ~ P. R'. Bridgman's data used by F. H. Fisher87 

   Figs. 1 and 2 show the relations between the average values of log K and pressure and tempera-

ture, respectively. From these plots, the following thermodynamic pammeters concerned with the 

dissociation of the ion-pair are calculated from [he thermodynamic relations, 

        8 In K ~ _ _ dV° (13) 
        t3P T RT 

         81n K l _ dH° (14)      ~a(ll7~lr R , 

T where 

The derived thermodynamic parameters, dV°, dH`, dG" and dJ` are given in Table 4. 

    As shown in Fig. 1, the curves of log K vs pressure show almost linear increase up [0 2,100 a[m 

and then a plateau, and again increase near 5,000 atm (at 40°C, log K seems to be too low above 3.500 

a[m). The dissociation constants of other 2-2, 3-2 and 3-3 ion-pairs are shown up to 2,000 a[m in 

the same figure. and they appear to have the same inclination at higher pressures as in [he case of the 

Co(NHs)ss'•SQ'- ion-pair. As stated by Hamanns's>, increase in ionization of electrolytes by 

pressure would be due to the increase in solvation energies of free ions, but the plateau appeared above 
2.500 atm could not be explained only from this point of view because of the gradual increase is the 

dielectric constant of solvent without any occurrence of the dielectric saturation in the bulk sense. 

As discussed later in detail, the loosely associated ion-pairs, which are not so rigid as weak acid or 

base molecules, would suffer significant effects of pressure on their molecular state. probably until 

they have been compressed to be tight. These ion-pairs x•ould be considered to be solvent-separated 

    17) J.H. CdDPi. Ph.D. Thesis, London University (1964)
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ones1HJ, because the absolute value of dV°of this ion-pair is not so large as that expected from the 

electrostric[ion even a[ normal pressures. And in the case of this ion-pair, Hepter's correlation10~ be-

tween d5° and dV° was not obtained.

Table 3(a) log K at 1SC

P, atm

Sample/

 soo 

,.ooo 

 ,Sao 
z,ooo 

zsao 

3,000 
3,500 

a,ooo 

a,soo 

s.ooo

A B C D E AvcraRe *

4.328 

4.399 

1.459 

1.525 
4.595 

4.630 

4.639 
4.629 

1.636 

4.654 

4.687

4.341 

4.416 

4.489 

4.546 
4.603 

4.636 

1.668 
4.656 

1.662 

d.686 

4.70fi

4.345 

4.426 

4A95 

4.564 

4.641 

4.655 

4.685 

1.701 

4.688 

4.697 

4.731

4.33fi 
d.41 fi 

4.500 

4.564 

4.649 

4.661 

4.696 

4.683 

1.689 
d.668 

1.745

4.323 
d,413 

d.468 

4.561 

4.680 

d.664 

4.700 
4.687 

4.695 
4.691 

4.745

4,335 

4.414 

d.486 
d.552 

4.650 

4.649 

4.678 

d.6i1 

4.674 

4.663 
4.723

$ A : 1.161 x 10-+x, B : 2.317 x 10'+x, C : 3.243 x 10-+x, D : 3.964 x 10'+fl, E 
 at 1 atm 

* (log K)uvenc. ° [(]oR K)e}(log X)n+(log K)c+(luR K1o+(1aR Ine}/5

4.633 x 10'+d

Table 3(b) ]og K at t3'C

P, alm

Sampid

500

1,000 

1,500 

7,000 

7,500 

3,000 

3.500 

4,000 

4,500 

5 000

A B C D E Average

4,319 

3.369 
4.410 

4.461 
4.492 

4.523 

3.553 

4.565 

4.512 
x.590 

4.609

4.331 

4.374 
4.422 

4.483 

4.110 
4.542 

4.573 

4.390 

4.591 
4.613 

4.fi31

4.332 

4.384 
4.428 

4.496 
4.322 

4.157 

4.583 

4.603 

4.611 
4.635 

4.fi48

4.318 

4.371 
4.423 

4.484 
4sz6 

4.556 

4.592 

4.606 

4.611 
4.643 

4.637

4.301 

4.369 

4.419 

4.486 
4.321 

4.554 

4.588 

4.609 

4.610 
4.649 

4.657

4.310 

4.374 
4.421 

4A82 
4.514 

4.546 

4.579 

4.595 

4.599 
4.626 
4.640

 at I atm

B : 2.317 x 10'+v, D : 3.984 x 10-h, E : 4.633 x 10'+N

18J 
19)
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Table 3(c) log X at 40'C

