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Fundamental Studies on the Current-Voltage Curve
in Polarography. I1L.*

Derivation of the Activation-Controlled Polarographic
Waves of Simple Metal Ions from the
Standpoint of Chemical Kinetics.

By Reita TAMAMUSHI and Nobuyuki TANAKA.
(Received March 12, 1949.)

In the previous paper® the authors derived the formula of the re-
versible current-voltage curve from the standpoint of chemical kineties,

* Presented at the 2nd annual meeting of the Chemical Society of Japan on April 1949.
(1) N. Tanaka and R. Tamamushi, This Bulletin, 22 (1949), 187.
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and showed that the polarographic electrode potential can be defined by
the Nernst’s equation if the rate-determining step of the net electrode
process is diffusion. In the present paper the authors analyse the rela-
tion between the current flowing and the electrode potential, when the
rate-determining step is the activation process at the potential region
where the rates of the forward and reverse reactions are nearly the
same. By the same treatment as in the case of diffusion-control, some
interesting results for the current-voltage relation are obtained. The
theoretical curve which is analogous to the usual irreversible current-
voltage curve is obtained under these conditions, and the meaning of the
half-wave potential of such a wave is set down.

The Derivation of Equations.

Consider the net electrode process which contains the diffusion pro-
cess and the electron-transfer reaction (the activation process) only. As
the oxidation-reduction process, the reaction M™*+ ne 2 M™™* is con-
sidered, in which M™* and M™ ' symbolize the oxidant and the re-
ductant, respectively. Let us assume that the reduction is the forward
reaction and the oxidation is the reverse. In the absence of any external
potential, the rates of the two reactions are represented as follows:

forward : 3-;%?—6_”?"”? ——
kT (1)
reverse : s—-};—e“‘"z’”" =y,

where s is the constant concerning the nature of the electrode surface,
JFy and JF, are the free energies of activation and «; and «; are the
abbreviations of the corresponding terms, respectively. If the particular
potential V is applied to the electrode against the interior of the solu-
tion, the two rates must be written as follows:

_naV¥

forward : e T =2 F

(2)

al—a) VM

reverse : e ¥ = Ey

aV is the fraction of the total applied potential V which will promote
the forward reaction, and therefore (1—«)V will retard the reverse. If
the activities of the oxidant and the reductant at the electrode surface
are represented by [A,] and [Ak], the current flowing by the electrode
activation process is expressed by equation (3).

I = ne{mB\[Ao]—rkoE2{ARl} (3)
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This current is carried by the diffusion process of oxidant, namely :

I = neK([Co]°—[Co)) = nﬁ*j{.—"([Aa]" —[A40)) = neK,([A0)°—[A0]) (4)

or by that of reductant, namely :

I = neKp([Ck]—[Chl°) = ne%([AR]—[AR]QJ = neKz([Az]—[A£]°) (5)
R

where [An]°, [A.]° are the activities of the oxidant and reductant in the
body of the solution, [Co], [Ckl, [Col°, [Cr]° are the concentrations of the
oxidant and reductant at the electrode surface and in the body of the
solution, and f,, f» symbolize the activity-coefficients of the correspond-
ing terms. From equations (3), (4) and (5) the general relation between
the current I and the electrode potential V is obtained :

0 Kobiy
[ KK BTA By AR) _ A A
By K n+ ks Ky + KoK 1, 1 1wk

’_-_J'- + T ,
Kg "‘:IAE“I KR K1E1

E
[A0)° o —[AR1°

€
Lk, 1,1
Ko xaEg KzEg K.R

(6)

=n

Now let us coasider the magitudes of K;, Kz, «1F; and «:E, in equa-
tions (6) and (6’). K, and K., which depend on the diffusion coefficients
of the oxidant and the reductant in the solution, may be generally
regarded to be almost identical, On the other hand, «F; and «E:; are
the functions of the electrode potential V that is continuously changed
in polarography. Therefore, the magnitudes of the above four values
should be compared at the particular potential region separately. So, in
the present treatment, the total current-voltage curve is divided into three
parts according to the value of V, i.e., xF1= ksl (Part A), w1y > eFy
(Part B) and «E, < xE> (Part C).

