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The polarographic literature contains numer-
ous papers dealing with the behavior of complex
metal ions, but all the discussion rests on the
fact that the oxidation and reduction at the
dropping , mercury electrode is reversible, or
the electrode process is controlled by the diffu-
sion process.®> In the present paper the
polarographic wave, especially of the irreversi-
ble type, which is obtained by the oxidation
and reduction of the complex metal ion at the
dropping mercury electrode, is discussed from

the viewpoint of the chemical kinetics.

Derivation of the General Formula

There are various possible types of the elec-
" trode reactions which involve complex metal

ions, but in this treatment only the reaction, '

which consists of the oxidation and reduction
from one ionic oxidation state to the other, is
taken up as an example.

"The oxidation-reduction of a complex metal
ion may be represented by

f Mxpcnl—l)b)-i- +-ae ﬁqu(’:—-a-—qbﬁ- + (,’D . qJX-‘b,
(1)

where X" is the complex-forming substance.
In this reaction there may be various cases of
the intermediate processes, but in the present
paper the consideration will be restricted to
the case when the reaction occurs through the
following three steps.
(i) Decomposition of the complex ion,
K1
MX,0=2% &= M** 4 pX->, (9
Ka
(ii) Oxidation-reduction reaction,
M1E1
M + ae = M -+ , (3)
Ky,

(iii) Formation of the complex ion (reduced .

type), "
3

M(n—a'}{- "I‘ quf; = qu(n—a—qb)i- R (4)
4

‘where M7+ and M”—®+ symbolize the simple
or hydrated metal ions and the terms ki, k.,
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ks and k, represent the rate constants for each
process, respectivly. mEy and «.E., are the
rate constants of the reduction (forward) and
oxidation (reverse) processes and are represented
by the equations :

1 L = 8 kT e—4F1/RT p—aaVF/RT

ET
okl = 8 h_ e~ 4F3/RT eu(l-a}?!’/}n"

where 4F; and 4F, are the free energies of
activation for the forward and reverse reac-
tions, V' is the potential difference between the
dropping mercury electrode and the interior of
the solution, @ is the number of the electrons
which participate in the reaction, and s is the
proportionality constant concerning the nature
of the electrode. The value of « is the por-
tion of the total electrode potential which
promotes the forward reaction. In the polaro-
graphy, there exist the diffusion processes at
the surface of the dropping mercury eleetrode
besides the reactions mentioned above.
According to the same method as mentioned

in the previous paper*’ the current flowing
can be written as follows :

I = aeKco ([Ceo]® —[Ceuo])

GS-KE'O ([Ac.0]°—[4co])
Jewo
acK'c.o([4c.0]°— [4g.0]) &)
ace (k1[Ac.o]l —k:[40] [4x]7)
ac(ki' [Ac.o] —k.'[40]),

k' = ok, k' = oku[Ax]? (6)
ae(e1E1[Ao] — k.E[AR]) )
aec(ka[Ar] [Ax]" — ks[dcr])

=ae(ks' [Ax] — ki [4c.8]),
k' = oks[Ax]?, ks = ok, (8)
I = aeKc-pl[Cer] — [Ce.r]®)

= a.sf—{—o}i ([Aer] — [de.r]°)
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=aefé’c.v{[Ac.x] —[4¢.]°) (9)
I = aeXX = ([0x] = (051)
Kx
— AT — °
asf.r(p-—q) ([4x]—[4x]°)
KX’

=ae (451~ (4x]") (10)

. In these equations,

[Cew0], [Ce.0]®: the concentrations of the

oxidized complex ion at the electrode sur-"

" face and in the interior of the solution.

[Co.z]l, [Ce.r]°: the concentrations of the
reduced complex ion at the electrode sur-
face and in the interior of the solution.

[Cxl, [Cx]°:

complex-forming substance at the electrode
surface and in the interior of the solution.

[4c.o], [Aco]®, [Acr]), [Aer]®, [Ax]; [4£]°:

the activities for each of the correspond-
ing terms.

[4o]:

electrode surface.

[4r]: the activity of the ion M®~®+ at

the electrode surface. ' ‘

feo, fior, fr: the activity-coefficients of

the oxidized and reduced complex ions and
of the complex-forming substance at the
electrode surface.

o: the constant concerning the nature of

the electrode and others.

Let us consider the case when the rate of
the reaction by which the reduced complex ion
is formed from M"—®* ig very rapid in com-
parison with the diffusion process of the ion.

From these relations, the general formula for
the current I and the electrode potential V is
obtained as below:

I/ae=

ks K 0.0k 0.1+ K1 Erkes! Ko (k1! + K ¢.0) +K:Boler! Ko o{h+K’c R)

Dividing the numerator and denominator of
the right-hand side of Eq. (11) by K'c.oK'c.r
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the concentrations of the-

the activity of the ion M"* at the

K' o.rK'c. R(h’ka'xlEl [Aco]® —kz’kri";E;[AaR]

1w

equations, .
[Ac-'»} °—[E][A4er]°

(i * ) (e tid)
(14) .

