Copyright © by
Peter James Lingane

1966



I. CHRONOAMPEROMETRY AND CHRONOPOTENTIOMETRY WITH
UNSHIELDED, CIRCULAR, PLANAR ELECTRODES

II. APPLICATIONS OF POTENTIAL STEP CHRONOCOULOMETRY

III. FARADAIC INTEGRATION OF THE DIFFUSE DOUBLE LAYER

Thesis by
Peter James Lingane

In Partial Fulfillment of the Requirements

For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
1966
(Submitted April 27, 1966)



ii
PREFACKE

Joseph H. Christie has provided a major contribution to the
quality and contents of this dissertation; his guidance, collaboration and
comradeship will be remembered with a great deal of pride and satis-
faction in the years to come. In addition, I wish to acknowledge the aid,
instruction, succor or friendship which I have received from my research
supervisor, Fred C. Anson, and from Janet G. Jones, George Lauer,
Robert A. Osteryoung, William P. Schaefer, and Zoltan G. Soos.

I am indebted to the people of these United States who financed
my graduate ecucation through a U.S. Public Health Service, Division
of General Medical Sciences, predoctoral fellowship.

I wish to thank the editors of Analytical Chemistry, the Journal

of Electroanalytical Chemistry, and the Journal of Physical Chemistry

for permission to quote copywrited material in Chapters 1, 2, 4, 5,
and 6.

This dissertation is dedicated to my father, James J. Lingane,
the quality of whose scientific research and the clarity of whose writing

have been both goals to be equaled and marks to be exceeded.

@ﬁ%w ~

Pasadena, California

April, 1966



iii

ABSTRACT

The first portion of this dissertation demonstrates both theoreti-
cally and experimentally that the chronoamperometric and chronopoten-
tiometric constants obtained with unshielded, circular, planar electrodes

are of the form

A _
1 2
it2/AC = aFC/B |1+ 2.1 2L
i Po ]
1 ]
1 Dt
ir2/AC = “FC ao|l+ 1 0( pF

Higher order terms appear to be unimportant under normal experimental
conditions (1,2).

The second portion presents the results of detailed calculations
of "working tables' for double potential step chronocoulometry applied

to the study of first-order chemical reactions of the form

+ ne = B
|

A + ne = B =Y

where Y is non-electroactive. The double potential step chronocoulo-
metric technique is applied to the study of the Ti(IIl)-hydroxylamine
reaction (3) and it is shown that the previously determined value of the
Arrhenius energy is inexplicably too small by a factor of two. A new
technique for the estimation of the electrochemical parameters of elec-

trode reactions from potential step data is developed (4) and it is shown
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that this technique eliminates the need for a short- or a long-time ap-
proximation.

The final sections discuss the results of chronopotentiometric
and chronocoulometric experiments conducted in the presence of "in-
sufficient" supporting electrolyte. It is shown that the observed chrono-
potentiometric E-t curves should be distorted by the sum of "liquid
junction' and "iRu” voltages. Doublet chronopotentiometric waves are
observed for the reduction of certain transition metals. The measured
chronopotentidmetric constant increases at high current densities and
this is interpreted in terms of the reaction of electroactive material
in the diffuse layer. It is shown that the residual uncompensated re-
sistance in solutions of low concentrations of supporting electrolyte
introduces sufficiently large uncertainties in the potential step chrono-
coulometric Q—t% intercepts as to invalidate this technique under these
conditions.

A least-squares analysis of chronopotentiometric data for the
estimation of adsorption statistics according to three common models
is described and the listing of a suitable Fortran IV computer program
is included.

Extensive tables are calculated for the amount of a doubly charged
ion in the diffuse double layer as a function of the concentration of the

singly Chargéd indifferent electrolyte.
(1) Anal. Chem.,36, 1723 (1964).

(2) J. Phys. Chem., 68, 3821 (1964).

(3) J. Electroanal. Chem., in press (1986).

(4) J. Flectroanal. Chem., 10, 284 (1965).
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I. CHRONOAMPEROMETRY AND CHRONOPOTENTIOMETRY
WITH UNSHIELDED, CIRCULAR, PLANAR ELECTRODES

In the following two chapters, it is shown on both theoretical
and experimental grounds that the chroncamperometric and chrono-
potentiometric constants obtained with unshielded, circular, planar
electrodes are linear functions of (Dt/,coz)% or (DT/pOZ)%. With this in-
fofmation it is possible to estimate values for the time scale and elec-
trode radius so as to minimize the effects of nonlinear diffusion. In
very accurate work, it may be desirable to extrapolate the measured
values of these parameters to the té = 0 or the T% = 0 intercepts.

It is seen that frequently only negligible errors result if the
effects of nonlinear diffusion are completely neglected. Therefore, the
use of the experimentally less convenient shielded, planar electrodes

or cylindrical electrodes is often unnecessary.



CHAPTER 1.

L *
Derivation of the Chronoamperometric Constant

Introduction
D e

The Cottrell equation

1 1
. o ZEDE (1)
AC 2

does not adequately describe the current-time behavior observed with
electrodes of finite size at times longer than a few seconds (1,2,3).
Therefore, we have calculated the current-time behavior for a circular
electrode of radius p, and have shown that the chronoamperometric
constant can be expanded as a power series in vDt/ p,; the coefficient

of the term in yDt/ p, is calculated. We discuss only the mixed boundary
condition problem in which the concentration is fixed at the surface of
the electrode; the solution to the Neumann problem (chronopotentio-

metry) may be obtained analogously.

* -
This work was performed in collaboration with Zoltan G. Soos. A
summary appeared in the Journal of Physical Chemistry, E?i’ 3821 (1964).

(1) H. A. Laitinen, Trans. Electrochem. Soc., 82, 289 (1942).

(2) H. A. Laitinen, I. M. Kolthoff, J. Am. Chem. Soc., 61,
3344 (1939).

(3) D. J. Macero and C. L. Rulfs, J. Am. Chem. Soc., 81,
2942 (1959).




If we neglect the effect of turbulence and of convective stirring

t=2b]

then the current passing through the area A is simply

. . d
i =nF %

B _
T C DVvu-

>
1!

=

>

(2)

It-rl
og)

where i is the current in amperes, n is the number of equivalents per
mole, D is the diffusion coefficient in em®/sec, [ is the electrochemical
potential, and C is the concentration of the electroactive species in
moles/cc. If the solution contains a large concentration of supporting
electrolyte, the transference number of the electroactive species is
essentially zero. Under these conditions (4), the diffusion equation

reduces to

& = pvc. (3)

(@]

|+

In the presence of excess supporting electrolyte, the compact
double layer (5,6) can be approximated by a parallel plate condenser
whose plates are separated by one or two molecular diameters. There-
fore, the charge on the double layer for a circular electrode of radius
po will be uniform until p - p, approaches the thickness of the compact
double layer (cf. Fig. 1). Since the metallic electrode is an equipo-

tential surface, the uniformity of the double-layer charge requires

(4) H. L. Kies, J. Electroanal. Chem.,, 4, 156 (1962).

(5) D. C. Grahame, Chem. Rev., 41, 441 (1947).

(6) R. Parsons, in "Advances in Electro\,nﬂmmtry and
Electrochemical Enginee ering,* Vol, 1, P, Dela'w.
Interscience Publlshels Inc , New Ymk 1’9 C‘hapter 1.



Figure 1. Model for the circular disk electrode.



that the potential at the outer Helmholtz plane also be uniform until
p - po approaches the thickness of the compact double layer. Very
close to the edge, the potential at the outer Helmholtz plane will de-
crease with respect to the solution potential.

Therefore, it is very reasonabl.e to assume that the concen-
tration of the electroactive species will be uniform at the outer Helm-
holtz plane of metallic electrodes of {inite size in the presence of
excess supporting electrolyte if the concentration is governed by the

Nernst equation.

E Ul eolion

We will first consider the oxidation of a single insoluble species
to give a soluble product, e.g., the generation of silver ion into a
solution initially free of silver. Our electrode is a circular planar
disk of radius p, situated in the z = 0 plane (cf. Fig. 1). This electrode
is potentiostated at a fixed potential E, and it is assumed that the Nernst
equation is obeyed. This guarantees that diffusion and not the electron-
transfer step will control the current. Observe that under these con-
ditions the concentration at the surface of the electrode will contin-
uously increase with potential and no limiting current will be achieved.
This approach is purely one of convenience and is taken to achieve
greater generality as will become evident in the Discussion section.

The cylindrical symmetry enables us to write the concentra-

tion as C(p,z,t). The boundary conditions for C(p,z,t) are



_ ey p<p t= 04
2_9' (p,0,) = 0O P> po t>0+ (4)
C(p,z,0) = 0 z2>0
lim C(p,2,t) = lim C(p,z,t) = 0
(5)
lim C(p,z,t) = C°(f)
t— @
We use the superposition theorem and write
_ ol r 11
Clpzt) = Cpzt) + C(p,2,0) (6)

In general, the surface of an electrode can be represented by
a continuum of current sources whose distribution and strengths are
time-dependent. The source distribution for an infinite planar electrode
is time-independent and is uniform over the surface of the electrode.
The time-dependent sources of Clgg.z,t) are chosen to be equivalent
to such a uniform distribution for p < p, at t = ot. Lhereiore, leo,z,t)
is equivalent, initially, to the concentration distribution at a circular
section oflan infinite elecirode. At later times, radial diffusion causes
the sources of CI{OIZQ to decrease near the edge of the electrode and
apparent sources to appear at p > p,. The sources of Cngo,z ,t) could
be chosen so that the boundary condition (4) is satisfied at all times.
Alternatively, the sources of Cngg,z,t} might be chosen so that the
total flux from the finite electrode into the region p = Po is the same
as from the infinite electrode. We shall adopt the second condition

because we wish to approximate the scurces for CH(p.z,t} by a line



source. Such an approximation gives a nonuniform concentration at

the surface of the electrode. Obviously, an exact solution would satis{y

both conditions simultaneously.

The initial conditions for Qﬁglz,t} are

, Co(k) p < oo
¢ ) —
CYp,0,0%) = { 0 o B (7)

Since the diffusion equation contains only a first derivative with respect

to time, it is convenient to make the partial separation

Cp2t) = Cgp,)f(z) (8)

where C°(E) is the concentration at the outer Helmholtz plane and f(z,t)
and g(p,t) are dimensionless functions to be determined. It is evident
that under certain conditions, such as t— 0‘or p— 0, the solution must
reduce to the solution for the infinite planar electrode. Hence,* i(z,t)

is taken to be the well-known solution for the infinite planar electrode (7)

f(z,t) = 1 — exf (2‘\;[)) (9)

and g(g,t) represents the effect of diffusion in the radial direction.

