3500

PauL Drrapay

Vol. 74

[ConTRIBUTION FROM THE COATES CHEMICAL LABORATORY, LOUISIANA STATE UNIVERSITY]

Theory of Kinetic Polarographic Currents and Conversion of Rate Constants

By PAUL DELAHAY
RECEIVED JANUARY 25, 1952

Equations are derived for polarographic currents controlled by the rate of a chemical reaction.

Two cases are con-

sidered: (1) The current is controlled by the rate of a tautomeric transformation; (2) the current is controlled by the rate of

recombination of hydrogen ion with the anion of a weak acid.

ous treatment of kinetic currents is discussed.

Introduction

Polarographic currents controlled by rate of re-
action and by diffusion can be divided into two
classes according to whether the chemical process
controlling the current is a surface reaction or a
reaction occurring at the surface of the electrode
and in the bulk of the solution. Current for ir-
reversible electrode processes belong to the first
class.! Kinetic and catalytic currents are to be
grouped in the second class. The theoretical
treatment is different for each group of currents.
1n the first group, the rate of the electrode processis
expressed as a function of a rate constant for an
heterogeneous process. 1n the second group the rate of
the reaction partially controlling the currentis calcu-
lated in terms of conventional rate constants.’
Nevertheless, it is sometimes convenient from a
mathematical point of view to calculate kinetic
currents in terms of heterogeneous rate constants,®
and it is then necessary to convert heterogeneous
rate constants to conventional rate constants. In the
rather arbitrary method which was previously
reported® this conversion was made by assuming
that the reaction partially controlling the current
occurs in a monolayer at the surface of the electrode.
Further study led to new equations for kinetic
currents and to a new method of converting rate
constants. This matter is reported in the present
paper.

The following two cases will be examined: (1)
The current is controlled by the rate of a tautomieric
transformation; (2) The current is controlled by
the rate of recombination of hydrogen ion with the
anion of a weak acid.

Kinetic Currents Controlled by the Rate of a
Tautomeric Transformation

Current as a Function of Conventional Rate
Constants.—Consider the electrolytic reduction of a
substance R in equilibrium with a tautomeric form
B. Furthermore assume that R is easier to reduce
than B, .and that the potential of the electrode is
adjusted to a value at which only R is reduced.
In the case of a plane electrode,? the change of
concentration Cr between two planes at a distatce
xand x 4 dx is

%k - Dy TR 4 hCy - kCu (1)
in which ¢ is the time elapsed since the beginning of
the electrolysis in sec., x the distance from the
electrode in cm., Dg the diffusion coefficient of R
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The relationship between the present equations and a previ-

in cm.? sec.™!, the C's are the concentrations in
moles per cm.3, kr and kp, are the rate constants in
sec.! for the forward and backward reactions cor-
responding to the equilibrium

BEZR (2)

The first term on the right-hand side of (1)
represents the change in concentration caused by
diffusion of substance R. The second and third
terms represent the change in concentration due to
reaction (2). Note that by writing (1) one assumes
that the activity coefficients of B and R are equal to
unity.

In subsequent derivations it will be assumed that
Cs 1s equal to the bulk concentration of substance
B regardless of the distance from the electrode.
This assumption is justified provided that 4k
is sufficiently low? (see below). By replacing Cs
in (1) by the bulk concentration Cg, and introducing
the equilibrium constant X for (2), one obtains the
equation

oCr
S

02C
= Dr
Equation (3) is to be solved for the following
initial and boundary conditions: for ; = 0, Cr =
KCg; fort > 0and x = 0, Cr = 0. A similar
equation is encountered in the theory of catalytic
waves,’ and it is possible to write the current for
the reduction of R at the dropping mercury elec-
trode. However, the general equation previously
reported? is not needed in the present treatment,
and only the case in which X 1s much smaller than
unity will be discussed. In this casc the average
current during drop life is?

fave = 0.6 X 1.235 X 108 nm¥srV/sCEDR' K 2kt (4)

+ ko (KC° = Cr) 3

In equation (4), the current is in microamp., n
is the number of electrons involved in the reduction
of R, m the rate of flow of mercury in mg. sec.7},
r the drop time in sec., C3 the bulk concentration
of B in moles per liter, Dr the diffusion coefficient
of R in em® sec.”!, K the equilibrium constant for
(2) and ks the rate constant for forward reaction
(2) it see.