I;’a:——-

[x:El]

[E]'[4¢-0]1°—[4c.r]®

T 1 1 1 1)
[PNA +(K’cn+k )-1- [E] (K’ +k ') .
(14)
where [k1E1] and [x ,E.] can be regarded as to

- represent the over-all rate constants of the

redyction and oxidation processes at the elec-
trode surface. That is, the over-all rate of the
reduction process expressed by (1) is promoted
by the terms ki’ and x1E1 but retarded by the
term k', and, therefore, it can be expressed by
ki Ea/k,'. Eqs. (14) and (14') are the general
formulae for the polarographic wave of the
oxidation-reduction of the complex metal ion.
It is mentioned here that if the 'solution is
bufferized with regard to the complex-forming
substance, then the quantity [Ax] is equal to _
[Ax]° in these equations.

In the following section the analysis is set
forth in two or three special cases, according to
the equations described above.

When the Decomposition Rate of
Complex Ion is Very Rapid

In the first place, if the rate of the decom-
position of the complex jon at the electrode
surface is very rapid in comparison with the
rate of the diffusion of the  ion, then the
following conditions, ‘

Kleo <k’ and Kor <k

are settled. By con-
sidering these condi-
tions, Eqs. (14) and
(14') are reduced: to

[Ac0]°—[E][4 ¢ R]

(11)

X ky'ks'kc1E1, the relation Ijae=— --——[ B (15)
I£1E1] Ko ¢.r
[Adcs]®— ,h,x?Es [Ac.r]® . .
I/ae= ek Ker iy i [E]_*__[Ac.o]"—[An.;z} a5
. ’i‘”’—+( 14+ )+"='k*'.“‘"5's (._L. ) 1 - 1 -
k].r!ﬂEl K"r,'-J kL ic1'k3*x1E1 K"g.g k‘;“ [-'C_"E)T+K1c.g+[ j prmram

(12)

is obtained. For convenience’ sake, the ab-
breviations, ’

k;’andk.g’ = [KLEL],

kg, B/ ks’ =[k.E.],

[k.E.] | [r:1ER] =[E],
[w1En] | (2Bl =[E],
are introduced into Eq. (12), resulting with the

(18)

and

Now, two further cases, (A) the case when
the diffusion process is rate-determing, and (B)
the case when the process which contains the
transfer of the electron between the electrode .
and the ion (activation process) is rate-deter-
mining, will be discussed. :

(A) Diffusion-controlled Case
The diﬁ_'usion-controlled case will be. deﬁned_r'
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as a case when the conditions, [k.Ei] » K'co
and [x1E;]  K'c.g, are satisfied in the potential
region where [«1E,] is nearly equal to [«,E.].
Under these conditions the relation between
the current and the electrode potential takes
the forms:

[4c0]°—[E] [4c.r]°

I/ae= (16)
1 1
— B .
K’c‘a') + [ jK'c.g )
 Mege——L—
[E] = - __I —Tel oo (17)
a:_IE’g. + [AC.R}

in the region where [k,E1] is nearly equal to

[x:E,].
Furthermore, as [«1E1] becomes much larger
than [«.E.|, the current is represented by

I =aeK'c.0ldc0l® = agKe.olCo.0]° = (Ta)ceo,
(18)
on the other hand, when [#1E1] is smaller than
[xoE.],
I =— aeK'c.rldor]° = — aeKe.r[Co.r]°
(19)
- These relations correspond to the limiting cur-
rents controlled by the diffusion process.
From Eqs. (17), (18) and (19) the following
, equation is derived: -
(E] = K'o.r (Ideo— I )
K'¢oI — (Idor
which is quite the same as obtained from the
Nernst’s formula for the reversible wave.
The detailed discussion on the half-wave

potential and the other properties of the wave
has been set down by J.J. Lingane.(®

=(Ta)c-r -

(20)

fB) Activation-controlled Case

The activation-controlled case will be defined
a8 a case when the conditions, [k1Eh] <K 'c.0
and [x1E:] € K/¢.r, are satisfied in the potential
region where [kiE:] is nearly equal to [«,E.].
However, on the current-voltage curve, there
may be & region in which the relation, [x1F\]
> [koE,] or [#k1Eh] < [k,E,], is satisfied, where

. the condition, [k1E1]<€K'co or [k1E1] <€ K'og
is not necessarily fulfilled. To analyse, there-
fore, the current-voltage curve, it must be
divided into the following three parts according
to the value of the electrode potential.