Furthermore, the initial condition for g{p,t) is

%
J. N, Foster has suggested that the identification of f(z,t) with the

solution for the infinite planar electrode is not valid since it amounts

to setting the separation constant, which could be time dependent, equal

to zero. No generality is lost by this procedure, however, since any

errors introduced are adjusted for in the calculation of CII,

(7) P. Delahay, "New Instrumental Methods in Electrochemistry,”
- Interscience Publishers, Inc., New York, N.Y., 1954, Chapter 3.
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1 < po
£(p,0") = {O i o (10)

g(p,.t) must satis{y the radial portion of the diffusion equation.

g(p,t) may be obtained via a Hankel transform (8). Only zeroth-
orcder Bessel functions appear because of the cylindrical symmetry.
The integrand is a solution to the diffusion equation for each value of k,

and hence g(p,t) is a solution.

g(pt) = I; kdk f(kye™ P¥ T o p)

. (11)
(1) = [ " odo (01 )

As is shown in Fig. 2, g(p,t) is a step function at t = 07; at
later times, the time dependence of Eqn. (11) gives different super-
positions of the Bessel functions and the step-function decays. This
decay expresses the fact that there is radial diffusion.

Since CI(Q,Z t) satisiies the boundary conditions only at t = 0+,
it is evident that a current source must be added toward the edge of
the electrode to maintain a uniform concentration distribution. This
current source will produce the concentration cHgg,z L), Once‘we
have calculated CIggzz,t}, we will be able to determine CH(,o, z,t) and
thus the nature of the current sources that produce CHgQ,z.t}.

The current {flowing through the electrode is given rigorously

o

y the gradient with respect to z of the concentration evaluated at Z

0, p = p;. Therefore, the current density corresponding to Clgg,zzt}

1

(8) P. M. Morse and H. Feshbach, "Methods of Theoretical
Physics,' McGraw-Hill Book Co., New York, N.Y., 1953.



is

i 2 e [0
— = ngD W’zf (* = pdp =
7 po? po* Jo \ 0z /.0

oy F‘u pdpg(pt) t>0 (12)

T uDE .

g(p,t) :f kdke P¥Jo(kp) X
0

0

I pate 0 (13)

By reversing the orders of integration freely, it is possible to show
that for an arbitrary g(p,0") the current density is an expansion in

powers of vDt/ p,.

Special Case: One-Component System

A. Expressions for g(p,t). We now consider in detail the

properties of CI!Q,z,tQ. The initial conditions are fixed by Eqn. (7);
f(z,t) is given by Eqn. (9); g(p,07) is the step function defined by Eqn.
(11). We integrate Eqn. (11) to obtain

A

£(k) = fo T e 0 alke) = o T (14)

The exponential in Eqn. (13) is now expanded in a Hankel transform.
Only zeroth-order Bessel functions appear because of the symmetry in
the k-plane. The inverse transformation reduces to a Laplace trans-

form (9).

gDt o J;m qdq.fo(kq)f(&’) (15)

(9) W. Magnus and F. Oberhettinger, "Formulas and Theorems
for the Functions of Mathematical Physics,' Chelsea Publishing Co.,
New York, N.Y., 1949, p. 132, |
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f(q) = fm t’c(’lkc—nk:“Jo(I\'E’) =
2th dye™"J, (\/Dz \/J) - “Bc'e e o

Combining Eqns. (12), (13), (15), and (16), we obtain
g(p,t) = EDt fm qclqcﬁlig} X |
fo Jolkg) T ok p) T2 (ki po) d: (17)

The integral over the Bessel functions is a special case of the formula

of Sonine and Dougall (10).

1 % =
glpt) = é_f)tf qdqe™""*™ A (p,p0,9) (18)
A(P;Pu;‘Q) =
™ P > (p + ¢)?
2 + 2 2
cos™1 (p _zlq;__"{) (p+ 0> p?> (p — ¢)?
0 (o — 0> (19)

Hence

. 1 potp _ e
o< p glpt) =1+ *f dge 40t
T Jp—p

(20)

1 p+p _a
p>po glpt) = ff dge™ 40t X
T Jp

— po

(21)

(10) W. Magnus and F. Obe1 hettinger, "Formulas and Theorems

for the Functions of Mathematical Physics," Chelsea Publishing Co.
New York, N.Y., 1949, p. 37.
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In order to evaluate the integrals in Eqns. (20) and (21), we
first evaluate 3g/ap(p,t). We can easily verify (or observe from the
boundary conditions) that 3g/ap(p,0%) is a §-function of unit strength.

o o
t =0+ é—‘; Callit) = < j; KAy (ko) (o)
(22)
= —&§(p — Po)
ag 0 = =] -
100 F o = - 2 fo dye™ P (/1 (VD)
(23)

Po PPo _ Ptk
g v il i f) ERD y
ot (:zm) &

The Laplace transform (10) in Eqn. (23) gives the modified Bessel
function of the first order.
We define Ag(p,t) to be the deviation of g(p,t) from the step

function g(p,0").

glp,) — 1 p < po
glo,t) P> po ’ (24)

Ag(p,t)

([

We now obtain an expression for Ag(p,t), p =< p,. It is evident from

Eqn. (20) that g(0,t) =1 for all t > 0. Equation (23) then gives

Aglp,t)

I

P a(!‘
2(o,) — g(0,0) = f L. oatBle o
o] Bp

P 4 = (") 1+ p,?
_ P f I (p_ @) e'—'":‘-,,—,-"*dp;
2Dt J, 2Dt

If we set x = pp,/2Dt, X, = p,°/2Dt, and 8 = Dt/p = 1/2x,,

we find

(25)

Aglod) = —e=x f Y L@)e~"ds (26)
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We use the properties of the modified Bessel functions (11) and integrate

Eqn. (26) by parts repeatedly.

Ag(x.t) = —me"/z { go (Qﬁx)ﬂjv(x)c—ﬂxu _ 1}

i (*Jz{l-—e—ﬁﬂm S (g)', (Eﬂ)}
-2:0 Po " \2Di !

p < p

@

where IV is the modified Bessel function of order V.

B. Correction to the Current Density. Expressions (26) and

(27) will be used to evaluate g(p,t). Before we perform this calculation,
which requires a variety of special conditions, we will evaluate the

decay in the current density at the electrode due to the apparent motion

of the current sources for CI{Q z,t)top > p, in the z = 0 plane. We
replace g(p,t) in Eqn. (12) by Ag(p,t); except for constants, we have

X

fﬂn pdpag(pt) = 2672 —
0 2
o OE o PR (pnu)
L AW
J; Pdpc e IE:O (p0> ’ 2])t
% (p? 2DIN® < 8
g {P‘)_ = (-DJ) > f".
2 Po r=0 J0

(2Bx)%e ™5 (x)xdz }

(28)

We integrate by parts repeatedly to obtain

(11) H. B. Dwight, "Tables of Integrals and Other Mathematical
Data," The Macmillan Co., New York, N.Y., 1961.
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fxo 2" He TP (p)de =
0
i (2Bxc)" I(xp)e %' (29)

+1
gt 28

Substituting Eqn. (29) in Egn. (28), we have

Xo _1",‘
f pdpAg(p,t) = ¢ 10t X
0

{"QU— - 2D!c—4£: i v, ('-‘-’-“2» (30)

i) 2Dt
Using the recursion relations for the modified Bessel functions, we

find R .
L@ = e 5 {Loi(@) ~ L)
2z r=1 r=1 (31)

1/1{10(-'5) =+ 11(1')}

I

Substituting Eqn. (31) in Eqn. (30), we obtain

py?

X D et
Aglpt)pdp = — "2 o720
0 2

1 (2 2Nt (32)
{I" <21)¢) i (QD.:) =¥ °/w}

Hence

Al ngDC _ ! I ( Dy ) ( pnz)
2b . e Po_ (2
Ry TR WA 0577 LR Ty

e+p,=/w:} (33)

Equation (33) is an exact expression. The current sources for Clgg,z,t}
have an initial uniform distribution over the surface of the electrode

that is identical with the time- independent distribution of the current
sources for the infinite planar electrode. However, the current sources

for Clggzz,tg are redistributed in time because of radial diffusion; the
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sources near the edge of the electrode decay, and apparent sources
are found outside the electrode (p > p,). g(p,t) is identically unity for
the infinite planar electrode since there is no radial diffusion in that

case.

C. Evaluation of g(p,t) for Experimental Conditions. In order

to find g(g,_t), p < po, and thus determine the position of the sources
that we shall use for C(p 7 t), it is convenient to specialize to the
experimental conditions, i.e., p, > 0.2 cm, D~ 107 em¥sec, t <
100 sec. Under these conditions, p,2/4Dt = x4/2 > 10. From the
definition of I, it is evident that I, &< I (x) for all v when x = 0.

Hence, we have from Eqn. (27)

Pyt p? & ;
[Ag(p,t)| < e ane g, (Eﬂ[) T (P,) _

21)“’ v=0 Po

IR
T ane 9!‘?9,) 1 <
€ “i (21)[ 1 — D/P(]’ P = py (34)

For p = p,/4, Xl 4 5, and we may use the large argument expansion of

L (11). We then have, for 0 < p = p,/4

lag(p,)| < |ag(po/1,0)] =
9)(",

52
‘/EJEX [1 " ;; ] e
. (35)
Hence we observe that Ag(p,t) is negligible for p = p,/4. Equation
(34) is an upper bound for [Ag(g,_t)] , since, in it, we have replaced
all of ‘the moditied Bessel functions by I,. For example, Eqgn. (34)
gives [Ag(0,t)] < e7*° while Ag(0,t) = 0 (for all t) from Eqn. (27).
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For p,/4 < p = p,, we may use the large argument expansion of the
modified Bessel functions in Eqn. (25) throughout the entire range of

the integration.

I

y X g dy 3 \
A (XJt) —Euﬂx" f C ﬁ!f ey Sl e onanc ) (1 W e
= .y V2my sy )

x
o~ Ale= dy

] A(l 3 )
xo/4 ‘\/2;1’“7; Sy )

Since x,/4 > 5, it is straightforward to integrate Eqn. (36). Hence

(36)

I

aglpt) = - B
- 1 Dt
efro—p\)_ 1 VDt
=t (1 - elf(2\/l)t>) N e
(p,—p)? T\ 3
e 4t 40 ((\/{)j) ) % <p =< p

Po

(37)

Expression (37) may be obtained directly from Eqn. (20) by taking
p = po - A and letting A — 0 after the integration. If we set p = p, in
Eqn. (20), the integrand is indeterminate at q = 0; when the integra-
tion is now performed, only the second term of Eqn. (37), evalua£ed
at p = p,, is obtained.

