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In polarography, the formula of the current-voltage curve has been
derived and the conception of the half-wave potential has been introduced
by J. Heyrovsky and D. Ilkovi¢® in 1935. In this case, as the base of
derivation, it was set down that the electrode potential is given by the
Nernst’s equation and the current is determined by the rate of diffusion
of reducible or oxidizable substances. However, since the Nernst’s equa-
tion, which is derived in thermodynamies, gives the static electrode
potential, its application to polarography, in which the electrode potentiaj
seems to be dynamic, appears doubtful. Even if the application of the
Nernst’s equation to polarography is admitted as an approximation, the
formula of the current-voltage curve obtained in that case is naturally
confined to that of the *‘ reversible wave ”’., The ‘‘irreversible wave”’
obtained in most cases in polarography is impossible to be treated theore-
tically with the formula based on the Nernst’s equation.

The new derivation of the formula of the current-voltage curve in
polarography has been carried out by the present authors from view-
point of chemical kinetics.® In other words the formula has been derived
from the relation between the potential difference of electrode and solu-
tion and the current, independently of the Nernst’s equation. In this
treatment, the ‘‘irreversible wave ’’ can be taken into consideration as
well as the ¢ reversible wave ’’ and the Nernst’s equation is proved to
be fulfilled under particular conditions as the approximation.

The derivation of the formula has been carried out for the deposi-
tion of metals from the simple (or hydrated) metal ions, the oxidation-
reduction of simple (or hydrated) metal ions, the reduction or the oxi-
dation-reduction of organic compounds and the anodiec current resulting
from the dissolution of the dropping mercury electrode. Of these, in

* Presented at the meeting of the Chemical Society of Japan (the Analytical Chemist-
ry Section) on July 1948.
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this paper, the former two under the condjtions of the diffusion-control
have been dealt with, in which, since the oxidation-reduction of simple
{or hydrated) metal ions gives the more general formula, the formula
for it is derived first and that for the deposition of metal is represented
as one in particular conditions. The reduction or the oxidation-reduction
of organic compounds i$ to be reported in the succeeding papers, as well
as the electrode reaction of the complex metal ions and, further, the
various electrode reactions under the conditions of the non-diffusion-
control. As for the dissolution of the dropping mercury electrode the
derivation of the formula has been furnished by Eyring® in the more
general case of the dissolution of metals.

Oxidation-reduction of simple (or hydrated) metal ions. Consider
the net electrode reaction represented by the equation (1), in which
adsorption, decomposition, polymerisation and the like are not assumed
to occur at the electrode surface.

M™ 4+n@ = M=+ (1)

where M ™t and M+ gymbolize the oxidized and the reduced forms
of simple (or hydrated) metal ions respectively. Consider a potential-
energy barrier to exist between the initial state, the oxidized form M ™,
and the final state, the reduced form M-+, If the free energy dif-
ference of the initial and the activated states and that of the final and
the activated states are represented by 4F; and 4F, respectively, the
difference of 4F; and 4F, becomes the free energy difference of the ini-
tial and the final states, which is represented by 4Fj.

Assume that the reaction in which the oxidized form is reduced at
the electrode surface is the forward reaction and the reaction in which
the reduced form is oxidized at the electrode surface is the reverse
reaction, and that the potential difference between the electrode and
the solution, V, acts completely between the initial and the final states
of the electrode reaction. If « is the fraction of the potential V that is
operative between the initial and the activated states, the potential &V
will facilitate the forward reaction and (1—a) V, retard the reverse reac-
tion, and then the rates of the forward and the reverse reactions are
represented by the equation (2)

—~AFy . —uaVF[RT
forward reaction: s-%{j [A,) e R o =[A,] x1 B

_ , - 2)
. kT —ady o w(l=-a) VF/RT ., (
reverse reaction: s- 3 [Az]le e =[Ax k2 Fs,

where s is the constant which depends on the nature of the electrode,
LAo] and [A,] represent the activities of the oxidized and reduced forms
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at the electrode surface respectively, and «i, xs, E1 and E. are the ab-

—aFy —AF, -naVFIRT al—a)VFRT .
breviations of S%T IRT s&f /e and e respective-

ly. In the equation (2) it is also considered that in the reaction con-
-cerned the forward reaction is facilitated when the electrode potential
becomes more negative.