(I) [xEhr]l=[x.;E;].—In this case when,
according to the above definition, [«1E1] €K',
Eq. (15) is reduced to the form,

Ilae =[k1Er] [Ac0]° —[k,E,] [Ae.r] . (21)

From this equation, the condition .for the point
where the current is zero, is obtained as follows:
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— [40'91.? 09)
Bl = [ fm)® =

Eq. (21) means that the current in this part
is fully defined by the rates of the activated
reaction.

(I} [#1E1]> [«.E.].—In this part, the term
[E] becomes vanishingly small (and can be
regarded as nearly equal to zero). As for con-
venience, this part is sub-divided into two
cases.

(a) - [#1E1] = K'¢.0. — Here, the equation
which represents the current-voltage curve is

—_ [4o0]® 9,
1:;"058 = - 1 + 1_ » (-‘SJ
[x‘],E‘.l} K"c-‘)
or
b= Kool (o

aeKo0[ Ac.o]® — 1T

From these equations it is obvious that the
properties of the wave of this part are independ-
ent of the reverse reaction. '

(b) [x1E1]l® Ke¢.o'.—In this case the condi-
tion for the limiting current is obtained, i.e.,

I = aeKe.0[Co.0]°= (Tajc.o. T (18)

These equations, which are formally the same
with those obtained for the oxidation-reduction
of the simple metal ion‘®, show the fact that
the part (II) corresponds to the reduction wave
with the characteristics of the *irreversible”
one.

Introducing the condition for the limiting
current into Eq. (24), the next formula is
obtained,

[£1E1] = Ko (25)

(Ia,‘c.o —~I ’

or by solving this equation regarding the elec-
trode potential, ¥, we obtain

= RT (]II.8" k: -4- In I'—In K’G.O)

ad F
RT RT I Py 38
— P InTA <] — —= =1
PaaF [4x] adF  (Lijeo—I aaF
C(26)

where I represents the dissociation constant
of the oxidized complex ion and is equal to

fex/lese
For the half-wave potential, the relations

[1Ex] are.o = K'cwo (en
and ’ _
RT kT
[V1dapeo = &ﬁ(].n-si. +Inl —Ink’ ,9)

RT AF,
— 2} —
P n[A4r] ﬁ

oF (28)
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are obtained. Therefore, if @ and the ionic
strength of the solution are constant, the half-
wave potential is the characteristic constant
for each complex jon and is independent of
the activity of the ion.

From Eq. (28) it can be said that the rela-
tion between [V]uge, and the activity of the

2
complex-forming substance [4x] is a straight
line, the tangent of which is px0.059 fac volt
at 25°. Hence, by determining the tangent of
this relation and the values of ¢ and @, the
coordination number of this complex ion, p,
will be calculated.

It must be noted, that if the net electrode
process is diffusion-controlled the tangent of
the above relation is (p—gq) X 0.059 /a volt, while
the tangent of the activation-controlled one is
pXx0.0589 /acx volt and is independent of gq.

Moreover, it is concluded from Eq. {25) that
the relation between V and logI/(Is—I) is a
straight line whose tangent is 0.059/aa volt
(25°), if 4F;, p, & and [4x] remain constant.
This means that the current-voltage curve is
symmetrical about the half-wave potential.
The value of a can be obtained from the
measurement of the tangent of the above
relation, if the value of a is known.

Quite the same discussion as described above
can be applied to the case, [x1F:] < [x,E,], and
it can be shown that this part corresponds to
the oxidation wave. In the following, only the
results are cited.

(IIT) [x1EL] < [k.E.].

(a) [k:E;] = K'o.r

Tjae = -~ [4o. ]1 (29)
Klon © Tkakis]
and

1= —KorI _ )
(e s] = aeK'o.n[de.r]®—1I (80)

(b) [ksE.]>K'o.r
=— aeKe.r[Co.r]°= (Id)o.r (19)

From the above equations it is obvious that
the oxidation wave is quite independent of the
forward reaction.

All the consideration mentioned above about
the activation-controlled case has been made,

being based on the definitions, (1) K'c.o0 €k

and K'er <€k and (2) [kiE1]<K'co and
[k1E1] € K'o.r when [k1F1] = [#.E,], for which
some discussions will be carried out. In the
first place, the relation (1), shows that the
decomposition rate of the complex ion is much
larger than the rate of the diffusion of the ion.
In this case, the limiting current will be the
same as the diffusion current, and will be
represented by the Ilkovié equation. In the
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second place, the relation (2) means that the
rate of the activation process is much smaller -
than the rate of the diffusion of the ion at the
electrode potential where the rate constants of-
the forward and reverse processes are nearly
the same. According to Eq. (13), [xiEi] is
represented by ki'x1Ei/k.’. This means that
the over-all rate constant of the reduction
process is accelerated by ki dnd x1E; but
retarded by the term k.. x.E, is the rate-
constant of the reaction corresponding to the
transfer of the electron between the ion and
the electrode,’ and generally, it is regarded as
to be very rapid. Moreover, by the condition
(1) k1’ is much larger than K'c.0, then k,' must
be much larger than ki! gnd x1E1 in order to
fulfill the relation (2) This behavior will
be satisfied when the relating complex ion is
very stable in the solution, and it can be said -
that the more stable the complex ion, the larger
the irreversibility is (and that it is reduced
more difflcultly) as far as the electrode process
is carried out according to the mechanism
mentioned above.