Part A of the Current-Voltage Curve. If it is assumed that V
equals V, when B just equals «F,; V is nearly equal to V, in this
potential region. From the conditioa for the activation-controlled reac-
tion, the following relation is satisfied in this part, i.e.,

B = Es & K, Ki . (7)

Applying this relation to equation (6) or (6'), the approximate equation
of the current-voltage curve in this region can be obtained:
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I)"'ns = IC_]E!{AQ]Q"'KQEQ[AR]D (8 )

From this formula it ean be seen that the current flowing at such an
electrode potential is determined only by the rates of activation process.

Part B of the Current-Voltage Curve. In this potential region, the
more negative the electrode potential V, the greater is the rate of the
forward reaction «,E), while the rate of the reverse reaction «,f, tends
to be negligibly small.

(a). wE), becomes almost equal to both of Ks and Kr.—Then,
xell|iiEy is very small and nearly equal to zero. Therefore, considering
these relations, the equation for the current-voltage curve of this region
can be derived from equation (6), namely :

_ [Ao°  _ EouEr{Al° 9
Ijne T 1 Kot ol (9)
K (; !C}E 1

(b). «,E, is greater than both of K, and K/.—In this case, ob-
viously, xaFa/eifsy tends to zero. Hence, from equation (6) the equation

I = neKAn)° = neK,Col° = (I)o (10)

is obtained, which represents the limiting case and corresponds to the
limiting current in polarography.

From equations (9) and (10), it can be said that at Part B-(a) the
current is dependent on the characters of the oxidant, but it is inde-
pendent of those of the reductant, and that Part B-(a) corresponds to
the reduction wave of the polarographic wave. Furthermore, the limit-
ing current of such a case is expected to be defined by the Ilkovié’s
equation.

Part C of the Current Voltage Curve. In this region the rate of
the reverse reaction increases as the electrode potential V is going to
be more positive than V;, while the rate of the forward reaction de-
creases to a negligibly small value. By the same treatment as for Part
B, the equations for the anodic wave and the anodic limiting current
are obtained from equation (6') as follows :

(a). «.l> becomes almost equal to both of K; and Kz.

Arl° K zeol0[ A r)°

I = — [ R == —— 2442 11

Ine 1.1 Ki+ ey (1)
K; «Ep

(b). weE: is greater than both of K; and Kz.
I= —neKz Ap° = —neKp[Crl° = (L)r (12)
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These equations (8), (9), (10), (11) and (12) are expected to account
for the total wave of oxidation-reduction process which proceeds at the
polarographic electrode under the conditions above described.

Theoretical Analysis of the Curve.

In the following, the meaning of the half-wave potential, the tangent
of the curve and the other important properties of the curve will be
deseribed in relation to the equations derived above.

The Electrode Potential where the Current is Equal to Zero. In
Part A of the cuarrent-voltage curve there must be such a point where
the current flowing is zero, i.e., I = 0. From equation (8) the relation
between the electrode potential and the activities of the oxidant and the
reduetant in the body of the solution can be easily obtained as follows:

(28]~

or

u 2 Aol°
[ (V=P Iy Tj — _[_ 0-.
[Az]°

in which the condition, I = 0, is satisfied. That is to say, the potential
V, under the condition I = 0, may be determined only by the activities
[A,]° and [A.]°, and, furthermore, if [4,]° is equal to [A,]°, this poten-
tial will represent the normal oxidatioa-reduction potential of the system.
Therefore, if [4,]° and [A.]° are known and the potential [V];., are de-
termined from the experimental curve, the normal oxidation-reduction
potential V; can be obtained from the experimental result. In practice,
since, in this potential region, the current flowing is usually very small
and the inclination of the curve at the point [V],., is also very small
as shown later, it will be somewhat difficult to determine the correct
value of Vg by this method.

