June, 1971]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 44, 1515—1519 (1971)

Test for Validity of Constant Ionic Medium Principle. Variation of the
Activity Coeflicient of Hydrogen Ion in Various Compositions of
Medium Cations with 3 m Perchlorate Ions

Hitoshi Outaki and Georg BIEDERMANN*
Department of Electrochemistry, Tokyo Institute of Technology, Ookayama, Meguro, Tokyo
* Department of Inorganic Chemistry, The Royal Institute of Technology, Stockholm, Sweden
(Received December 15, 1970)

Potential changes of cells with a glass electrode and a hydrogen electrode in combination with a reference
half-cell were measured in solutions of various compositions of cations at constant concentrations of hydrogen
and total perchlorate ions. Measurements were carried out for the systems LiClO,-NaClO,, LiClO,-AgClO,,
NaClO,-AgClO,, NaClO,-TIClO,, LiClO,~-Mg(ClO,),, LiClO,-Ba(ClO,),, NaClO,-Ba(ClO,),, AgClO,-Ba-
(ClOy),4, and LiClO,-La(ClO,);. In some cases a remarkable potential change was observed. Part of the
change was due to the variation of the liquid junction potential at the interface of a test solution and a solution
in a salt bridge. However, the change was attributed in greater part to the electrostatic free energy change of
the transfer of hydrogen ion from a (3/m M A™+, 3u ClO,~) solution to a (xm A™+, ym B+, 3m ClO,~) solution
(where mx+ny=3). Variation of the composition of electrolytes gives rise to a significant change of the dielec-
tric constant of a solution, so that the activity coefficient of hydrogen ions varies in different solutions at a con-
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stant concentration of perchlorate ions.

Potential changes are additive in A,(ClO,),-B;(ClOy),,, A(Cl-

O4) m,-By(ClO,) 5, and B,(ClO,),,-B,(ClO,),, solutions for a given replacement of cations in solutions, where
A,, B,, and B, denote cations with charges of my, n;, and n,, respectively.

When we apply the constant ionic medium prin-
ciple to reactions in electrolyte solutions, it is essential
to choose what variable must be kept constant in the
course of the reactions. Often the formal ionic
strength is taken as the variable. Sometimes the total
equivalent concentration of all ions is chosen, and
sometimes the concentration of ““inert” cation or anions.
A historical review on the application of ionic media
and merits of the use of the high concentration of
medium salts have been described by Biedermann and
Sillén.)) The assumption of constant ionic activities
in a constant ionic medium, however, has not been
rigorously tested. The present study was undertaken
to examine this by testing the validity of the ionic
medium principle by means of emf measurements of
cells containing solutions in which concentrations of
perchlorate and hydrogen ions were kept constantant
and those of “‘inert” cations were varied.

Experimental

Reagents. All reagents used were prepared from rele-
vant carbonates or oxides and perchloric acid. They have
been used for studies of hydrolytic reactions of metal ions
in the Laboratory of Inorganic Chemistry of the Royal In-
stitute of Technology, Stockholm.

Apparatus. Glass electrodes:
(No. 40498) were used.

Hpydrogen electrodes were prepared by the method described
by Bates.?? Emf values obtained were corrected to those at
one atmospheric pressure.?

Stlver chloride electrodes were prepared by Brown’s method.®

The “Wilhelm’ type of half-cell described by Forsling, Hieta-
nen, and Sillén® was used as the reference half-cell.

Beckman glass electrodes

1) G. Biedermann and L. G. Sillén, Arkiv Kem., 5, 425 (1953).

2) R. G. Bates, “Electrometric pH Determinations,” J. Wiley
and Sons, New York (1954).

3) W. R. Hainsworth, H. J. Rowley, and D. A. Maclnnes,
J. Amer. Chem., Soc., 46, 1437 (1924).

4) A. S. Brown, ibid., 56, 646 (1934).

A Leeds and Northrup Type K-3 Universal Potentiometer for
measurements with hydrogen electrodes and a Radiometer
PHM 4 pH Meter with glass electrodes were used. Emf’s
were read to 0.01 mV with the former and 0.1 mV with the
latter.

A Coulometric Analyzer (Leeds and Northrup Co., Philadelphia)
was used for coulometric reduction of hydrogen ions.

Hydrogen gas, free from oxygen and carbon dioxide, was
preequilibrated with a solution of 3 M perchlorate and was
then introduced into a hydrogen electrode. A titration
vessel was filled with nitrogen gas, free from carbon dioxide
and preequilibrated with a 3 M perchlorate solution, instead
of hydrogen gas when we used only glass electrodes for
measurements. No essential difference has been found in
results obtained with hydrogen and glass electrodes.