Since the derivative of g(p,t) is continuous for t > 0, we may
use an expression similar to Eqn. (25) to evaluate g(p,t) for p > p,

8e(ol) = 1+ (o) — 5%2 f:h (gg:) X

_ (o”) +p,?
e 4Dt dp'

P>
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s (i) - 0
o (45)) o

Py

The next term in Eqns. (37) or -(38) is negligible for the times of
interest. Since £(0,t) =1, the deviation of CI§Q,O,t} from C° for p =

po is C° times Expression (37).

, ) T .
D. Sources for and Calculation of C‘I(p,zit). g(p,t) is plotted

as a function of p for various values of t in Fig. 2. It is evident that,
for t < 25 sec, deviations from the step-function initial condition are
important only within 0.03 to 0.04 cm of the edge of the electrode.
Therefore, we need a current source of radius of about 0.01 cm at

the perimeter of the electrode, placed so that the outcr edge of the
source is at p = p, if the boundary condition [ Eqn. (7)] is to be satisfied
for all times. Such a time-dependent source, which arises from the
decomposition of the concentration in Eqn. (6), defines the diffusion
problem for Cnfg,z,t}.

As a first approximation, we consider a time-independent
source at p = p,. This should be a good approximation for short times
since, for short times, Eqn. (37) shows that the source is essentially
at the edge and, as is evident from the large argument expansion of
the modified Bessel functions, Eqn. (33) shows that Ai/wp,? is essen-

tially time independent.

2Ly o (2] (39)

A TPy Pu
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08

0.6

alp,t)

02 |~ -

0 EL | 7 Po ) | !
0.22 0.20 0.18 0.16
p,CcmM

Figure 2. Plot of g(p,t) as a function of p illustrating the
redistribution of the sources of C¥{p,z,t).

Po = 0.2cm, D = 1x 107° cm?/sec.
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In the same Spirit, we may, for short times, approximate the source ,
by an infinitely long, straight wire and express the concentration at a

distance r from the wire as

0 @
Ci(ry = & 08 ot
2n Jopovin T
CO ,rZ
N L 40
i “( 41):) (45}

where Ei(x) is the exponential integral. « is the strength of the source
and will be evaluated below. This solution is borrowed from the analo-
gous heat conduction problem (12). )

It is not convenient to satisfy the boundary condition [Eqn. (4)]
by requiring that the sum of CIggiz,t} and Cngg,z,t! be uniform and
time independent at the face of the electrode, since, by lumping the
corrections into a line source, we have introduced a singularity. We
may, however, as an alternative condition, match fluxes. Since the
exact sources of CIIgg,z,t} have "radii" of about 0.01 cm for t < 25 sec,
the approximation of a line source should be excellent for r 20.01 cm
(cf. Fig. 2). Once outside the source distribution, its detailed compo-
sition becomes unimportant; as in a multipole expansion, the major
effect is found by putting a point source at the center of the distribution.
We will approximate even further and place the source at the edge of

the electrode instead of near the edge.

(12) L. R. Ingersol, O. J. Zobel, and A, C. Ingersol, "Heat
Conduction, " McGraw-Hill Book Co., New York, N.Y. 1948 p 146,
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The current flowing from a straight wire is radial by symrhetry.

At a line source of strength «, the current per unit length is

o)
1y = nFD2xr > C”(r,l)],.,,o = —nFDC"«
r

.(41)

It is evident from Fig. 1 that the symmetry in the z = 0 plane requires
that the flux flowing into the region where z > 0 be just half the total
flux from a source whose intensity is twice the intensity of the actual
source. Thus Eqn. (41) will be correct if o is taken to be the actual
intensity per-unit length of the line source. Furthermore, at least for
short times, the flux into the region p < p, is the same, by symmetry,
as the flux into the region p > p,. The total flux from a line source of

length 27p, is

1 2
—— = — = a3D(C°
e (42)

Half of this current will flow into the regionz > 0, p < p,. Hence

Vety, = — A% (43)

where Ai is given by Eqn. (33). These two currents have opposite
signs since the source for cHgg,z,tg is to correct for the effects of

radial diffusion. Thus we obtain

. (44)
™
The correction current density is therefore
i _ _mIDC 4 /D (45)

1rp92 T ‘\/;D‘t 7; Po
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E. Total Current Density and Concentration Profiles. The

I
total current density is the sum of the current sources for C(p,z,t)
| I
and Eqn. (45). The total current density due to the sources of C(p,z,t)

is [cf. Eqn. (12)]

.1 }j ©
;:—02 = —ngFCo V;;t J; g(p,0pdp
. [D D¢
—ng (" V/ﬁ {1 + 0 (pﬂ;)} (46)

Therefore, the total current is

It

7 nFDC° 4 /Dt (I)t)}
= hmtaaye — 1 oo _7k‘i T O —
{ b \/‘ﬁ’ Po i Poz

T R 57 (47)
Although the boundary condition [ Eqn. (4)] is not satisfied in
detail on the electrode, it is evident that, if the line charge-is redis-
tributed near the edge, the concentration could be calculated even at
the face of the electrode. The current correction would, however, be
very nearly the same since the flux from a source distribution may be
found by calculating the flux from the equivalent point source.
We have overestimated the correction in Eqn. (43) since the
center of the correction source is actually at p < po, rather than at
P = po- Thus slightly more than half of the flux goes. into the region
p < py- This effect is only of the order of a few per cent for t < 25 sec.
At longer times, when this effect becomes larger, the assumption that
the added current is a line source approximated by a straight wire also

becomes untenable.

CI(p,z,t) and CH(p,ZJt) are given by Eqns. (7), (9), (37), (38),
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and (40). As discussed above, Cnggizﬁ) is a poor approximation for
distances smaller than the dimensions of the sources of CH(Q,Z,Q.

The dimensions of the sources of CHg Llez,t) may be estimated from

Fig. 2 which shows the region for p < p, where Ag(p,t) is appreciably
different from zero. For t < 25 sec, a distance of about 0.01 cm from
the edge of the electrode is sufficient to ensure being outside the source.

We therefore have, for t < 25 sec and r > 0.01 cm.,

Clpzd) = Cpt) + C'(pinit)
-l
— ol \ 75
Py — P 1 ~Dt _ gy ez Po
C[(P,Z;l) = (° [1/2 (1 + erf (2‘\/[)!)) = 5{/; " e ( D ):I(l mf(2\/]ﬁ)) 4 <pr< Po

[’/z (1 — erf (g—\-;ljc')) - 2\1/; %?2 e 14;)_:?),](1 — erf (g;ij_l)) p<p< @

1 r? Py
— e B — = 0< =
Qr’Pl( 4D£> r<2

C™(p2t) = CO

(3]

o

where r = [2® + (p - p,)?]2.
Near the electrode, the concentration may be found more ac-
curately by replacing our line source by a series of line sources and
then replacing each line source by a finite source. The strength of such
sources is still determined by Ag(p,t). As is evident, such a procedure
approximates the exact solution more and more accurately. Hoivever,

in order to obtain the exact solution, both the location and the strength

of the sources for CHgQ,z ,t) must be time-dependent. Thus, the mathe-
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clp,z,t)/f(z,1)

0 Po ! | !
0.20 0.19 0.18 0.7 0.16
p,cm

Figure 3. Typical concentration profiles for C(p,z,t) and
Cgé,z,tf: z = 0.01 em.,

po = 0.2cm, D = 1% 107° cm®/sec.
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matics becomes considerably less tractable. The simple model dis-
cussed in this dissertation is useful because it predicts an accurate
value of the total current density and, except very near the electrode,

accurate concentration profiles.

Discussion
NN NN NN

A. Generalization. Our solution can be readily converted into

the more usual situation where the solution originally contains the
electroactive species at concentration C° and the product is insoluble.

This is done by the simple transformation
C'(pzt) = C° — C(p,2,0) (50)

where C'(p,z,t) is the transformed concentration and C(p,z,t) is given
by Eqn. (6). Under these conditions, Eqn. (47) will be valid at all points
on the i-E curve if C° is replaced by C° - C(p,0,t,E).

This treatment could be extended to include the more general
system where both the oxidized and reduced species are soluble and the
solution is initially free of the reduced species. We would decompose

the concentration of both the oxidized and reduced species into the two

components CiI(p,Z,t) and CiII(p,Z,t). We would require the additional

boundary conditions that the ratio of the concentrations of the two com-
ponents at the outer Helmholtz plane is fixed by the Nernst equation
and that the sum of their fluxes is zero at the electrode (7). For the
purposes of the next chapter, however, it is sufficient to note that the

current on the diffusion plateau is independent of the reduced species .
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and is given by Eqn. (47).

B. Comparison with Experiment. The theoretical value of the

chronoamperometric constant is obtained by rearranging Eqn. (47).

16 =2 s 7 o (2)) PR

The coefficient of the first term is evaluated experimentally for Po

= 0.258 cm and 0.01 < vDi/p, < 0.08 for a variety of systems in the
next portion of this thesis. The experimental value of this coefficient
is 2.12 % 0.11 (95% confidence level) and is in agreement with the
theoretical value of 2.26; the agreement is especially. good since the

latter is a slight overestimate.
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CHAPTER 2.

Evaluation of the Experimental Chronopotentiometric

*
and Chronoamperometric Constants

In the preceding chapter, we demonstrated that the chrono-
amperometric constant obtained with unshielded, circular, planar
electrodes is expected to differ from the Cottrell equation by a multi-
plicative power series in the square root of the time.

1 1

it 2 2

it - n_ID 1+R
2

1
:I-)—‘L) 2 + .. ) (1)
po2

D is the diffusion coefficient, t is the time, i/A is the current density,
and p, is the radius of the electrode. The purpose of this chapter is to
verify this expression experimentally. In addition, we have shown
that the chronopotentiometric constant for unshielded, circular, planar

electrodes can be expressed as the product of the Sand equation and a

power series in the square root of the transition time.

(=

1 o I ¥
]'_ 2 272 D.—
=L - LT 1y, g(=L

Po2

® . ) @)

AC 2

The dependencies of these expressions on the diffusion coefficient and

on the time were determined explicitly and the dependence on the

*
A summary of this work appeared in Anal. Chem., 36, 1723 (1964).
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electrode radius was assumed on the basis of the preceding theoretical
work. It is shown that only the zeroth-order and square root terms
contribute to the measured values of the constants under the usual

experimental conditions.

Results

A

The experimental values of the chronopotentiometric constant
are plotted in Fig. 4 as a function of @T/poz)%; representative values of
the chronoamperometric constant are plotted in Fig. 5 as a function of
(_I_)_t/pgz)%. These plots were constructed by plofting the experimental
values vs. 'r% or_ii% and calculating D from the intercept value. The
experimental values were then replotted vs. (_I:JT/poz)% or (_Ilg/po?‘)é.