Since the magnitude of current flowing is determined by the dif-
ference of the two rates, the current, assumed to be cathodic, is

I = n e {[Ao] &1 By—[Az] ks En}. (3

On the other hand, since, in polarography, the current flowing de-
pends almost entirely on the diffusion because of the existence of large
excess of indifferent electrolytes, it can be represented by the diffusion
equations for the oxidized and the reduced forms, as mentioned below :

I= nEKa([Co]o—'—[Co]) = neKol/f o([Ao]o—[Ao]) = ﬂeKor([Aojo_[Ao}) (4)
1 = neKp([Cr]—[Cr]°)=neK/fr|Ar]—[A£]°) =neK: ([Ax]—[AZ]?)  (5)

{Co), [Cx]l:  concentrations of the oxidized and reduced ions at the
electrode surface.

[Co]°, [Cr]° : concentrations of the oxidized and reduced ions in the
bulk of the solution.

tA40)°, [A.]° : activities of the oxidized and reduced ions in the bulk
of the solution.

JorJr: activity coefficients of the oxidized and reduced ions
in the solution.
K,,K.: constants concerning the diffusion of the oxidized and

reduced ions.

If it is assumed that the electrode reaction and the diffusion are kept
in an equilibrium at the electrode surface, I, [4,] and [Ax] can be writ-
ten as the funetion of V, [4,]° and [Az]° using the equations (3), (4)
and (5). The expression of [A,] is obtained as the equations (6) and (6")
and that of [A.], as the equations (7) and (7).

K Ag]® (eoB+ Ki) + KWl Axl* ke
K)‘IC],El"I'Kg +KOK2E'2 (6
1 szg 1 o-‘czEz )
(Ao = ==+ A
o® (KL ey x:E ) [ ol K1E1
i 1 T 1 1 !CQEQ -

o e
K, wF, KhirkE

[Ao}o(k; +——") +— [Ag]°
!
- _1_ @1.}. 1_+ 1 ©)
:JKzEs KEEZ Kfre

[A4,] =
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K:;[AO]QK1E1 + K’nrA R]o(.'qu + KI])

[A] = B+ K K;,+ K'icoBs
1 (7y
2 oqfA (2 2
oA+ 4 (g + )
= 1 1 1 wks

=t =t

K 0 K1E1 K ’g K |E1

[A ]ofCIEl '“AR] 1 K_IEI R 1
- ) K" w:lz 1By (7
1 mE_;_ L1 1 |

KyEy 0E; Ko

Substituting the equations (6) and (7) or (6") and (7') for [4,] and [A:}
in the equation (8), I is written as follows:

ne K:; ':Je(rAa-Io KlEI"""‘[A!zlox_zElz)
Kr i+ Ko K+ Kb 2kF»
o o E, (8)]
Ao A fegllz
~ [ 1°—[A&] FL
SPET 1 1 ebs

= =
K{? N]E]. K.R K]EI

I =

(4,55 4,1
- KzEz o (8’)
R W e
K(} KZEB KSEE Ki’
K2 - QFG;‘RT‘ -nu¥y FyRT

Since 22 = ¢ =e , where V, symbolizes the normal oxidation-
K1

reduction potential, the following relation is obtained.
oA _ en(v-row;kz-

K],E‘l

Now, the assumption that the oxidation-reduction reaction concerned
is controlled completely by the diffusion will be introduced. When the
rate of reduction of the oxidized form at the electrode surface is ex-
tremely large compared with the rate of diffusion of the oxidized form,
that is, - 1 is negligible compared with El? and when the rate of ox-

K1ty o
idation of the reduced form at the electrode surface is extremely large

compared with the rate of diffusion of the reduced form, that is, ";1157
Kalug

is negligible compared with %, the same equation for current, the
4
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equation (9), can bz derived in both cases, but from the equation (8) in
the former case and from the equation (8') in the latter case.

n(¥V- I'n'l FiRT

Ao)°—[Ax]°
I=neK,K} -[—}0{];34_72(;3;;;;-&};5@" - (9)

Further, the equation (10) is obtained by rearranging the equation (9).

V=V F/RT Kl neKylAy1°—1
3 ——— e 10
€ Ki I+neKir[Ag]° o

The equations (9) and (10) express the relation of the electrode potential
and the current, which are nothing but the formulae of the current-vol-
tage curve in polarography.

The limiting case when the difference of V and V; is large should
be considered. There are two cases, of which the one occurs when V
is much more positive than V,, and the other occurs when V is much

. (V= VG]F;RT . KEE
more negative than V,. In the first case e , that is, 2 be-

comes large and then ki becomes small ; in other words GY2] is nearer
xelop el

to zero, the larger the difference of ¥V ond V,. Then, for the equation

for the current, the equation (11) is obtained from the equation (8) or

(8') using the assumption of the diffusion-control :
I=—neKiAl° = —ne K Cr]° =) an

This represents nothing but the diffusion current for the anodic wave.
Moreover it proves from the equation (7) or (7') that [Ax] is equal to

zero in this condition.
a(V— Vo] FIRT

In the second case, on the other hand, e , that is, L) comes
k1

nearer to zero and then the equation for current is derived by the same
manner as the equation (11).