Half-Wave Potential. There are two half-wave potentials in the
total current-voltage curve, i.e., the half-wave potentials of the catho-
dic part and the anodic part. First, the relations for the cathodic half-
wave potential will be derived, and then for the anodic one in the same

way.
By substituting (I,)o for neK,{A,)° of equation (9), the equation,
4
"clE]. = K\OI
(Za)o—
or (14)

AFy 1
L7 +In K,,
'nalr( +ia (Ig)a—I
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is obtained. At the half-wave potential the current flowing is one half
of the limiting current (I,),, namely :

= Lo ‘
I 5 - (15)

From eqaations (14) and (15) the condition for the cathodic half-wave
potential is derived as follows:

["151]‘_1';’.@ =K,
or (16)
[Vitwg = — ("F‘ +In -2 Ka)
2

The equation (16) shows that the half-wave potential depends on the
constant K,, and that if the value of « is independent of the activity
of the oxidant, it will be the particular constant for the oxidant con-
cerned.

As for the anodic half-wave potential analogous cquations can be
obtained, i.e

[xgEﬂf -’R = KR
or (17)

RT ( 4F. h
Vivpe = — 22 __[222 4+ 1n— K/
[Vitge n(l—a)F\RT = kT )

The Relation between log (I/I,—I) and V. From equations (14) and
(17) it is obvious that the relation between log (I/I,—I) and V must be
linear and the absolutz value of the tangent of this line is RT/nal" or
RT|/n(l—a)F according to the cathodic or anodic part. If this relation
is plotted and the tangent of the line is determined, the value of a can
be calculated. Although many investigators have often used this linear
relation for the criterion of reversibility of polarographic wave, it is ob-
vious that this may hold also in such a case when the electrode poten-
tial is not defined by the Nernst’s equation. In the case when the oxi-
dation-reduction reaction conceried is uni-valent, if the wave is rever-
sible, thz theoretical inclination of the above relation must be 0.059
volt at 25°C, hence, if the experimental result deviates from this value,
we may conclude that the electrode activation process does not exist in
an equilibrium state.

Index Potential V.. In the potentiometric study of the oxidation-
reduction systems the term ‘‘index potential ’’ has been used to specify
the types of the titration curve. A similar quantity has been applied

(2) L. Michaelis and M. P. Schubert, Chem. Rev., 22 (1938), 437.



1949] Fundamental Studies on the Current-Voltage Curve in Polarography. II. 233

to analyse the type of polarographic wave. As the index potential V;
of the polarographic wave the quantity,

V4=[V]=_“{g—[V]i; or [VJ%—-[VJ%"” (18)

is given, where [V]s, and [V]Z are the potentials at which the wave-
4

heights are 3I,/4 an:l I,/4 respectively. From equation (9) the condition
for [V]7; of the cathodie part is to be
4

[MlEl]_:g-’—'Ko
or (19)
e _AFi_RT, (h K
[V]“i"' nal’ naFl (kT 3 )

Substracting equation (19) from equation (16) and rearranging, equa-
tion (20) is obtained, by which the value of a can be calculated.

_ kT In3 __0.059 0.477 (20)
ﬂF V]"d“[VJ"rr n [V]i"r_!—[V];d

This method of calculation of « is essentially identical with the method
described above. However, the accuracy of this method is lower than
the previous method, because equation (20) utilizes only two particular
points of the experimental curve, while the previous method uses a series
of points of the curve to determine a.

First Derivative of the Current-Voltage Relation.—Tangent of the
Curve. Differentiating the equations (8), (9) and (11) with respect to
the electrode potential V, the tangents of the curves of Parts A, B and
C are represented as follows :

Part A ‘;H —ne ™ {e[A]° 1 Er+ (1 —a)[A £)° ko En} (21)
dI nk Ko[40]
P 2L = —ne 2 aKou E 22
art B d ne -—aKory 1( AN 3 (22)
dI nk KilAR]°
P 4L o e ™ (1—a)K ik el 23
art C av mRT( “ s’JE;;E(KR+ Ey) )

From equatioas (13) and (21) the tangent of the curve at the point I =0
can be obtained.