P, afro

SamPld

I 

$00 

1.000 

1,500 

2,000 

2,500 

3.000 

3,$00 

4,000 

4,500 

5.000

A B C D E Average

4.3t6 

4.349 

4.314 

4.409 

4.4$2 

4.469 

4.480 

4.469 

4.426 

d.asl 

4.392

4.31$ 

4.349 

4.392 

4.433 

4.a7o 

4.482 

4.490 

4.489 

4.481 

4.474 

4.450

4.328 

4.366 

4.388 

4.441 

4.473 

4,490 
4.503 

4.$01 

4.489 

4.467 

d.4fi0

4.312 

4.349 

4.389 

4.439 

4,418 

4.491 

4.502 

4.494 

4.487 

4.414 

d.45fi

4302 

4.340 

4.318 

4.428 

1.465 

4.488 

4.493 

4.489 

dA78 

d.a7a 

4.451

4315 

4.351 

4.384 

4.430 

1.467 

4.484 

3.493 

d.ass 

4.979 

4.472 

4.452

# A: 
  al 1 atm

2.310 X 10'+N, C 3.233x t0-+N, D: 3.972 x 10-+N, E : 4.619 x 10'+N

0

2.0

~5

3n

a_,

d

Mg

a

z.   7-'$~d In Wd[Cf at 25

Mn~~~ SOa in

15`C 

25'C Ca 

40`C

[.

(NHl)6~

SO: in water

;Cal

water at 25°C127

SOe u.

at ti C[ai

wane

La waar at 2SCtt~

x'000

m 
0

~~

~s

4.5

a.a

0 1000 DOOp 3000 4000 

      Pressure, atrn 

Fig. t log IC vs pressure

s~i.

.~

.~+:

4.3

                         lams

32

Fig. 2

  3.3 

1/Tx lW 

 log R vs 1/T

34
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Thermodynamic parameters concerned with the dissociation of the ion-pair

  Thermodynamic 

       parameters 

P. atm

JG° JA° 
(kcal/male) 

        25'C

JS 
(e.u,)

      dV' 
    (ml/mole) 

li C 25'C 40'C

i 

 soo 

i,ooa 

isoo 

:,ooo 

asoo 

3,000 

3,500 

4,000 

4,500 

5,000

5.02 

4.95 

4.89 

4.80 

4.76 

i.71 

a.67 

4.65 

4.64 

4,6I 

4.59

-0 .43 

-Llo 

-LSf 

-2 .07 
-2 .53 

-2 .67 
-3 .14 

-3.Oi 

-3 .10 

-2 .93 

-3 .80

-18 

-21 

-22 

-23 

-24 

-25 

-26 

-2fi 

-26 

-ZS 

-28

-10.8 

- 9 .8 

- 1 .6 

- 6 .7 

- 3 .1 

- 2 .8 

- 1 .8 

- O I 

- 0 .1

-fi.e 

- .fil 

-5 .7 

-5 .0 

-3.9 

-3.2 

-2 .6 

-2 .1 

-1 .7 
-1 .5 

-1.2

-4.5 

-4 .5 

-4 .5 

-4 .5 

-4 .5 

-l.7 

  0.0 

+1.0 

+1.0

IONJAIN rrATe

Q~
~

///~

EaEEAOV StaiE

K

  +~ +
Fig. 3 A scheme of the equilibrium 

between an ion-pair and free 
ions

   Using the following three theoretical equations for the dissociation constant of an ion-pair and 

the calculated average values of log K, the closest-approach distances of the ion-pair d's are obtained 

at high pressures. From the Denison-RamseyT~ equation, 

        b = au_gDk'T ' 

where an_a, a and k are the closest-approach distance of the ion-pair in its model of Denison-Ramsey, 
the absolute electronic charge and Boltzmana's constant, respectively, 