It is evident in Fig. 5 that the experimental values deviate from
the simple (Qg/poz)% straight line at sufficiently long times, t >t _ .
It is thought that this indicates the onset of convective stirring. The
deviations have been suppressed by excluding all data pairs--i.e.,
all i, t pairs, for t >~Emax' The values listed in Table I under the
column heading ”—t—max” correspond to the largest value of the time
used in calculating the slope and the intercept. In many of the entries,
this value is considerably before the onset of the deviation from the
straight line and where this is true it is indicated by the symbol ">".

The confidence intervals corresponding to the deviations of_i'r%/
AC or }L%/ég from the least-squares line are generally less than +1%.

Therefore, these deviations are due principally to the experimental
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240
K4Fe(CN),

LT"%AC, Amp Sec”*Cm/Mole

220 —
FeCl,

4 ' 6
(DT /02)"* x 100

1 <
Figure 4. ir2/AC is plotted vs. (D1/p,2)? for the reduction of
10.49 mF ferric chloride in I.00 F hydrochloric acid and for
the oxidation of 9.99 mF potassium ferrocyanide in 0.100 F
potassium chloride. Each point represents the average of at

least three determinations.
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450 I I I I [ | —

Quinone

350 — —

Hydroquinone

/Mole
(-]

N
8y
o

/AC

it

FeCly

[ | [ | |
2 4 6 8 10 12

(D143 x 100

Figure 5. 1t2/AC is plotted vs. (Dt/p, ) for the oxidation of 4.72
mF potassium ferrocyanide in in 0.100 F potassium chloride, for
the reduction of 4.83 mF silver nitrate in 0.1 F nitric ac1d for
the reduction of 4.63 mF ferric chloride in 1.00 F hydrochlorlc
acid, for the reduction of 10.53 mF quinone and for the oxidation
of 5.20 mF hydroquinone, both in T.03 F perchloric acid. The
platinum electrode was potentiostated at +0. 40, 0.00, and +0.15 v.
vs. S.C.E. and at 0.00 and +0.75 v. vs. NaCl- 'S.C.E. , res-

" pectively. Each point represents the aver age of at least three
determinations.
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TABLE 1

The Chronoamperometric Data Were Fitted to the Straight Line

% L L
3 2 2
it? _ nFD? |, pfDt
Ac 77 Pl

Stated Confidence Intervals Correspond to 95% Confidence
Level. Platinum Electrode, p, = 0.2578 cm

Conc. tmax’ Intefcept, amp. Dx 10°
System mF sec sec? cm/mole R cm®/sec

AgNO, 4.83 18 222.4+ 5.1 2.36+0.56  16.7
0.1F HNO,
0.00 v.

Quinone 10.20,  >36 394.0 £ 2.9 2.36 £ 0.16 10.6
1.08 ¥ HCIQ, 10,53 > 36 354.2+ 2.1 2.25+0.12 10.6
0.00 v.

Hydroquinone 10.58_ > 36 326.2 + 1.7 1.96+ 0,11 8.97
1.03 F HC10, 10.58 > 36 327.3+2.0 1,97+ 0.13 9.03
0.75v. 5.20 49 318.2+ 1.8 1.87+ 0.11 8.54

K,Fe(CN), 10.08 .  >36 140.5 + 0.78 2,16 40,14 6.66
0.100F KCl 10.08 > 36 142.0 + 0.97 2.00+£ 0,17 6.80
0.40 v. 4,72 84 142.8 + 3.6 2.51 +0.41 6.88

1,00 > 36 139.56+ 1.8 2.02+0.32 6.58
0.504 >36 142.8 + 1.4 1.49 + 0,24 6.88

FeCl 9.25,4 42 124,00+ 1.2 2.42 + 0.26 2.19
1.0511HC1 9.25, 42 124.4 + 0.44 2,38+ 0.092 5.22
0.10 v. 4.63 25 126.8 + 0.81 2.04 +0.20 5.42

FelCl, 9.25 49 140.8 £ 1.1 2,00+ 0.16 6.69
1,00.F HC1 9.25° 42 142,2 % 0,91 1.T6+ 0,15 6.82
0.70 v.

20.05 v., P1.20, .35, 9.15, ©0.65.
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TABLE II

0o

The Chronopotentiometric Data Were Fitted to the Straight Line
i7

1 1 1
= DETEDE g S(-D—z )
AC 2 Po

Stated Confidence Intervals Correspond to 95% Confidence

Level. Platinum Electrode, p, = 0.2578 cm

e D x 10°
Conc., ‘max, mtell cept, amp. -
System mF sec sec? cm/mole S cm?sec
K,lFe(CN)G 9.99 > 62 225.7T+ 2.3 0.99 + 0.21 6.97
0.100 F KCI
FaCl, 10.49 > T4 196.9+ 1.2 0.98 + 0.15
1.00 F HCI

5.30
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uncertainty associated with the individual data pairs.

The diffusion coefficients calculated from the intercept values
of the chronopotentiometric and chronoamperometric constants agree
well with those determined independently (Table III). This indicates
that the slope is not kinetically controlled and suggests, as we would
expect, that the intercepts correspond to the simple Cottrell or Sand
equations, Eqn. (1) or Eqn. (2).

The apparent diffusion coefficient of quinone decreased from
10.6 x 107® cm®/sec 30 minutes after the solution has been prepared
t0 9.6 x 10™° cm®/sec 150 minutes after the solution had been prepared.
This suggests that quinone is undergoing an acid-catalyzed decomposition
at a rate of about 2% per hour (13). Therefore, the true diffusion co-
efficient of quinone in 1 F perchloric acid is 10.8 X 107° em®/sec.

The 16 chronopotentiometric data pairs were normalized to a

single line by plotting
1

i3 /i3 3
.1_7_/_11_ vs. DzT
ACAC e, Po

In a similar fashion, the 199 chronoamperometric data pairs were

normalized to a single line by plotting

l/i :
it? /it2 Dt

— VS.

AC/ AC |, — 2

int. Po

(13) L. F. Fieser and M. Fieser, "Advanced Organic Chemistry,"
Reinhold, New York, N.Y., 1961, p. 846. '
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The experimental intercepts were determined to be 1.000 and 0.998,

respectively; the slopes were determined to be

1

S
R

0.98 = 0.10
2.12 + 0,11

This experimental value for R is in excellent agreement with the value

of 2.26 derived in the preceding chapter.

Since the Sand equation and the Cottrell equation are strictly
applicable only under condition of cne-dimensional linear diffusion,
shielded planar electrodes have been employed in accurate chrono-
potentiometric (17) and chronoamperometric (1,2,23) experiments. A
great deal of enthusiasm has been generated for the use of cylindrical
wire electrodes because they are far easier to work with than shielded
electrodes and yet are of a sufficiently simple geometry that solutions
have been obtained for the chronopotentiometric (18) and chronoampero-
metric (19) constants.

The work reported here illustrates that both of these alternatives

are generally unnecessary and that excellent results are obtained with

(17) A. J. Bard, Anal. Chem., 33, 11 (1961).

(18) D. G. Peters and J. J. Lingane, J. Electroanal. Chem.,
2, 1 (1961). | |

(19) Paul Delahay, "New Instrumental Methods in Electro-
chemistry, " Interscience, New York, 1954, Chapter 3.
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the more convenient unshielded planar electrodes. For @E/Poz)% <
0.02, the deviation of the measured chronoamperometric constant from
the Cottrell value will be less than 5 per cent; the limits are even more
generous for the chronopotentiometric constant. These criteria are
readily satisfied in investigations of preceding chemical reactions or
of adsorption where high current densities are employed. These cri-
teria may not be met in certain analytical applications but in those
cases Eqns. (1) or (2) can be applied directly. Alternatively, replicate
determinations can be made at different current densities and the data

i 1
extrapolated to the t# = 0 or the 72 = 0 intercept.

The chronopotentiometric setup was usual. The constant current

was obtained by putting large dropping resistors in series with a 270-
volt battery bank. A Clare mercury-wetted, make-before-break, d.c.
relay was used for switching. A Philbrick P2 differential amplifier

was used as a follower. The constant currents were determined dur-
ing the experiment since currents measured prior to the experiment
(when a dummy resistor is substituted for the cell) were about 0.3%
greater than those observed during the experiment. The E- t curve

was displayed on a Sargent-SR recorder; the chart was driven at a rate
of 12 inches/min by a synchronous motor. The transition times were

measured directly from the chart paper by the method of Kuwana (20).

(20) C. D. Russell and J. M. Peterson, J. Electroanal. Chem.,
’5\, 467 (1963).




36

The chronoamperometric experiments employed a Wenking TR
potentiostat (Brinkmann Instruments, Inc., Cantague Road, Westbury,
N.Y.), and the current was determined by measuring the iR drop devel-
oped across a precision resistor. The Sargent recorder, equipped
with a 5-mv range plug, was used to monitor this current continuously.

A jacketed, single-compartment cell of about 125-ml capacity
was employed. The Teflon cap was fitted with openings for the various
nitrogen inlets, for the salt bridge, for the reference electrode, and
for the working and auxiliary electrodes. The salt bridge was of the
cracked glass type. The auxiliary electrode was not placed in a separate
compartment because it was desired to keep the rest potentials of the
auxiliary and working electrodes identical; the make-before-break
relay, used in the chronopotentiometric circuit to minimize current
transients, momentarily shorts these two electrodes together and hence
undesired electrochemistry takes place if these two potentials are not
identical (21). The cell was stirred with a magnetic stirrer and de-
aerated with "prepurified” nitrogen. No attempt was made to shock-
mount the cell. The cell was thermostated at 25.0 + 0.1°C.

The electrode employed in this study was a Beckman No. 39273
platinum button electrode. The projected area was determined to be
0.2088 + 0.0004 sq cm by measuring mutually perpendicular diameters
~ with an optical comparator. As received, the electrode surface was

dull in color and deeply scratched; therefore, it was polished with 4/0

(21) F. C. Anson, Anal. Chem. 36, 520 (1964).
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emery paper and cleaned with aqua regia prior to its initial use. The
electlrode was mounted horizontally in the center of the cell and oriented
so that the diffusion wasg upwards. The auxiliary electrode was posi-
tioned parallel to and about 1 ¢m from the working clectrode.

All potentials are with respect to the saturated calomel electrode
(S.C.E.) with the exception of the experiments involving perchloric acid
where a NaCl-S.C.E. was employed. The potential of this electrode
was measured to be -14 mv vs. S.C.E. in 1 F sulfuric acid supporting
electrolyte.