Procedure for Potentiometric Measurements. All potentio-
metric measurements were performed at 25.00+0.01°C in
a paraffin oil thermostat which was placed in a room thermo-
stated at 254+2°C. In the course of emf measurements the
total concentration of perchlorate ion was kept constant at
3 M. The hydrogen ion concentration was also kept con-
stant at 0.01 M except in the case of NaClO,-T1CIO, solutions
in which the total concentration of perchlorate ion was 3 M
but the concentrations of hydrogen ion were 0.01 and 0.1 v,

The titration procedure was as follows: Into a solution
S, titrant S, was added. The composition of S, was (3—
0.01)/mm Am+, 0.01 M H*, 3 M ClO,~, and that of S, was
(3—0.01)/nm B»+, 0.01 M H*, 3m ClO4~. All metal ions
used were not hydrolyzed in such acid solutions. Titration
was performed up to a point where A™* ions of more than
half of the total equivalent were replaced with B®+ ions, and
then the reverse titration, i.e., titration of the S, solution
with the S, solution was carried out with the same set of
electrodes. Data obtained with these two titrations were
combined by the use of data in the overlapped region.
Emf’s of cells

Ref [ Solution| GE (A)
and Ref | Solution, H, | Pt (B)

were determined, where the solution has the general com-

5) W. Forsling, S. Hietanen, and L. G. Sillén, Acta Chem. Scand.,
6, 901 (1952).
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|xm Am+_  ym Bn+, 0.01000m H+, 3.000 m ClO,"| sk A

(mx + ny + 0.01 = 3) (C) . $
and Ref denotes the reference half-cell 6 . q
Ag-AgCl| (3—0.01)/m M A(C1O,) m, (
0.01 M AgClO,|3/m M A(C1O,) » | (D) 4qr i {
The value of the emf measured, E, may be given by the fol- (
lowing equation at 25°C; 2r o>
't
E=E° + sz Inay + E; “‘:"\;._o=0_’=0¢‘=°’-‘n OO—0—0—®
Y

= E° 4 59.151og [H*] + 59.15log fu + E;(H, A, B)
I
where E° is a constant and ay and fy denote the activity

and the activity coefficient of hydrogen ion, respectively.
E; represents the liquid junction potential at the junction

3/m M A(CIO,),, | Solution (E)

which is a function of concentrations of H*, Am+ and B"+*

at the 3 M perchlorate ions, the junction potential at the

junction, (3—0.01)/mm A(ClO,),, 0.01M AgClO,/3/mm

A(C1O,) 1, in the salt bridge in the reference half-cell being

assumed constant during the emf measurements.
Equation (1) can be rewritten as

E — 59.15 log [H+]
= E° + 59.15 log fy + E,(H, A, B) @)

Since E° is a constant AE, the difference of E—59.15 log
[H+*] values in a solution, (3—0.01)/mm Am™+, 0.0l m H,
3m CIO,;~, and in a solution, xm A™+, ym B»+, 0.01 m HT,
(mx+ny+0.01=3), depends on the variation of fyz and E;
with the composition of cations in a solution at the constnat
perchlorate and hydrogen ion concentrations.

Results and Discussion

Variation of potentials with compositions of electro-
lytes in a solution can be given by

RT
AE = = ~4ln fy + AE,

= 59.154 log fu + 4E;(H, A,B) (3)

where Alog fi; and AE, represent differences of log f;
and E,, respectively, in solutions, (3—0.01)/mm A™+,
0.01m H*, 3m ClO,~ and xm A™+ ym B+, 0.0l M
H*, 83m CIO,~ (mx+ny+0.01=3). Values of AE
were determined in nine sets of various combinations
of A(CIO,),, and B(ClO,),. Results are graphically
shown in Figs. 1 and 2.

Each AE could be expressed by an approximate
linear function of [B™*], but in some cases in which 4E
varies markedly, it could be better described with a
quadratic function of [B"+] than a linear function.
Equations for variations of AE as a function of [B"+]
in various systems of A(ClO,),-B(ClO,), are sum-
marized in Table 1. Solid lines in Figs. 1 and 2 show
curves drawn on the basis of equations for AE in Table 1.