I'=mneKi[Ao]° =ne Ko Col® = (La)o. (12)

This expresses the:diffusion current for the cathodic wave. In this case
it proves from the equation (6) or (6’) that [A,] is equal or nearly equal

to zero.
From the equations (11), (12) and (10), is obtained

é,(v-ro)ﬁ'f”'f' - K% &)_‘_’_._I

K, I—(s 13)

which is the formula of current-voltage curve employed most generally
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in polarography.

When «1 ) and «; E; have a magnitude which is nearly the same
and when they are both extremely large compared with K, and Kk,
from the equations (6) and (7) or (6’) and (7') is obtained

(V=Vg) FIRT
S P VA

e LA

This is the same as the Nernst’s equation which expresses the static
electrode potential,

Finally the following must be emphasized. In the direct derivation
of the formula of the ecurrent-voltage curve in polarography that is
based on chemical kineties, two fundamental assumptions are taken: the
one is that the electrode reaction at the electrode surface and the dif-
fusion are strictly kept in an equilibrium, and the other is that the
rates of all of the possible intermediate steps in the oxidation-reduction
reaction are so much more rapid than the diffusion that the current at
any point on the polarographic wave is diffusion-controlled. However,
to attain the equations (9) and (10), it is not absolutely necessary that
both rates of the electrode reactions of the oxidized and the reduced
forms are much larger than the rates of diffusions of corresponding
forms. In other words, if the rate of diffusion of oxidized form can be
rate-determining, it makes no difference whether on the reduced form
the rate of electrode reaction is larger than the rate of diffusion or
smaller. The converse is also true. This is obvious by the faet that
the same equation, the equation (9), can be derived from the equations
(8) and (8) in the corresponding cases. To obtain the Nernst’s equation,
on the other hand, it is absolutely necessary that both rates of the elec-
trode reactions of ‘the oxidized and the reduced forms have the magni-
tude nearly the same as each other, and they are much larger than the
rates of the diffusions of the corresponding forms.

(14)

Deposition of metals from simple (or hydrated) metal ions. In
this case the following reaction should be considered instead of the
equation (1).

M™ +2© = M(Hg), (15)

where M"™ symbolizes the simple (or hydrated) metal ion of n valences:
and M(Hg), amalgam of the metal deposited by the electrode reaction.

If the activities of the metal ion and the metal in amalgam at the
electrode surface are represented by [M*] and [M] respectively and the
activities of the metal ion in body of solution and the metal in body of
the dropping mercury electrode, by [M*]° and [M]°, [M*], |[M], [M*]°
and [M]° correspond to [4o), [Ax], [4s]° and [Ax]° respectively in the
equations (2) to (14) described above. Therefore, the equations for the
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deposition of metal can be obtained by substituting [M*], [M], [M*]°
and [M]° for [Asl, [Az], [40]° and [Az]° respectively in those equations.
In this case K- signifies a constant concerning the diffusion of the metal
in mercury.

If the case when pure mercury is employed for the dropping mer-
cury electrode is taken up, the activity of the metal in body of the
dropping mercury electrode, [M]°, can be regarded as zero, and hence
[A:]° can be substituted by zero. As the result of this substitution, the
following equations are obtained for the formula of the current-voltage
curve in polarography, corresponding to the equations (9) and (10).

r (4 +7°
eﬂ(b_l‘o)mm" _ K_;a nE K:;rM+3°'—-I
K/, I

As to the equation for diffusion current, in the case of the oxidation-
reduction reaction two equations are obtained; the one, for cathodic,
and the other for anodic. In this case, however, for the diffusion cur-
rent only one equation, the equation (18), is given, since (I,)», that is,
the equation (11) becomes zero because [M]° which corresponds to [4:]*
in the equation (11) is zero.

I=neK[M*']°=1,. (18)

amn

Summary.

The formula of the current-voltage curve in polarography has been
derived from the view-point of chemical kinetics and independently of
the Nernst’s equation. As a result, it has been clearly shown that if
the condition of the diffusion-control is fulfilled the formula which had
been derived from the Nernst’s equation has been obtained in the various
types of the electrode reaction, Of these types both the oxidation-redue-
tion of the simple (or hydrated) metal ions and the deposition of the
metals from the simple (or hydrated) metal ions have been dealt with
in the present paper.

It is also suggested that the ‘‘irreversible wave’ which cannot be
treated theoretically based on the Nernst’s equation can possibly be
dealt with by the similar derivation as mentioned here.
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