(8) R. Brditka, Z. Electrochem., 47 (1941), 314.
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dl

av o —m%[fiolc’mﬂ (24)

The tangent at the cathodic half-wave potential is derived hy the
application of equation (16) to equation (22):

[g{,]%g — —mz"%ax,mmar - -—nsz"z?Kéan]" 25)

Now let us compare the two tangents (24) and (25) with each other.
Dividing (25) by (24), equation (26) is obtained as follows, unless the
value of « is very small :

B
dvV I3 _  aK,

[__gzz, Bl 1 (26)
adV di-o

From the result, it can be said that the cathodic wave is far steeper
than the wave of part A. The same relations are to be held with be-
tween the anodic wave and the wave of Part A.

Second Derivatives of the Current-Voltage Relation.—Inflection
Point of the Curve. By deriving the second derivatives of equations
(8), (9) and (11) with respect to the electrode potential V and by making
these derivatives equal to zero, the inflection points of the current-
voltage curves are obtained. The three following relations are obtained
for the coaditions of the inflection points of the waves, i.e.,

Part A ["2521 = @ [A]° @7

By (1—a)? [A]°
Part B (e Frlun, o n = Ko (28)
Part C [KSEz]lnrl. o, o = K;: (29)

It is pointed out from these equations that the inflection point of
cathodic or anodic wave is identical with the corresponding half-wave
potential. Consequently it is concluded that there may be three inflec-
tion points in the total region of the polarographic oxidation-reduction
wave.

The Tracing of the Theoretical Curve Using the Equations Derived
Above. As an example, let us assume some hypothetical values of 4F},
AFy, a, [A0)°, [Az]°, K, and K as follows, and trace the theoretical curve
according to the obtained equations (8), (9) and (11) (Fig. 1).
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dFy = 15.0 x 104 joule, 4F; = 18.1 x 104 joule,
[A0]° = [Ar}® =1.04 x10* mol/l., K;= K; = 1.8x10-¢amp./mol/i.,
a = 0.6, n=1.

Under these conditions the following values are obtained for [V]aa,,
2
[Vltae and [V, i.e.,
2

[Vitw, = —0.569 volt vs. hydrogen electrode.
2

[V]_uffI'R = +0'353 th 1 1y "
2

[V:Il-c = —0.200 ” 1) ” ”

From Fig. 1 it can be said ,, _ _
that the theoretical curve is e§-
sentially the same, at least quali-
tatively, as some types of ir- 1
reversible waves obtained in po- P
larography, and that the equa- (Viiaa = - 0569V
tions cited above will dccount o}
for the natures of the polaro-
graphic waves which have not
yvet been interpreted.

[

Part B

Part A

b
Vlae= 0200V

Summary.
353V

In this paper the authors
have derived the equations of
the polarographic current-voltage
curve from the standpoint of
chemiecal kinetics, assuming that
the net electrode process is activation-controlled. The results obtained
are summarized as follows :

(1) Half-wave potential is the constant of the substance concerned,
and is independent of its activity.

(2) The potential where the current is equal to zero is only de-
fined by the activities of the oxidant and the reductant in the body
of the solution.

(8) The inflection point of the cathodic or anodic wave agrees with
its half-wave potential.

(4) The relation between log (I/I,—I) and V of the cathodic or
anodic wave is a straight line.

(5) The values of 4Fy, JF, and a are possible to be calculated
from the experimental data.

(6) The theoretical curve is essentially the same as the experi-
mental curve of the irreversible type.

V volt va. hydrogen electrode
-

L L L s s . "
+05 a9 nd a1 [ 0z 04 a4 [F] =it

Fig. 1. Theoretical Curve.



236 [Vol. 22, No. 6,

The authors take this opportunity of acknowledging their gratitude
to Director San-ichiro Mizushima for his kind advice and encouragement
throughout this study. The cost of this research has been defrayed
from the Secientific Research Encouragement Grant from the Department
of Education, to which the authors’ thanks are due.

The Radiation Chemistry Research Institute,
Tokyo University.