By application of equation (4) it is possible to
calculate, from experimental currents, the value of
K'k¢'/:, and that of k if K is known. When
applying (4) it should be kept in mind that the
present derivation is valid only when 2K is larger
than 100 sec.™!,* i.e., when X is so small that equilib-
rium (2) is almost completely shifted toward the
left.

Conversion of Rate Constants.—The current for
the reduction of R was previously derived® by intro-

{4) For a vomplete discussion, scc ref. 2.
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ducing the rate constant (kf)n for an heterogeneous
process, Under the conditions for which (4) is
valid, one obtains an equation identical to (4)
except for the last three terms on the right-hand side
which are replaced by the rate constant (kf)n for
the heterogeneous process.*® By identifying the
current given by equation (4) with the current
derived in terms of (kf)n, one obtains the following
relationship between the rate constants & and

(k)n
ky = Ei); (B%)n (5)

Application to the Ring = Aldehydo Equilibrium for
Aldoses

The rate constant k¢ for equilibrium (2) can be
calculated from equation (5) provided that the
equilibrium constant K and the diffusion coeffi-
cient Dr are known. Conversely, if trustworthy
values of k¢ can be obtained by assuming that the
transformation B — R occurs essentially in a mono-
layer at the surface of the electrode, it is possible
to calculate k¢ from (k) without having to apply
(5). By equating the value of k¢ obtained by the
latter method® with that given by (5), one obtains
an equation in which the only unknown is equilib-
rium constant K. This method of determining
K was applied to various aldoses for which (&)n
was previously determined,® and the corresponding
equilibrium constants for the ring — aldehydo
transformation are listed in Table I.

TABLE I
ki, (kt)s AND K FOR VARIOUS ALDOSES AT 25°
ki, ® 107 X (kr)n.®

Aldose sec, ~1 cm, sec, ~! 108 X K
Arabinose 65.5 97.6 20
Xylose 52.0 77.5 16
Galactose 23.2 34.6 7
Mannose 14.7 21.9 4
Dextrose 6.4 9.5 2

¢ See ref. 5.

The diffusion coefficients of the aldoses of Table
1 were assumed to be equal to 0.67 X 10~° cm.?
sec.”! which is the value one calculates from the
polarographic data of Cantor and Peniston’ for
5-hydroxymethylfurfural. Obviously, the above
value of D is only approximate but this is imma-
terial since the values of K in Table 1 should be
regarded as merely representing an order of magni-
tude because of the nature of the calculation.
Nevertheless, approximate values of equilibrium
constant K might be valuable since, as far as we
know, no data on K are available.! From Table
1 it can be seen that the concentration of free alde-
hydo form for the various aldoses is extremely
small. This accounts for the fact that the currents
for the aldoses listed in Table I are entirely con-
trolled by the rate of the ring — aldehydo transfor-
mation.58
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Kinetic Currents Controlled by the Rate of Re-
combination of the Ions of a Weak Acid

Current as a Function of Conventional Rate
Constants.—Consider the reduction of a weak HA
which is reduced at less negative potentials than the
corresponding anion A—, and assume that the
potential of the electrode is adjusted at a value at
which only HA is reduced. Under these condi-
tions, the current for the reduction of HA is deter-
mined by the diffusion of HA toward the electrode,
and by the rate of recombination of ions H+ and
A—2% If the reduction is carried out on a plane
electrode, the change in the concentration of HA
between two planes at distance x and x + dx is