When the Decomposition Rate is Slower -
than that of the Diffusion

In this case when K'co > k' and K'o.g >
k4, the general equations, Eqs. (14) and (14')
assume the forms respectively,

[A¢.0]°—[E][4c.r]°

I/ae = (81)
1 1 1
(i) T T
= {f’]r [AG-I‘.;]O'_ [A-n‘f.li’]‘= (81;}
S T
[re2H,] t k! +1E] k!

If we compare these eqlis.tions with Eqs. (15)
and (15'), it is easily seen that the only dif-
ference between them is the fact that K'¢,» and
K'#x in (15) and (15') are replaced by k' and
ks, respectively. Therefore, for the present
case, the completely analogous consideration.
can be made as discussed above, if both k' and
k' are the constants independent of the elec-
trode potential. So that only the results ob-
‘tained in the next section.

(A) Decomposition-controlled Case

This case obviouly corresponds to the diffu-
sion-controlled case in the previous section.
Hence, the equation for the current-voltage
curve in the region where [«1E,] is nearly equal
to [«;E,] is represented by

[de.o)® = [E][osl”
1 1
o T

and the limiting currents are .

I “r e = ’ (32}
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I’_ = acky' [Ae.0]° = (Ti)e.o
I =— acky/ [Ae.r]° = (Ti)e.r

-for the reduction and oxidation waves, respec-
tively. :

(38)
(34)

(B) Activation-controlled Case
' From Egs..(19)~(30) the following relations
- can be obtained directly by introducing k1’ and
k"_ in place of K'so and K'o.g.

m _ [ ] = [ ]

Iae = [%:E1] [Aco)® — [K:E)) [A.x]° (35)
(II) [#2rE7] > [w,E.]
(a) [x1En] o oyl
e :__T%T__ (36)
[x1E]
(b) “[%1E1] > k' .
I = aeky' [Ac.0]° = (Ti)eo (88)
IT)  [e1En] < [k2E.] '
(2) [w.El=k
I jas = —— 08 [;1”11—— (87)
[r:E2]
(b) [r:E,1> k) '
I =— acky'[Ac.r]° = (Ix)e.r (34)

- According to the consequences obtained above -

it is said that, when the decomposition-rate of
the complex ion is slower than the rate of the
diffusion, the limiting current is defined by the
rate of the decomposition of the ion at the
electrode surface a.nd it is necessarily smaller
than the limiting cufrent which is defined by
the diffusion process.
caused by the kinetic term probably corre-
sponds to the “kinetic current” mentioned by
Brdicka and others.®®

The kinetic current can be distinguished from

(5) R. Brdicka, Collection Czechoslov. Chem.

Communas,, 12, 212 (1947); J. Koutecky and R.
Brdigka, ibid., 12, 337 (1M47).

This limiting current.
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the diffusion current by its dependence on the
temperature change and the geometrical char-
acteristics of the dropping mercury electrode
and so on.

Summary

The fundamental equations for the current-
voltage curve of the complex ion, especially
for the irreversible type, have been derived
under the assumption that the over-all oxi--
dation-reduction proccess at the electrode sur-
face follows the mechanism represented by (1)
~(4). Moreover, the two cases, of which .one
is based on the assumption that the decom-
position-rate is much larger than the rate of
the diffusion, and the other corresponds to the
case when the relation between the two rates
is reverse, have been discussed and it has-been
pointed that the limiting current of the former
js the same as the diffusion current, but the
limiting current of the latter corresponds to the
kinetic current. It has been concluded that,
it the electrode process is activation-controlled;
the wave which has many properties of the
jrreversible one appears. The meaning of the
half-wave potential of such a wave has been
analyzed, and from the results it has been
found that the value of the half-wave potential
would be the parameter for the degree of dif-
ficulty of the oxidation-reduction process of
the complex ion, even if the corresponding
wave is irreversible., It should be noted here,
that all the discussion cited above rests on the
fact that the complex-forming substance exists
in a sufficient quantity.

It is likely that the treatment for the oxi-
dation-reduction reaction of the complex ion
is essentially the same as for the discussion
about the organic compounds.
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