              4.354X]0° (~) (l9)          d
D_a = - DT log X 

From the Fouss equation°~, 

where aN and N are the closest•approach distance of the ion-pair in its model of Fuoss and Avogadro's 

number, respectively, 
        IogK=-3logde+25981-4.333x1o'/(DTde), (21) 

which can be solved with respect to hP by successive approximation. From the Bjerrum equation'>, 

where 

        log Q(b) _ -15.8831 - log K + 3 log DT , (24)
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from which Q(b) is calculated. Then, if b is known from the table~s~YOj of the relation between Q(b) 

and b in eq. (23), 

        6 = ~ z+• y_ ~ es / (anDkT) = 1.003 x I08 / (dH DT) , (25) 

that is. 

        @n = 1.003 x 106 ((b DT) . (26) 

The calculated values of do-x~ do and dB at high pressures at each temperature are plotted against 

pressure in Fig. 4.

(1970)

i

t

i

5.0

.¢ 

`~ 4 .0

• 
o.

a,

mo
o.

0 

0

.~

~,

  ~ 

b,
~~

.

&,

moo
,as

i

.~
n

•e

.o

0

~
o~ 

0

9p'C 

75C 

15`C

   As s6 

with incre 

the ion-p 

nation of 

log K vs 

distance ~ 

CO[ L ~H3~8 

closes[-ap 

the sum o

Fib. 4 The dependence of the closest-

approach distances on pressure

20)

, 
  D 1000 ?000 3000 4000 5000 

          Pressure, arm 

own in Fig. 4, the closest-approach distances, dn_a, de and d~~, all decrease almost linearly 

asing pressure at each temperature. If the distance between the cation and the anion in 

air decreases, the Coulombic interaction between them increases as [be result of the stabili-

the ion-pair state. Perhaps, this is the reason why there appears a plateau in the curve of 

pressure above 2,500 arm. If the ion-pairs are directly contact ones. [be closest-approach 

vould not be changed so much 6y pressure as shown in this experiment. So, this ion-pair 
s' •S0~ - in water seems to be solvent separated one as mentioned above . Though all of the 

proach distances, which have different definitions in each model, have smaller values than 

i the crystal radii of [he ration and the anion, [hey would become considerably. larger, if 

R. A. Robinson and R. A. Stokes, "Electrolyte Solutions", Butterworths Scientific Publications, 
London (1965)
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[he bulk dielectric constant of water is replaced by a smaller effective dielectric constant paying regard 

to [he dielectric saturation near ions. 

             Table 5 Changes in the closest-approach distances and the volume of the 
                      bulk a•atec by pressure at 2i'C

P, atm

 500 

1,000 

1,500 

2,000 

2,500 

3,000 

3,500 

4,000 

4,500 

5,000

(vcr)/v(nplr. do-nt~/do-xt~l, dr.t~/drbl, dnt~/d~F~l

1.000 

0.993 

0.986 

0.981 

0.976 

0.971 

0.967 

0.963 

0.919 

0.916 

0.913

L000 

0.988 

0.970 

0.910 

0.960 

0.951 

0.943 

0.933 

0.919 

0.919 

0.905

1.000 

0.979 

0.950 

0.946 

0.932 

0.91 S 

0.901 

0.884 

0.866 

0,856 

0.844

1.000 

0.917 

0.949 

0.949 

0.931 

0.918 

0.905 

0.887 

0.869 

0.859 

0.848

   Furthermore, as shown in Table 6, [he ion-pair is apparently 

water, perhaps hetause the attractive force between paired ions 

addition to Che contraction due to the external pressure.

more compressible than [he bulk 

promotes the decrease in d's, in
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