The potassium ferrocyanide was Baker and Adamson K,Fe(CN), -
3H,0 and was used directly without assay. The silver solution was pre-
pared by weight and the ferric chloride solution was standardized vs.
potassium dichromate. The quinone was twice sublimead prior to use
and solutions were discarded within 30 minutes of their preparation
(see text). The hydroquinone and ferrous chloride solutions were pre-
pared by potentiostatic reduction of quinone or ferric chloride in situ
at a large platinum gauze electrode. All solutions were prepared with
triply distilled water of specific conductivity less than 1.3 X 10" °mho/cm.

Background currents were measured at potentiostated electrodes
in perchloric and hydrochloric acids and were negligible at the concen-
tration levels studied.

In all cases, except for the reduction of silver ion, the electrode
was also potentiostated 50 mv less anodic or cathodic in at least one

experiment to demonstrate that the electrode was being potentiostated
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on the plateau of the current-potential curve.

The slopes, intercepts, and confidence intervals were deter-
mined by a least-squares analysis. All the data pairs were weighted
equally. The stated confidence intervals correspond to the 95% con-

fidence level and were calculated from the usual equations (22).

Acknowledegment
N\W’\w

It is a pleasure to thank Martin S. Itzkowitz for assistance in

the least-squares programming.

(22) H. A. Laitinen, "Chemical Analysis," McGraw-Hill,
New York, 1960, Chapter 26.
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II. APPLICATIONS OF POTENTIAL

STEP CHRONOCOULOMETRY

In applying the potential step technique to the study of electro-
chemical problems, the potential of the indicator electrode is initially
adjusted to a value such that no faradaic current passes through the
electrode. For example, if the solution were free of the reduced
species, the initial potential would be chosen to lie in the potential
region anodic to the foot of the polarographic wave, cf. Fig. 6. If
the solution were to contain appreciable amounts of both oxidation
states of the redox couple, the initial potential would be the equilibrium
potential (23). The potential step experiment is initiated by abruptly
shifting the potential of the indicator electrode to a value such that
faradaic current flows; the value of this new potential, relative to the
polarographic wave, governs the type of information which can be ob-
tained about the system. Cf. Fig. 6.

If the new potential lies in the potential region of the polaro—-
graphic diffusion plateau, the current will be limited by the rate of
transport of material to the electrode. If the new potential is in the
vicinity of the half-wave potential, the current will be limited, for
sufficiently short times, by the rate of the electron-transfer step.
Therefore, the potential region corresponding to the polarographic

diffusion plateau is utilized for the measurement of the rates of solution

(23) H. Gerischer, Z. Elektrochem., 64, 29 (1960).
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reactions, for the determination of the quantity of electroactively
adsorbed species, and for the determination of diffusion coefficients;
the potential region in the vicinity of the half-wave potential is utilized
for the determination of the kinetics of the electrode-transfer process.

The unique contribution of Anson, Christie, Lauer, and Oster-
young to the development of potential step techniques is their decision
to observe the integral of the current, rather than the current itself,
as the experimental quantity. An immediate advantage is that the
integrator averages out the noise superimposed on the output of the
high-gain current-measuring amplifier and thus the current integral
can generally be determined more precisely than the current itself.

A more important advantage of an integral technique concerns
its "memory capacity." For example, the current could be enhanced
for a brief period following the application of the potential step by the
electrolysis of a substance adsorbed on the surface of the electrode.
One can determine the extent of this adsorption by making charge
measurements on a time scale which is long compared to the half time
for the electrolysis of the adsorbed species. Furthermore, the quantity
of electroactive adsorption is obtained directly and thus the adsorption
isotherms are independent of any mechanistic assumptions about the
rate and order of the electrolysis process.

A third advantage of an integral technique lies in the simplicity
with which a correction for double-layer charging may be effected.

By operating on a time scale long compared to the time constant for
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the charging of the electrode/solution interface, one can correct the
measured values of the charge for the effects of double-layer charging
by simply shifting the zero-charge axis by an amount equal to the change
in electronic charge on the electrode.

The original application of the potential step chronocoulometric
technique and the one which has absorbed the continuing interest of
these investigators is the measurement of the extent of electroactive
- adsorption on the surface of electrodes (24-28). Subsequent chapters
discuss specific applications of the potential step chronocoulometric
technique to the determination of the kinetics of solution reactions and

of electron-transfer processes at electrodes.

(24) F. C. Anson, Anal. Chem., 36, 932 (1964).

(25) J. H. Christie, G. Lauer, and R. A. Osteryoung, J.
Electroanal. Chem., 7, 60 (1964).

b

(26) R. A. Osterycung and F. C. Anson, Anal. Chem., 36
975 (1964). i

(27) F. C. Anson, J. H. Christie, and R. A. Osteryoung,
J. Electroanal. Chem., in press, 1966.

(28) J. H. Christie, R. A. Osteryoung, and F. C. Anson,
J. Electroanal. Chem., in press, 1966.
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CHAPTER 3.

The Evaluation of Working Curves for the

Study of the Rates of Solution Reactions

The purpose of this chapter is to discuss the calculation of the
working curves and working tables to be used in conjunction with double
potential step éhronocoul.ometry for the determination of the first order
rate constants of those catalytic or following reactions which occur

after electrode processes.

The Catalytic Reaction
IVWW\A/WWW\MAW

The model for the catalytic regeneration of the electroactive

species is

R + z —%» 0o

where k. is the first order or pseudo first order rate constant for the
catalytic reaction. Christie (29) has solved this problem and has ob-

tained the following solutions for the faradaic charge as a function

of time.

(29) J. H. Christie, J. Electroanal. Chem. , in press, 1966.
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(1)
1
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[8%t-7)] exf VBP(t-1) - BW/ o8 (- T{J

The reverse potential step is initiated at t =77, g* = kc(Z), and D |

= Dr = D. The quantity used for the determination of g* is the ratio

(2)

2 £V2 \[ 2857 o267
‘%tl _ (BT+2)er RPT +
4 (B%1 +3) erf B' + \/4‘6”—Teﬁ‘r

because this ratio is independent of the numerical value of D, of the
electrode area, and of the bulk concentration Co‘

Values of [Qb/Qfl were calculated directly from Eqn. (2) for
0.01 = ﬁT% < 2.00 in increments of 3 . 0.01. The results of

these calculations are presented in Appendix A and Fig. 7.

Values of 87 . were obtained as a function of equally spaced
values of IQb/Qfl by inverse interpolation from Appendix A. A qua-
dratic interpolation formula was employed. The results of this inter-

polation are presented in Appendix B. The calibration table, g%t as
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a function of IQb/Qf] , 1s presented in Appendix C.

The model for the chemical reaction of the product of the elec-

trode process to yield an electro-inactive species is

O + ne- = R-K 7

where k is the first order rate constant for the following reaction.
Christie (29) has obtained the following solutions for the faradaic

charge as a function of time when the reverse step is initiated at

t=1",
1
. = t
Qt<rt) = 211FADSCO\£
A (3)
2nFADZ C_ = _
Qt>7) = ——2 2 B o- VBT
= |
where
w0 1
Y = —e—kt P _LFL(H‘*'%E, n+l, k7) k(t_L)n—
n=1 n! 2
n-1 n-i-1
X [k(t - 7)] (2n - 1)!!
5 21+1 (2n -2i - 1)1!
1
— -
o ¥ eflk-n]? k| opag
[k(t-7)]2
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[>e]
1
27 L] (n;?" n+l, kr) (2n - 1)1 (4)
n=1 27(n!)
where (2n - 1)!! = 1:3+5.+.(2n - 1),

We attempted the computation of ¢ directly from Eqn. (4). The

values of the necessary confluent hypergeometric functions were cal-

culated directly from their defination (30).

2
F,(a,b,z) =1 +-—_%Z 3 L(—_rrag}r)z % e (5)

The series was terminated when the last term was less than 0.0001%
of the sum. Unfortunately, Eqn. (4) converges very slowly, if at all.

We rearranged Eqn. (4) by using the identity (30)

erf(x) = 2 F (4,2, %) = 2 X F (1,2, (6)

Vi VT

to obtain at t = (1 +R)T,

b = e (1+RKkr (5% \Fi(n+3, n+1, kr) | (2n -n1)rz F (1,3, Rkr)
L n! 2

®Ber)™" D @n-1)1 3 (Ren)Pitlod
e Bl 1 (2n-2i- 1)!!

3

+ lFl (17; ’ RkT) 1F1 (%: 1: kT) (7)

(30) L. J. Slater, Confluent Hyperceometric Functions, Cam-
bridge University Press, 1960.
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This series converges satisfactorily. ¢ was taken to be equal
to the sum of the first 15 terms. The last term was less than 0.0001%
of $ in all cases for t =27 (R = 1) and 0 < kr < 4.0. Values of ¢ calculated
from Eqn. (7) are tapulated in Appendix D as a function of k7 for
t =271,

It is again convenient to form the ratio

QL(1+R)7T] - Q1)

QU
Q) = @VR - VvI+R + 1) (8)

Q

Values of this ratio for t = 27 are presented graphically in Fig. 7, and
in tabular form in Appendix E, as a function of kr = Bz'r. Values of

kt as a function of equally spaced values of lQb/QfI were obtained by
inverse interpolation from Appendix E. A quadratic interpolation
formula was again used. The resulting working table is presented in

Appendix F.
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APPENDIX A

-%? as a Function of BT%; Calculated from Eqn. (2).

