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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.(3) 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

(1)

where X-b 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,

(2)

(ii) Oxidation-reduction reaction,

(3)

 (iii) Formation of the complex ion (reduced 
type),

(4)

where Mn+and M(n-a)+ symbolize the 8imple

or hydrated metal ions and the terms k1, k2,

k3 and k4 represent the rate constants for each 
process, respectivly. k1E1 and k2E2 are the 
rate constants of the reduction (forward) and 
oxidation (reverse) processes and are represented 
by the equations:

where ⊿F1 and ⊿F2 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, a 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 α 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 electrode 

besides the reactions mentioned above. 
 According to the same method as mentioned 

in the previous paper(4) the current flowing 

can be written as follows:

(5)

(6)

(7)

(8)
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(9)

(10)

In these equationa,

[CC・O],[OC・O]°:the cancentrations of the

oxidized complex ion at the electrode sur-

face and in the interior of the solution.

[CC・R], [CC・R]°: the concentrations of the

reduced complex ion at the electrode sur-

face and in the interior of the solution.

[CX],[CX]°:the concentrations of the

complex-forming substance at the electrode 

surface and in the interior of the solution.

[AC・O],[AC・O]°,[AC・R],[AC・R]°,[AX], [AX]°:

 the activities for each of the correspond-
 ing terms. 

[Ao]: the activity of the ion Mn+ at the 
 electrode surface. 

[AR]: the activity of the ion M(n-a)+ at 
 the electrode surface.
fC・O, fC・R,fX: the activity-coefficients of

the oxidized and reduced complex ions and 

of the complex-forming substance at the 

electrode surface.
σ: 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(n-a)+ is 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:

(11)
Dividing the numerator and denominator of

the right-hand side of Ea.(11)by K'C・OK'C・R

×k1'k3'k1E1,the relation

(12)

is obtained. For convenience' sake, the ab-

breviations,

(13)

and

are introduced into Eq. (12), resulting with the

equations,

(14)

(14')

where [k1E1] and [k2E2] can be regarded as to 
represent the over-all rate constants of the 
redaction 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 k1' and k1E1 but retarded by the 
term k2', and, therefore, it can be expressed by 
k1' k1E1/k2'. 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 ion at the electrode 
surface is very rapid in comparison with the, 

rate of the diffusion of the ion, then the 

following conditions,

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

(15)

(15')

Now, two further cases, (A) the case when

the diffusion process is rate-determine, 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 diffusion-controlled case will be defined



112 Reita TAMAMUCHI and Nobuyuki TANAKA [Vol.23, No.3

as a case when the conditions,[k1E1]>K'C・O

and [K1E1]>K'C・R, are satisfied in the potential

region where [k1E1] is nearly equal to [k2E2]. 
Under these conditions the relation between 
the current and the electrode potential takes 
the forms:

(16)

(17)

in the region where [k1E1] is nearly equal to 

[k2E2]. 
  Furthermore, as [k1E1] becomes much larger 
than [k2E2], the current is represented by

(18)

on the other hand, when [k1E1] is smaller than 

[k2E2],

(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:

(20)

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.(4)

(B) Activation-controlled Case 

The activation-controlled case will be defined
as a case when the conditions,[k1E1]<K'C・O

and[k1E1]<K'C・R, are satisfied in the potential

region where [k1E1] is nearly equal to [k2E2]. 
However, on the current-voltage curve, there 
may be a region in which the relation, [k1E1]
>[k2E2] or[k1E1]<[k2E2], is satisfied, where

t he condition, [k1E1]<K'C・O or [k1E1]<K'C・R

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) [k1E1]=[k2E2].-In this case when,

according to the above definition,[k1E1]<K'C・O,

Eq. (15) is reduced to the form,

(21)

From this equation, the condition for the point 
where the current is zero, is obtained as follows:

(22)

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

(II) [k1E1]>[K2E2].-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) [k1E1]=K'C・O.-Here, the equation

which represents the current-voltage curve is

(23)

or

(24)

From these equations it is obvious that the 

properties of the wave of this part are independ-
ent of the reverse reaction.

(b) [k1E1]>Kc.o'.-In this case the condi-
tion for the limiting current is obtained, i. e.,

(18)

These equations, which are formally the same 
with those obtained for the oxidation-reduction 
of the simple metal ion(5), 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,

(25)

or by solving this equation regarding the elec-

trode potential, V, we obtain

(26)

where T represents the dissociation constant 
of the oxidized complex ion and is equal to 
k1/k2. 
  For the half-wave potential, the relations

(27)

and

(28)
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are obtained. Therefore, if α and the-ionic

strength of the solution are constant, the half-
wave potential is the characteristic constant 
for each complex ion and is independent of 
the activity of the ion. 
 From Eq. (28) it can be said that the rela-
tion between [V](Id)C・O

/2

and the activity of the

complex-forming substance [Ax] is a straight
line,the tangent of which is p×0.059/aα volt

at 25°. Hence, by determining the tangent of

this relation and the values of a and α, 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-q)×0.059/a volt, while

the tangent of the activation-controlled one is

p×0.059/aα volt and is independent of q.

 Moreover, it is concluded from Eq. (25) that 
the relation between V and log I/(Id-I) is a
straight line whose tangent is 0.059/aα volt

(25°),if ⊿F1, p,α and [AX] 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,[k1F1]<[k2E2], and
it can be shown that this part corresponds to 

the oxidation wave. In the following, only the 

results are cited.

(III)[k1E1]<[k2E2].

(a)[K2E2]=K'C・R

(29)

and

(30)

(b) [k2E2]>K'C・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・O<k1'

and K'C・R<k4' and (2) [k1E1]<K'C・O and

[k1F1]<K'C・R when[k1E1]=[k2E2], 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 Ilkovic equation. In the

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), [K1E1] is 
represented by k1'k1E1/k2'. This means that 
the over-all rate constant of the reduction 
process is accelerated by k1' and k1E1 but 
retarded by the term k2'. k1E1 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.O, then k2' must 
be much larger than k1' 4.nd k1E1 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 difficultly) 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'C・O>k1' and K'C・R>

k4', the general equations, Eqs. (14) and (14') 
assume the forms respectively,

(31)

(31')

  If we compare these equations with Eqs. (15) 
and (15'), it is easily seen that the only dif-
ference between them is the fact that K'C.R and 
K'C.R in (15) and (15') are replaced by k1' and 
k4', respectively. Therefore, for the present 
case, the completely analogous considerationn 
can be made as discussed above, if both k1' and 
k4' 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 [k1E1] is nearly equal 
to [k2E2] is represented by

(32)

and the limiting currents are
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(33)

(34)

for the reduction and oxidation waves, respec-
tively.

(B) Activation-controlled Case

From Eqs..(19)～(30)the following relations

can be obtained directly by introducing ki' and 
k4' in place of K'C.O and K'C.R.

(I)

(35)

(II).

(a)

(36)

(b)

(33)

(III)

(a)

(37)

(b)

(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 and it is necessarily smaller 
than the limiting current which is defined by 
the diffusion process. This limiting current 
caused by the kinetic term probably corre-
sponds to the " kinetic current " mentionedN by 
Brdicka and others.(5) 
 The kinetic current can be distinguished from

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 uses, 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 
is the same as the diffusion current, but the 
limiting current of the latter corresponds to the 
kinetic current. It has been concluded that, 
if the electrode process is activation-controlled, 
the wave which has many properties of the 
irreversible 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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