Liquid junction potentials have been determined in

6) H. Ohtaki and H. Kato, Inorg. Chem., 6, 1935 (1967).
7) N. Ingli, G. Lagerstrém, M. Frydman, and L. G. Sillén,
Acta Chem. Scand., 11, 1034 (1957).
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Fig. 1. AE in various sets of metal perchlorate media at

[H+]=0.010M. (), NaClO-Ba(ClO,);; X, AgClO,-
Ba(ClO,),;; #, LiClO,-Mg(ClO,),; <&, LiClO,-La(ClO,)s;
A, NaClO,-AgClO,; A LiClO.-Ba(ClO,);; @, LiClO,-
AgClO,; O, LiClO,-NaCIO,
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Fig. 2. AE in NaClO,-TICIO, solutions : O, [H+]=0.010 m;
@, [H+]=0.100 m.

some solutions containing 3 M perchlorate as ionic
media. In 3 m LiClO, solution, E, has been evalu-
ated as —16[H*] mV/m® and in 3m NaClO,, E,=
—16[H*] mV/MY or —17[H*]mV/M.”? When the
concentration of hydrogen ion increases, a quadratic
function with respect to the hydrogen ion concentration
may be more adequate to describe the variation of
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TaBLE 1. VARIATION OF AE AS A FUNCTION OF THE
COMPOSITION OF ELECTROLYTES IN THE SOLUTION

AE=a[B"+] AE at 1 equiv.
A(CIO)a-B(CIO)a  “grpii s my [Br+], mV
AE=4.6[Ba%*
NaClO,-Ba(ClO,), ¥ OFGfBaL P 2.6
AE=4.5[Ba2+
AgClO,-Ba(CIO,), +0F6*[‘Ba§+]2 2.5
LiClO,-Mg(ClO,), AE=2.5[Mg?+] 1.3
LiClO,-La(ClO,); AE=0.6|La%*] 0.2
NaClO,-AgClO, AE=—0.2[Ag*] —0.2
LiClO,-Ba(ClO,), AE=—17.6[Ba%*] —3.7
+0.3[Baz+]2 :
. AE=—6.7[Ag*] _
LiCIO,-AgCIO, +0.3[Ag+]? 6.4
. AE=—6.8[Na+]
LICIO4-NaClO4 + 0.2 [Na+]2 —6.6
NaCIO,-TICIO, 4B= il =7

([T1+]1<0.1M]

E,Y About —0.2mV may be estimated for the
liquid junction potential caused by the diffusion of
hydrogen ions at the junction (E), which is in the same
order of magnitude with the experimental uncertainty
of a measurement with a pH meter.

Correction of the junction potential caused by mi-
gration of hydrogen ions in solutions were examined in
the following way. From a solution containing 3 M
LiClO; and a trace amount of hydrogen ions, the
hydrogen ions were removed coulometrically and
values of E—59.15log [H*] were extrapolated to
[H+¥]=0.8) The value obtained by extrapolation is
denoted as E’, which may be given by

E' = E° + 59.15log fu + E(Li, 0) (4)

Since E’ was determined in a solution in which con-
centrations of hydrogen and sodium jons (Nat=B"+
in this case) were zero, E, is denoted as E,(0, Li, 0)
or simply E;(Li, 0) as in Eq. (4). The composition
of electrolytes in the solution was then changed by the
addition of the solution S, (only a trace amount of
hydrogen ions was contained) without removing elec-
trodes from the solution, and the value of E’

E' = E° + 59.15log fy + E,(Li, Na) (5)

was determined with the same procedure as before.
The current passed in the course of coulometric tit-
rations was so small that variation of composition of
the solution by electrolysis was negligible, 4E’, the
difference of E’ values in 3 M LiClO, and in 3 M (Lit,
Nat)ClO,~ solutions, differed from 4E by only negli-
gible amounts in the whole range of compositions of
solutions, as seen in Fig. 3.

Different mobilities of lithium and sodium ions give
rise to a liquid junction potential, E;(Li, Na) at the
junction (E). The liquid junction potential may be
estimated by Henderson’s equation,® which can be
simplified as?)

8) G. Gran, Analyst, 77, 661 (1952).
9) P. Henderson, Z. phys. Chem. (Leipzig), 59, 118 (1907);
ibid., 63, 325 (1908).