0.00 0.01 0.02 0.0% 0.0k 0.05 0.06 0.07 0.08 0.09

0.5858 0.5857 0.5856 0.5854 0.5850 0.5846 0.5841 0.5835 0.5828 0.5820
0.5811 0.5801 0.5791 0.5779 0.5767 0.5753 0.5739 0.5724 0.5708 0.5671
0.5674 0.565%06 0.5637 0.5617 0.5596 0.5575 0.5552 0.5529 0.5506 0.5482
0.5457 0.5431 0.5409 0.5378 0.5350 0.5322 0.5294 0.5265 0.5235 0.5205
0.5174 0.5143 0.5111 0.5079 0.5046 0.5013 0.4980 0.4946 0.4912 0.4878
0.4843 0.4808 0.4773 0.4738 0.4702 0.4866 0.4630 0.4594 0.4557 0.4520
0.4484 0.44647 0.4410 0.4372 0.4335 0.4298 0.4261 0.4223 0.418¢6 0.4149
0.4111 0.4074 0.4037 0.4000 0.3963 0.3925 0.3888 0.35652 0.3815 0.3778
0.3742 0.3705 0.3669 0.3633 0.3597 0.3561 0.3526 0.3490 0.3455 0.3420
0.3386 0.31351 0.3317 0.3283 0.3249 0.3215 0.3182 0.3149 0.3116 0.3083
0.3051 0.3019 0.2987 0.2956 0.2924 0.2893 0.2863 0.2832 0.2802 0.2712
0.2743 0.2713 0.2684 0.2656 0.2627 0.2599 0.2571 0.2544 0.2517 0.2490
0.2463 0.2437 0.2411 0.2385 0.2359 0.2334 0.2309 0.2285 0.2260 0.22136
0.2212 0.2189 0.2166 0.2143 0.2120 0.2098 0.2075 0.2054 0.2032 0.2011
0.1989 0.1969 0.1948 0.1928 0.1908 0.1888 0.1868 0.1849 0.1830 0.1811
0.1732 0.1774 0.1756 0.1738 0.1720 0.1703 0.1l686 0.1669 0.1652 0.1635
0.1619 0.1603 0.1587 0.1571 0.1555 0.1540 0,1525 0.1510 0.1495 0.14890
0.1466 0.1452 0.1438 0.1424 0.1410 0.1397 0.1383 0.1370 0.1357 0.1344
0.1332 0.1313 0.1307 0.1295 0.1283 0.1271 0.1259 0.1248 0.1236 0.1225
0.1214 0.1203 0.1192 0.1181 0.1170 0.1160 0.1150 0.1139 0.1129 0.1119
0.1l110
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1.4959
1.4438
1.3950
1.3489
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1.6699
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1.0774
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0.7813
0.7542
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0.4203
0.3882
0.3543
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APPENDIX B

Bfi as a Function of«gh; Interpolated from Appendix A
3

0.002

1.6632
1.5992
1.5401
1.48%2
1.4338
1.38%6
1.3400
1.2968
1.2557
1.2164
1.1788
1.1426
1.1078
1.0741
1.0414
1.0096
0.9787
0.9486
0.9190
0.8901
0.8616
0.8316
0.8059
0.7786
0.7515
0.7245
0.6977
0.6709
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0.6172
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0.4778
0.4480
0.4172
0.3849
0.13508
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0.003

1.6565
1.5931
1.5345
1.4799
1.4289
1.3809
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0.7759
0.7488
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0.6682
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0.6145
0.5874
0.5600
0.5322
0.5038
0.4T48
0.4450
0.4140
0.3816
0.3473
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0.00k4

1.6500
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0.9426
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0.8560
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0.7731
0.T461
0.7192
0.6923
0.6656
0.6387
0.6118
0.5846
0.5572
0.5294
0.5010
0.4T719
0.4419
0.4109
0.3783
0.3437
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l.6434
1.5810
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L.4694
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1.3718
1.3268
1.2842
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0.6843
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0.5209
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0.2626
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1.8075
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B271 es a Function or-%ﬁ; Interpolated from Appendix A

0.002
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1.5767
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2.3373
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2.0276
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1.7720
1.6600
1.5567
1.4611
1.3723
1.2895
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1.1394
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0.9460
0.8885
0.8339
0.7821
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0.6857
0.6407
0.5978
0.55606
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0.4793
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0.3743
0.3418
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0.2227
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0.1431
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l.8813
1.7604
1.6493
1.5468
1.4519
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0.3710
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0.2772
0.2481
0.2199
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0.1662
0.14086
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2.6796
2.4808
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2.1440
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0.4719
0.4359
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0.2743
0.2452
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0.1899
0.1636
0.1380
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2.6587
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2.1290
1.9862
1.8563
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1.3468
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1.1898
1.1185
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0.8718
0.8181
0.767
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0.6720
0.6276
0.5852
0.5446
0.5057
0.4683
0.4323
0.3977
0.3644
0.3323
0.3013
0.2713
0.2424
0.2144
0.1873
0.1610
0.1355
0.1108

0.0868

0.008

2.6380
2.4437
2.2702
2-1140
L.9727
1.8439
1.7261
1L.6177
1.5176
1.4248
1.3385
1.2579
l.1824
1.1116
1.0450
0.9421
0.9226
0.8663
0.8129
0.7620
0.7136
0.6674
0.6233
0.5811
0.5407
0.5019
0.4646
0.4288
0.3943
0.3611
0.3291
0.2982
0.2684
0.2395
0.2116
0.1846
0.1584
0.1330
0.1084

0.0845

0.009

2.6175
2.4255
2.2538
2.0993
1.9593
1.8317
1.7148
1.6073
1.5080
1.4159
1.3302
1.2501
1.1752
1.1048
1.0385
0.9760
0.9169
0.8609
0.8077
0.7571
0.7089
0.6629
0.6190
0.5770
0.5367
0.4981
0.4610
0.4253
0.3910
0.3579
0.3260
0.2952
0.2655
0.2367
0.2089
0.1820
0.1558
0.1305
0.1060

0.0821
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Appendix D
DPSCC: First Order Following Reaction

¥ as a Function of kr; Calculated from Equation 7

L] 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

0. 1.0000 0.9901 0.9806 0.9713 0.9623 0.9535 0.9450 0.9368 0.9287 0.9209
0.2 0.9134 0.9060 0.8989 0.8919 0.8852 0.8786 0.8722 0.8660 0.8600 0.8541
0.4 0.8484 0.8429 0.8375 0.8322 0.8271 0.8222 0.8173 0.8126 0.8080 0.8036
0.6 0.7992 0.7950 0.7309 0.7869 0.7830 0.7791 0.7754 0.7718 0.7683 0.7648
0.8 0.7615 0.7582 0.7550 0.7519 0.7488 0.7458 0.7429 0.7401 0.7373 0.7346
1.0 0.7320 0.7294 0.7269 0.7244 0.7220 0.719¢6 0.7173 0.7150 0.7128 0.7106
1.2 0.7085 0.7054 0.7044 0.7024 0.7204% 0.6985 0.6966 0.6948 0.6930 0.6912
1.4 0.6894 0.6877 0.6860 0.6844 0.6828 0.6812 0.6796 0.6781 0.6765 0.6751
1.6 0.6736 0.6721 0.6707 0.6693 0.6680 0.6K66 0.6653 0.6639 0.6626 0.6614
1.8 0.6601 0.658% 0.6576 0.6564 0.6552 0.6541 0.€529 0.6518 0.6506 0.6495
2.0 0.648% 0.6473 0.6462 016452 0.6441 0.6431 0.6420 0.6410 0.6400 0.6390
2.2 0.6380 0.6370 0.6361 0.6351 0.6342 0.6332 0.6323 0.6314 0.6305 0.6296
2.4 0.6287 0.6278 0.6269 0.6260 0.6252 0.6243 0.6234 0.6226 0.6218 0.6209
2.6 0.6201 0.6193 0.6185 0.61177 0.6169 0.6161 0.6153 0.6145 0.6137 0.6130
2.8 0.6122 0.6114 0.6107 0.6099 0.6092 0.6084 0.6077 0.6070 0.6062 0.6055

3.0 0.6048 0.6041 0.6034 0.6027 0.6020 0.6013 0.600¢6 0.5599 0.5992 0.5985

3.2 0.5979 0.5972 0.5965 0.5959 0.5952 0.5945 0.5939 0.5932 0.5926 0.5920
3.4 0.5913 0.5907 0.5900 0.589% 0.5888 0.5882 0.587¢6 0.5869 0.5863 0.5857
3.6 0.5851 0.5845 0.5839 0.5833 0.5827 0.5821 0.5815 0.5810 0.5804 0.5798

3.8 0.5792 0.5787 0.5781 0.5775 0.5770 0.5764 0.5758 0.5753 0.5747 0.5742



0.00
0.5858
0.4992
0.4342
0.3850
0.3472
0.3178
0.2943
0.2752
0.2594
0.2459
0.2342
0.2238
0.2144
0.2059
0.1980
0.1906
0.1836
0.1771
0.1709

0.1650

0.02
0.5759
0.491¢
0.4287
0.3808
0.3440
0.3152
0.2922
0.2735
0.2579
0.2447
0.2331
0.2228
0.2136
0.2051
0.1972
0.1899
0.1830
0.1765
0.1703

0.1644
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Appendix E

DPSCC: First Order Following Reaction

|Qub/Q¢| as a Function of kr; Calculated from Equation 8.

0.04
0.5664
0.4846
0.4233
0.3767
0.3408
0.3126
0.2902
0.2718
0.2565
0.2434
0.2320
0.2219
0.2127
0.2043
0.1965
0.1892
0.1823
0.1758
0.1697

0.1639

0.06
0.5571
0.4777
0.4180
0.3727
0.3376
0.3102
0.2882
0.2702
0.2551
0.2422
0.2309
0.2209
0.2118
0.2035
0.1957
0.1885
0.1816
0.1752
0.1691

0.1633

0.08
0.5481
0.4710
0.4129
0.3687
0.3346
0.3077
0.2862
0.2685
0.2537
0.2410
0.2299
0.2200
0.2109
0.2027
0.1950
0.1878
0.1810
0.1746
0.1685

0.1627

0.10
0.5393
0.4644
0.4080
0.3649
0.3318%
0.3054
0.2843
0.2670
0.2524
0.2399
0.2289
0.21%0
0.2101
0.2019
0.1942
0.1871
0.1803
0.1740
0.1679

0.1622

0.12
0.5308
0.4580
0.4031
0.3612
0.3287
0.3031
0.2824
0.2654
0.251¢0
0.2387
0.2278
0.2181
0.2092
0.2011
0.1935
0.1864
0.1797
0.1733
0.1673

O.1l6l¢

0.5225
0.4518
0.3984%
0.3576
0.3259
0.3008
0.2806
0.2638
0.2497
0.2375
0.2268
0.2172
0.2084
0.2003
0.1928
0.1857
0.1790
0.1727
0.1667

0.1611

0.5145
0.4458
0.3938
0.3540
0.3231
0.298¢6
0.2787
0.2623
0.2484
0.2364
0.2258
0.2163
0.2075
0.1995
0.1920
0.1850
0.1784
0.1721
0.1662

0.1605

0.5067
0.4399
0.3894
0.3506
0.3204
0.2964%
0.2770
0.2608
0.2472
0.2353
0.2248
0.2153
2.2067
0.1987
0.1913
0.1843
0.1777
Q.1715