2
agltu = Dma a*a%[é + k:Cr*Ca- — kaCaa  (6)
in which the C’s are the concentrations in moles per
cm.?, Dga is the diffusion coefficient of HA in
cm.? sec.”!, k; and k4 are the rate constants for
the recombination and dissociation processes in
(moles per cm.?)~! sec.”! and sec.~!, respectively,
In equation (6) hydronium ions are written as H+
instead of H;O*. Actually, the recombination
of HyO+ and A~ involves the liberation of one mole
of water, and the third member on the right-hand
side of (6) should be multiplied by the activity of
water. This was not done in the present treatment
for the sake of simplicity. Furthermore, the ac-
tivity coefficients of all substances involved are
assumed to be equal to unity.

By introducing the ionization constant X of acid
HA (K = ka/k:), equation (6) becomes

oCr 0%Chy CarCy- :
b}‘ = Dax 5., + k'K( X CH‘) ™

Equation (7) is to be solved for the following
initial and boundary conditions: for ¢t = 0, Cra =
(Cu+Ca-)/K; fort > 0and x = 0, Cga = 0.
Applying results previously derived,® one can
write the current for the reduction of HA at the
dropping mercury electrode, provided that it is
assumed that Ca- and Cu+ do not vary with x
and ¢&. When kK is larger than 100 sec.”!, the
average current during drop life is

iave = 0.6 X 1.255 X
108 nm*/s7¥2CR+ C3-Dan V(b 2/ K1) (8)

in which K is in moles per liter, % in (moles per
liter) ! sec.~!, Cg+and C%- in moles per liter, and
the other units are the same as in equation (4).

The rate constant k. can be calculated from
experimental currents by application of equation
(8), provided that the ionization constant of acid
HA is known. It should be emphasized that
equation (8) is applicable only to cases in which the
current is virtually controlled by the rate of the
recombination process. Thus the experimental
conditions should be such that the concentration
of ions H+ and A~ at the electrode surface are the
same as the bulk concentrations C+and CZ-.

Conversion of Rate Constants.—The equation for
current ¢ which is obtained by introducing in the
derivation the rate constant (k;)n for an hetero-
geneous process is identical to (8) except for the
terms (Duak:/K)'* which are replaced by (&)u.

(9) R, Brdicka and K. Wiesner, ibid., 13, 138 (1947).
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By equating the two values of the average current
one obtains

D;(k,?;h (0
in which (b )y 1s in cm. (moles per liter)~! sec.”?,
kr in (moles per liter) ! sec.”!, and the other units
are the same as in equation (4). From equation
{(9) one can convert (k,)n to k provided that the
ionization constant A and the diffusion coefficient
Dya are known.

Equation (9) is valid ouly when kb and (kr)n
are obtained from currents which are essentially
controlled by the rate of the recombination process.
1t follows that (9) is not necessarily valid when
(kf)y 1 obtained in an experiment iu which the
current is partially diffusion controlled. However,
1t seems that even so, results of the correct order of
magnitude are obtained by applviug (9} (see below).

ko=

Application to Pyruvic Acid

Comparison of Rate Constants.—The following data for
pyruvic acid at 25°!° were reported in a previous paper:
(B:)n = 5.78 X 102 cm. (moles per liter)~!sec.”!, K = 2.8 X
10-3 mole per liter; diffusion coefficient of pyruvate ion:
0.44 X 1073 cm.Zsec.™!. On the basis of these data one can
calculate k; provided that it is assumed that the diffusion co-
efficient for pyruvic acid is the same as for pyruvate ion.
By applying (9) one obtains 2, = 2.12 X 10% (moles per
liter)=! sec.”1. The approximate value k., = 4,49 X 10®
(moles per liter)=! sec. ™! was previously obtained!® by as-
suming that the recombination process occurs in a mono-
layer of ions at the surface of the electrode. Since the latter
value is of the same order of magnitude as the value of k;
obtained from the more rigorous equation (9), one concludes
that the recombination process essentially occurs in 2 mono-
layer at the surface of the electrode. This is understand-
able since the rate of the recombination process is much
larger than the rate of the diffusion processes occurring af
the electrode.