Constant Ionic Medium Principle
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Fig. 3. Relationship between AE (@) or 4E' (QO) and
[Na+]. ——--, calculated 4E values by the use of Eq. (13);

—— calculated 4E values by the use of Eq. (13); calcu-
lated AEqqor values by the use of (16) with rg=7.0A and
Ocio,=—9.0; -+, calculated 4E;or; by Eq. (16) with rgy=
40A and 6CIO4=‘6-7~

(6)

n+
E;(A,B) = —359.15 log<l + MJ)

3

in 3 equiv.// perchlorate solutions, where dg,, denotes

Ap(cio,), — Aaccioy)
B(A) AA(CIO;)m ( )

and 4 represents the equivalent conductivity of the
relevant electrolyte.
Equation (6) may be approximated as
E;(A, B) =~ —19.72ndg4,[B"+] (8)
The value of dy(,, in 2 3 M (Lit, Na*t)ClO,~ solution
may be evaluated from data of 4 in 3 M LiClO, and in

3M NaClO,. It can be estimated from data
_19'72dH(L1) ~ —168 or dH(LI) =0.81 (9)
and
—19.72dygxay = — 177 or digxay = 0.86 (10)
Since dy,y, is derived from Egs. (9) and (10) as
d _ Axscio, — Avicio, - duwy +il 1
Na(hh Avicio, duexa + 1
= —0.027 (11

provided that Agcio, remains unchanged in 3 m Li-
ClO, and 3 M NaClO, solutions, the liquid junction
potential, E,;(Li, Na) is obtained as

E,(Li, Na) = —19.72dy,p[Na+] = 0.53[Na+]  (12)

Thus, AE values obtained experimentally may be cor-
rected by the liquid junction potential E;(Li, Na):
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AEq:r = 59.154 log fu = AE — E;(Li, Na)
~ —7.3[Nat] (13)

Calculation of Eq. (8) may be oversimplified with
neglection of higher terms of [B"+] and, therefore,
the term with [Na*]2 is dropped in Eq. (13). The value
—17 in Eq. (10) for E;(H, Na) may be the upper
limit of the —19.72dyy,, value, so that AE,,. esti-
mated by Eq. (13) may give the lower limit of A-
orr- Since no essential difference has been observed
in the measurements with hydrogen and glass electrodes,
the sodium effect on glass electrodes is negligible. In
Fig. 3 values of 4E,,,, calculated by Eq. (13) are
plotted by a broken line.

Liquid junction potentials have not been determined
in other solutions but it can be expected that the
liquid junction potentials may not be so large that the
contribution of the variation of the potentials to AE
values becomes significant, because most ions have
similar equivalent conductivities in aqueous solutions
except for hydrogen and hydroxyl ions. Thus, it is
concluded that the change of the activity coefficient
of hydrogen ion is attributed to 4E with varying com-
positions of electrolytes in solutions.

Reactions of hydrogen ions with metal ions and
perchlorate ions are denied from the fact that no as-
sociation and hydrolytic reactions have been observed
in these solutions. Association of lithium or sodium
ions with perchlorate ions has not been detected in
3 M solutions. If no association reaction occurs in
lithium perchlorate-sodium perchlorate solutions, vari-
ation of the activity coeflicient of hydrogen ions may be
caused by the free energy change of transfer of hydrogen
ions from a 3 M LiClO, solution to a LiClO,-NaClO,
mixture.

According to Hasted, Ritson, and Collie,1?) the di-
electric constant of a solution decreases with increasing
concentration of an electrolyte. The variation of the
dielectric constant is proportional to the concentration
of an electrolyte and the contributions of a cation
and an anion, J, to the variation are additive.

& =g + (d + 2)C (14)

where ¢ and ¢, represent dielectric constants of a solu-
tion and the pure solvent, respectively, and C the molar
concentration of an electrolyte, and values of ¢ are
evaluated to be —11=1 for Li* and —8=1 for Na+.
However, no value has been given for dao,. Equation
(14) holds for solutions containing about 2—2.5
equiv./l cations and anions, and its application to 3 M
solutions should not give rise to serious error making
the following discussion worthless. Free energy changes
of transfer of ions from one solution to another may be
calculated by the simple Born’s equation or, more
adequately, by other equations with more realistic
models of hydrated ions.!:12 Stokes'!) has calculated
hydration energies of various ions with models of hy-
drated ions taking into consideration the dielectric
saturation effect of water in hydration shells. Oh-

10) J. B. Hasted, D. M. Ritson, and C. H. Collie, /. Chem. Phys.,
16, 1 (1948).

11) R. H. Stokes, J. Amer. Chem. Soc., 86, 979 (1964).