0.165¢

0.160¢
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Appendix F

DPSCC: First Order Following Reaction

kT as a Function of |Q,/Qf|: Interpolated from Appendix E

|Qy /eyl 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
0.16 3.9789 3.9426 3.9066 3.8709  3.8356 3.8005 3.7658 3.7314 3.6973 3.6635
0.17 3.6299  3.5967  3.5638 3.5311 3.4987  3.4666 3.4347  3.4032  3.3719  3.3408
0.18 3.3101 3.2796  3.2493  3.2193  3.1896  3.1601 3.1309 3.1019 3.0732 3.0447
0.19 3.0165 2.9887 2.9408 2.9332 2.9060 2.8790 2.8522 2.8256 2.7993  2.71733
0.20 2.7474 2.7218  2.6965  2.6T13  2.8464 2.6218 2.5973  2.57131 2.5492  2.5254
0.21 2.5019  2.4786  2.4555 2.4327  2.4101 2.3877  2.3655  2.3436 2.3218  2.3003
0.22 2.2790  2.2580  2.2371 2.2165  2.1961 2.1759 2.1559  2.1361  2.1165  2.0971
0.23 2.0780  2.0590  2.0403  2.0217 2.0034 1.9852 1.9673 1.9496  1.9320 1.9146
0.24 1.8975 1.8805 1.8637 1.8471 1.8307 1.B144 1.7584  1.7825 1.7668 1.7512
0.25 1.7359  1.7207 1.7057 1.65%08 1.6762 1.6616  1.6473 1.6331 1.6190 1.6052
0.26 1.5914 1.5778 1.5644 1.5511 1.5380 1.5250 L5122 1.4994 1.4869 1.6744
0.27 1.4621 1.4500 1.4379 1.4260 1.4142 1.4026 1.3911 1.3796 1.3684 1.3572
0.28 1.3461 1.3352 1.3244% 1.3137 1.3031 1.2926 1.2822 1.2719 1:2617 1.2517
0.29 1.26417  1.2318 1.2220 1.2124 1.2028 1.1933 1.1839 1.1746 1.1654 1.1562
0. 30 1.1472 1.1383 1.1294 1.1206 1.1119 1.1033 1.0947  1.0863 1.0779 1.0696
0.31 1.0614 1.0532 1.0451 1.0371 1.0292 1.0213  1.0135 1.0058  0.9981 0.9905
0.12 0.9830 0.9755 0.9681 0.9608  0.9535 0.9463 0.9391 0.9320 0.9250 0.9180
0.33 0.9111  0.9042  0.8974  0.8907 0.8840 0.8773 0.8707 0.8642 0.8577 0.8512
0.34 0.8449  0.8385 0.8322 0.8260 0.8198 0.8l36 0.8075 0.80l5 0.7955 0.7895
0.35 0.7836  0.7777 0.7718  0.7660 0.7603 0.7546 0.7489 0.T7433 0.7377 0.7321
0. 36 0.7266  0.7211 0.7157  0.7103 0.7049 0.6996 0.5943 0.6890 0.4838 0.6786
0.37 0.6735  0.6684  0.6633  0.6582 0.6532 0.6482 0.6433  0.6384 0,6335 0.6286
0.38 0.6238  0.6190 0.6142 0.6095 0.4048 0.600L 0.595%4 0.5908 0.5862 0.5817
0. 39 0.5771  0.5726 0.5681 0.5637 0.5592 0.5548 0.5505 0.5461 0.5418 0.5375
0. 40 0.5332  0.5289 0.5247  0.5205 0.5163 0.5122 0.5080 0.5039 0.4998  0.4957
0. 41 0.4917  0.4877  0.4837  0.4797 0.4757 0.4718 0.4679 0.4640 0.4601 0.4563
0.42 0.4524  0.4486  0.4448  0.4410 0.4373  0.43356 0.4298 0.4261 0.4225 0.4188
0.43 0.4152  0.4115 0.4079  0.4043  0.4008 0.3972 0.3937 0.3902 0.3867 0.3832
0. 44 0.3797  0.3763  0.3728  0.3694  0.3660 0.3626 0.3593  0.3559 0.3526  0.3492
0.45 0.3459  0.3427  0.3394  0.3361 0.3329 0.3296 0.3264 0.3232 0.3200 0.3169
0. 46 0.3137  0.3106 0.3074 0.3043 0.3012 0.2981 0.2950 0.2920 0.2889 0.2859
0.47 0.2829  0.2799 0.2769 0.2739 0.2709 0.2679 0.2650 0.2620 0.2591 0.2562
0. 48 0.2533  0.2504 0.2476 0.244T7 0.2418 0.2390 0.2362 0.2334 0.2305 0.2271
0.49 0.2250 0.2222 0.2194 0.2167 0.2139 0.2112 0.2085 0.2058 0.2031 0.2004
0. 50 0.1977  0.1951 0.1924 0.1893 0.1871 0.1845 0.1819 0.1793 0.17s7 0.1741
0.51 0.1715  0.1689 0.l664 0.1638 0.1613  0.1588 0.1563  0.1537 0.1512 0.1437
0.52 0.1463  0.1438  0.1413  0.1389 0.1364 0.1340 0.1315 0.1291 0.1267 0.1243
0.53 0.1219  0.1195 0.1171  0.1148 0.1124 0.1100 ©0.1077 0.1054 0.1030 0.1007
0. 54 0.0984  0.0961 0.0938  0.0915 0.0892 0.0849 0.0847 0.0824 0.0801 0.0779

0. 55 0.0756 0.0734 0.0712 0.0690 0.0668 0.0646 0.0624 0.0502 0.0580 0.0553
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CHAPTER 4.

*
Catalytic Reactions: The Ti(Ill)-Hydroxylamine Reaction

The oxidation of Ti(III) by hydroxylamine in the presence of
oxalic acid was originally and most thoroughly studied by Blazek and
Koryta polarographically (31). These authors obtained a rate constant
at 25°C of 42.1 x 1.5 liters/mole-second and an activation energy of
7.9 keal/mole. This value of the rate constant was subsequently con-
firmed polarographically by Delahay, Mattéx, and Berzins (32).

Blazek and Koryta (31) also determined the rate constant by
mixing hydroxylamine and Ti(III) solutions and following the rate of
disappearance of Ti(IIl) polarographically. The rate constant obtained
under these conditions was 42.0 + 0.2 liters/mole-second. BlaZek
and Koryta concluded that their results were consistent with the pre-

viously proposed mechanism of Davis, Evans, and Higginson (33):

Ti(IV) + e =< Ti(111)

*
This work was periormed in collaboration with Joseph H. Christie.
A summary will appear in J. Electroanal. Chem., 1966.

(31) A. Blazek and J. Koryta, Collection Czech. Chem. Com-
mun., 18, 326 (1953).

- (32) P. Delahay, C. C. Mattax, and T. Berzins, J. Am. Chem.
Soc., 76 5319 (1954).

(33) P. Davis, M. G. Evans, and G.C.E. Higginson, J. Chem.
Soc. , 2683 (1951).
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Ti(I) + 'NH,OH — » TiIV) + H0 + 'NH,

1
. . . fast . (1)
NH, + Ozxalic Acid > products

The oxalic acid serves as a radical scavanger (33).

Fischer, Dracka, and Fischerova (34) have studied this system
by chronopotentiometry at low concentrations of hydroxylamine (5-

10 mF) under conditions where the catalytic reaction is relatively slow
and of second order. Under these conditions they obtain a rate constant
of 45.9 + 0.4 liters/mole-second.

Saveant and Vianello (35) have employed linear sweep chrono-
amperometry for the study of this reaction. They obtained a rate con-
stant of 42. + 1.7 liters/mole-second.

In the case of a controlled potential experiment such as polaro-
graphy, the presence of a catalytic reaction simply means that a larger
current is flowing at any given time and the precision with which this
larger current can be measured is not affected. But in the case of a
controlled current experiment such as chronopotentiometry, the pres-
ence of a catalytic reaction greatly decreases the rate of potential
change of the indicator electrode, especially in the vicinity of the
transition time, and thus renders the determination of the transition

time substantially more difficult. For this reason we expect chrono-

(34) O. Fischer, O. Dracka, and E. Fischerova, Collections
Czech. Chem. Commun., 26, 1505 (1961).

(35) J. M. Saveant and E. Vianello, Electrochim. Acta, 10,
905 (1965). -
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potentiometry to be a substantially poorer tool than a controlled poten-
tial technique for the study of fast catalytic reactions.

This is borne out by the investigation of Delahay, Mattax, and
Berzins (32). These authors found a quite low value of 24 liters/mole-
second for the rate constant (recalculated from their value at 30°C
using an activation energy of 7.9 kecal/mole) in a chronopotentiometric
study of the Ti(Il)-hydroxylamine reaction. They concluded that they
had obtained an incorrect value of the rate constant because of the
poor definition of the chronopotentiometric transition times.

Christie and Lauer (36) were able to circumvent some diffi-
culties by the use of reverse current chronopotentiometry. Under
these conditions, the forward time is a quite well defined quantity.
Since the shape of the Ti(IIl) oxidation wave is essentially unaffected
by the catalytic reaction, a normal potential inflection is obtained at
the transition time for the reverse wave. Christie and Lauer obtained
a value of 32. + 2. liters/mole-second for the rate constant (recalcu-
lated from their value at 27°C (37) using an activation energy of 7.9
kcal/mole).

Herman and Bard (38) considered the application of ¢yelic
chronopotentiometry to the study of Ti(III)-hydroxylamine reaction.

Their experimental results were inconsistent with a single rate con-

(36) J. H. Christie and G. Lauer, Anal. Chem., 36, 2037 (1964).
(37) G. Lauer, private communication.

(38) H. B. Herman and A. J. Bard, Anal. Chem., 36, 510(1964).
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stant and they suggested that the system is more complicated than pre-

viously assumed. This conclusion may not be completely justified (36).
Christie (29) has recently investigated the application of double

potential step chronocoulometry to the study of electrode reactions.

In this chapter we undertake the application of the double step chrono-

coulometric technique to the study of the Ti(IlI)-hydroxylamine reaction.

Our solutions are initially free of Ti(III) and the concentration
of hydroxylamine is sufficiently large (100-—200 mT) that the rate of
reaction is well described by a pseudo first-order rate constant,
k(+NH30H). E, , the initial potential of the indicator electrode, is
such that no current flows through the cell. The potential is stepped
to E, which is sufficiently cathodic that the reduction of Ti(IV) is dif-
fusion limited. After a time 7, the potential of the electrode is step-
ped to E, which is sufficiently anodic that the oxidation of Ti(I1I) is
diffusion limited.

Ignoring the effects of double layer charging, the faradaic

currents and the total faradaic charge are (29)

- _ ¥ a2 1 3%t
I(t\f)—nF‘Am C,3 [erf Bt + a e P J

2
It >7) =nFAVD C_8 lerf VBt + —L1_ ePt _ ergVg¥(tr)
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*
FAVD C 2
Qlt < 1) n——-?—————g !: (Bt + 1) erfVg*t + B\/;tTT e P t:l

*
FA/D *C .
Qlt >7) P——;———Q [(Bz'wé) ertVg't + gL P

I

P+ etV - pfir e“‘f‘”)}

2 + . =
where 3° = k("NH,0H), DTi(IV) is assumed equal to DTi(III) = I, and
*
C, is the bulk concentration of Ti(IV). Figure 8 reproduces experi-
1
mental I-t and Q-t traces for extreme values of 372.
Forming the ratio of the charge due to the oxidation of Ti(III)

to the charge due to the reduction of Ti(IV), we obtain

9(2”69@[ ., @fred e o \/"'-zgf
o (3T+2)erf‘\f3__qT \/—

Note that this ratio is independent of the numerical value of D, of the

Q,

<

electrode area, and of the bulk concentration of Ti(IV).