It is of interest to compare the above values of k; with that
obtained by direct application of (8). It was previously re-
ported? that the limiting current for the pyruvic acid wave
was 0.42 microamp. for a 1.5 X 10-3 molar solution at pH
6.87 and 28°. This limiting current is only a small fraction
of the diffusion current for pyruvic acid (5.78 microamp.)
which was obtained under the same conditions at low pH's
(4.2). Therefore, the limiting current for the pyruvic acid
wave at pH 6.87 is essentially controlled by the rate of the
recombination process, and equation (8) is applicable.
This equation yields the value 2, = 1.27 X 108 (1noles per
liter)~? sec. ™! il which is of the same order of magnitude as
the values of % obtaiited either by application of (9) (2.12
X 10%) or by assuming that the reaction occurs in a mono-
layer at the electrode surface {4.49 X 10%). It should be
noted that the value 1.27 X 10% was calculated from data
obtained at 28° whereas the other values of %, are for 25°.
Furthermore, concentration polarization slightly affects the
value kb = 1.27 X 108, which is consequently too low.

Influence of Temperature.—It was previously reported
that the variations of (kr)n with temperature are essentially
those predicted on the basis of Onsager’s theory of ionic re-
combination.!®1?  This means that the energy of activation

110) P. Delahay and T. J. Adams, THIS JoURNAL, T4, 1437 (1902).
(11) See ref. 3 for complete data.
(12) L. Onsager, J. Chem. Phys., 2, 5399 (1034},
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for k. is virtually that which one calculates from experimental
values of (k)n. This can be explained on the basis of
equation (9) as follows. The effect of temperature on rate
constant (& )n is obtained by introducing in (9) energies of

activation for the recombination process (AHE ) and for
the diffusion coefficient Dy, (AH;;":). Thus

+ * oo
B Dgpe~2HR + aHD/RT — gy, (10)

in which & is defined by the equation

ko= ke -sHE/RT (11)

and Dg, is defined similarly. It was previously shown!®
that AHg is almost equal to the energy of activation for

the diffusion of ion A~, i.e., almost equal to AHI:f. Fur-
thermore, the temperature coefficient of ionization constant
K is very small!® and can be neglected in the present treat-
ment. As a result, it follows from (10) that the energy of
activation for k, is approximately the same as that for (& )w.

Conclusion

‘The present treatment of kinetic polarographic
currents enables one to calculate conventional rate
constants for the chemical process controlling the
current. The derivation is more rigorous than a
previous one?® in which rate constants for hetero-
geneous processes were introduced. However, the
equations derived in the present paper are appli-
cable only when the limiting current is entirely
controlled by the rate of the kinetic process.

ApDED IN PROOF.—After the completion of the present
paper, the author’s attention was called to a paper by
Wiesner!* in which an equation for the thickness of the reac-
tion layer u, previously introduced by Brdicka and Wiesner,!
is derived. This expression for u was obtained by identify-
ing the thickness of the reaction layer “with the half mean
path which can be traversed by the depolarizer within its
mean life time,”!s By introducing Wiesner’s value of u
i the original equation of Brdicka and Wiesner,® one ob-
tains an equation which is identical to the above equation
(4). This shows that it is possible to obtain the correct
value of the limiting curreut {equation (4)) by introducing
the quantity up in the derivation; however, it is necessary
to take into account the dependence of u on the equilibrium
constant K (see above) and the diffusion coefficient D, as
Wiesner did.!* Nevertheless, our derivation shows that the
rigorous solution is obtained withotit introducing the notion
of thickness of a reaction layer.!*
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