12) L. G. Hepler, Austr. J. Chem., 17, 587 (1964).
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taki'® has modified Stokes’ model and applied it to
hydrated hydronium ion in order to interprete vari-
ation of dissociation constants of acids in mixed sol-
vents. Ohtaki assumed a ‘“naked” hydronium ion
having an ionic radius of 1.4 A, the ion being surround-
ed by the first and the second hydration shells each
with thickness of 2.8 A. In the following consi-
derations, a simple approximation is applicable where
the dielectric constants in the first and second hydration
shells of a hydronium ion in 3 M LiClO, solution are
the same as those in 3 M NaClO, and 3 M (Li*, Na*)-
ClO,~ mixtures, and dielectric constants of bulk solu-
tions are given by Eq. (14). With these approxi-
mations the electrostatic free energy changes of transfer
of 1 mol of hydronium ion from 3 M LiClO4 to a 3 M
(Lit, Na*)ClO,~ mixture can be given by
ug(m) — p3(s) = RT{In fu(m) — In fu(s)}=RTAIn fy
Ne? 1 1
B (a(m) ‘W) )

where #° denotes the standard chemical potential
of the hydronium ion and m and s in parentheses re-
present quantities in a 3 m (Lit, Na*) ClO,~ mixture
and 3 m LiClO,, respectively as follows. Since AE,,,,

is given by RTF-Aln fy, AE,,.. can be represented

Ne? 1 1
o ~ 6
2FrH<a(m) &(s) ) (16)
&(s) = & + 3(0ni + daro,)

g(m) = g + x0p1 + ¥Ona + 300104

AEcorr =

and } a7
(x+y=3)

If we assume that the radius of the hydrated hydro-
nium ion is 7.0 A (1.4 A for the naked hydronium ion
and 2.8 A for each hydration shell), satisfactory agree-
ments were found between AE, .. (or even A4E) values
observed and calculated using Eq. (16) when we choose
dcio,=—9. Values of 4E, ., in mV unit thus cal-
culated were plotted by a solid line in Fig. 3. Ap-
plication of the Hepler’s model'® gave similar results
(shown by a dotted line in Fig. 3) with ry,=4 A and
dc10,=—"6.,. rz=7 A may be a better assumption
than r =4 A in these calculations because Hasted
et al.1%) estimated the minimum hydration number of
10 for a proton in their treatment and these hydrated
water molecules may possibly be included in the first
and second hydration shells.') The value dcio,=
—9 assumed in calculations with Stokes’ model seems
to be reasonable in comparison with values of dy=
—3, 6;=—7 and dyoz=—13, and the results show that
electrostatic free energy changes caused by the vari-
ation of bulk dielectric constants of solutions may
play the most important role in variation of the ac-
tivity coefficient of hydrogen ions.

For magnesium, barium, and lanthanum ions, values
of 6 have been found to be —24, —22, and —35, re-
spectively.1® Application of the above arguments to
(A*+, B"*+)ClO,~ solutions leads to the following con-
clusions. Replacement of lithium ions with cor-
responding equivalent quantities of these ions con-
tributes to variation of dielectric constants of solu-

13) H. Ohtaki, This Bulletin, 42, 1573 (1969).
14) R. Grahn, Arkiv Kem., 21, 13 (1962).
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tions to a less extent than that with sodium ions. In
Li+-La3+ mixtures, the potential variation may be
fairly small and in Na*-Ba2?* solutions AL varies in
the opposite direction with that found in Lit-Nat+
solutions. Variation of AE in Lit-Ba?t and Lit-
Mg?+ solutions may be smaller than that in Lit—Nat
solutions.

Experimental results support these considerations.
Thus, it can be said that the main part of the vari-
ation of potentials measured in this study is inter-
preted in terms of electrostatic free energy changes
of transfer of hydrogen ions from one salt medium to
another, the main factor of the variation being caused
by the change of the bulk dielectric constant of solu-
tions with varying compositions of medium salts.

This conclusion is supported by the fact that the

Constant Ionic Medium Principle
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variation of potential is additive. Potential vari-
ations occurring at 1 equivalent-ion replacement of
a cation are shown in the last column of Table 1. The
equivalent replacement of a highly hydrated cation,
such as lithium ion, with strongly hydrated bi- or ter-
valent cations might be expected to introduce only a
small violation of the ionic medium principle of the
solution. Replacement of strongly hydrated cations
with less hydrated cations, on the other hand, results
in a larger variation of activity coefficients of reacting
species in the medium. From the viewpoint of 4
values, activity coefficients of reacting species may
vary to a much larger extent when an anion such as
ClO,~ of a medium salt is replaced by another kind
of anion, e.g., Cl- ion,