The curve illustrated in Fig. 7 is a plot of in/Qfl , calculated
from Eqn. (2), versus ,32—.'. In the limiting case of no catalytic reaction
(k- 0), the simple diffusion limited value of 0.586 is obtained (29).

As the catalytic reaction becomes very fast (k — =), no charge is re-
covered on the reverse step and the ratio goes to zero. A table of

g°r as a function of [Qb/Qf] , Chapter 3, Appendix C, was used for the
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Figure 8. Experimental I-tand Q-t tr 1ces for extreme values of
BTz, 1. BTz =0 (no hydroxyamine); II. 27% ~ 1.3. The current,
charge, and time scales are identical in I. and II.
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evaluation of 3% from the experimental data.
A striking advantage of any integral technique lies in the sim-
plicity with which a correction for double layer charging can be ef-

fected. In the present case we write

*Qb _ 'QT ) QZ‘T] - Iqbl (3)
P =

where QT and Q27 are the experimentally observed values of Q at

t = 7 and 27 respectively and dg and q, represent the charge required
to charge the double layer for the forward (cathodic) and backward
(anodic) steps respectively. The asterisks signify that the measured
quantities have been corrected for double layer charging. In the pre-
sent investigation, Ay and qy, were determined by repeating the experi-
ment in solutions identical to the ones being investigated but which
contained no titanium.

The results of double potential step chronocoulometric experi-
ments in the absence of hydroxylamine are given in Table I; each entry
is the average of four determinations. The values of g and A deter-
mined for the same step intervals, are 0.50 and 0.60 pcoulombs res-
pectively. The average value of [*Qb/*Qf] is 0.576 and is some 1.7
per cent smaller than the theoretical value of 0.586. The reason for
this small discrepancy is unknown. This discrepancy is not due to a
significant error in the correction for double layer charging since an

error in q;, or q; would introduce a trend with 7.
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TABLE 1

2.0m¥ Ti(IV), 0.20 ¥ Oxalic Acid, pH = 1.1

E, = -10C mv, E;, = -600 mv, E, = 000 mv

25.0°C
T, ms *Q,, wcoulombs *Qb/*Qf
440, 16.8 0.57
215, 11.7 .58
90. T=01 .07
42, 5.56 .58
21. 4.03 .58

0.576 = 0.002
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Similar experiments in which E; was varied from -600 to -800
myv and E, was varied from -100 to +200 mv were performed and re-
sults similar to those of Table I were obtained. We conclude that the
reduction of Ti(IV) and the oxidation of Ti(Ill) are diffusion limited at
-600 and 000 mv vs. S.C.E. respectively; all subsequent experiments
employed these step potentials.

The data obtained in the presence of 0.1 and 0.2 F hydroxyl-
amine are presented in Tables II and III. Each entry is the average
of at least foﬁr experiments. The confidence intervals listed corres-
pond to the standard deviation of the mean. Values of dg and qy, were
determined for the same step interval for the various solutions and only
small variations were observed among them. Therefore, dg and aj,
were taken to be 0.50 and G.60 pcoulombs in all solutions. Variation
of qg and qy, with temperature was not investigated.

For any given temperature and hydroxylamine concentration,
Bz should be independent of 7. In certain experiments performed with
unrecrystallized oxalic acid (which appeared to contain a trace of re-
ducible impurity), [32 was observed to increase dramatically with de-
creasing values of 7 at any given temperature and concentration of
hydroxylamine. The constancy of ,32 over a wide range of values of
T appears to be a sensitive and useful diagnostic test for impurities
and other irregularities in the system and for the correctness of qp
and Q-

In performing the experiments, it was necessary to decide over

what range to vary ,327'. We have rejected all values of 3° corresponding
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TABLE II

2.0mIF Ti(IV), 0.20 F Oxalic Acid, pH =1.0

0.204 ¥ Hydroxylamine

E, =-100 mv, E, = -600 mv, E, = 000 mv

T, mMS Q,, pcoulombs *Qb/ka
15.0°
412. 16.5 0.262
210. 10.4 .362
93. 6.4 .461
25.0°
402.T 25.8 0.134
207, 15.1 .213
79. {0 .371
41'T 5.2 .457
20. 3.6 .516
210. 16.7 0.220
84. 8.8 . 357
44, 8.9 .447
35.0°
92. 11.8 0.195
43. 6.8 .31
20. 4.0 .429
.f.

Neglected in the average. See text.

gt

1.30
0.69
.32

AVERAGE

3517
1.78
0.65
.33
o

AVERAGE

1.70
0.72
.36

AVERAGE

2.01
0.95
.42

AVERAGE

B, 8ot

LW WwwWww

22,

21.
22,

CO 000000003

o 000

AT+ 0
.3 = 0.
.44 + 0.

.32+ 0.

e
H
o OO0

O O
oW H W
o U oo e

—t
H..
O OOoo0oO0O

.021

071
033

.15
.14
.065
.13

.092

.081
.19
5 i |

.086

.32

.71
.26
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TABLE III

2.0mF Ti(IV), 0.20F Oxalic Acid, pH =1.1

0.102 F Hydroxylamine
E, = -100 mv, E; = -600 mv, E, = 000 mv

T, ms Q,, kcoulombs *Qb/*QI gt g%, sec™
25.0°
414, 22.4 0.203 1.90 4,60 0.019
220. 13.6 .300 1.03 4,71+ 0.079
90. 7.8 .430 0.42 4,67 + 0.049
43'T S| .500 .21 4,8 +0.13
22, 3xT . 547 .088 4.2 + 0.35
AVERAGE 4,70 £ 0,040
35.0°
86. 10.1 0.293 1.08 12.5 + 0.28
42. 6.3 .404 .52 12.2 £ 0.28
21. 4.4 .489 .24 11.2 + 0.24
AVERAGE 12.0 + 0.23
45,0°
37. 6 0.30 1.04 28. #= 1.6
19. 4.7 .41 .50 2. =2,0
8.6 3.2 .49 .25 29. 1.1
AVERAGE 27.9 + 0.92

TNeglected in the average. See text.
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to values of the ratio i*Qb/*Qf} less than 0.2 or greater than 0.5.
Where available, such values have been included in Tables II and III
and it is evident that including them in the averages would not have
altered the rate constant substantially.

The slope of the working curve (Fig. 7) has a value of about 6
in the vicinity of 521" =1. Therefore, an error of about 1 per cent in
the ratio of {*Qb/*ij in this region results in an error of about 6 per
cent in the rate constant. The precision for the determination of QT
and QZT is nof better than 1 per cent and so we are somewhat surprised,
and gratified, by the low standard deviations associated with the experi-
mental determination of [32.

The activation energy was determined from the plot in Fig. 9.
Since the standard deviations associated with the various values of the
rate constant vary by only a factor of three, all of the data pairs were
weighted equally in the calculation of the least squares slope and inter-

cept. The results are

43.4 + 1.1 liters/mole-second

il

Kaos

E

a 17.2 + 1.1 keal/mole

where the confidence intervals now correspond to the 95 per cent con-
fidence level. This value of k,,, confirms the polarographic value of
Blazek and Koryta (31) and the chronopotentiometric value of Fischer,
et al, (34).

~ The activation energy determined in this study is larger by a

factor of two than the value of 7.9 kcal/mole found by BlaZzek and
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Koryta (31). We were unable to resolve this large disagreement by
repeating their calculations and therefore we have redetermined the
activation energy polarographically. The polarographically and double
potential step chronocoulometrically determined rate constants are
plotted in Fig. 9. The slope of the polarographic line corresponds to
an activation energy of 17.3 kcal/mole and is in excellent agrecment

with the value determined by the double potential step technique.

Double potential step chronocoulometry compares very favorably
with polarography for determining the kinetic parameters of catalytic
reactions. This technique can probably be used to measure values of
g% of at least 100-200 seconds—l, well into the polarographic range.

BZT can be varied over a far wider range than is possible with polaro-
graphy and this flexibility makes possible the useful diagnostic test

for systematic irregularities described above. Although the experi-
ments were easily performed, obtaining the data from Polaroid prints
is somewhat tedious. But it is evident that the experiments could be
modified in any of a variety of ways so as to obtain QT and QZT directly
in digital form and thereby increase the ease and simplicity of the

experiment (39).

(39) G. Lauer and R. A. Osteryoung, Anal. Chem., in press,

1966.
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Experimental

Potassium Oxo(bisoxalato)titanate(IV). -- Fisher technical

grade X, TiO(C,0,), "2H,0 was twice recrystallized from water and

then dried to constant weight at 60 per cent relative humidity. Solu-
tions were prepared by weight and were allowed to equilibrate 24 hours
before use. Solutions investigated prior to such equilibration appeared

to contain two reducible species.

Oxalic Acid. -- Mallinckrodt "AR" H,C,0O, "2H,0 contained

small amounts of some oxidizing impurity which was removed by a
single recrystallization. The salt was dried for 2 hours at 80°C and

weighed as the dihydrate.

Hydroxylamine. -- Matheson, Coleman, and Bell (NH,OH) "H,SO,,

> 99% purity, was recrystallized from an 80% ethanol-water solution
and dried 1 hour at 105°C. Stock solutions were standardized by ti-
tration with permanganate according to the method of Bray, et al. (40)
and the titer of these solutions changed less than 0.1% during the

course of these experiments.

Mercury. -- Mallinckrodt "AR" mercury was employed in
the experiments with the hanging mercury drop. The DME experi-
ments employed triply distilled mercury from Bethlehem Apparatus

Co., Hellertown, Pa.; total nonvolatile impurities were reported to

(40) W. C. Bray, M. E. Simpson, and A. A. Mackenzie,
J. Am. Chem. Soc., 41, 1363 (1919).
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be less than 0.25 ppm.

All solutions were prepared from triply distilled water and
deaerated with Matheson "prepurified' nitrogen (< 8 ppm oxygen) which
was further deoxygenated by passage through a vanadous washing tower
prior to entry into the cell.

The electronic circuitry is shown schematically in Fig. 10 and
is analagous to that of Christie, Lauer, and Osteryoung (41). Relay
2 controls the reverse step and is fired by a variable delay timing cir-
cuit (42). The measured rise time of the potentiostat is less than 20
psec. The Q-t and I-t curves were displayed simultaneously on the
screen of a Tektronix Type 564 "storage' oscilloscope equipped with
Type 3A72 and 3B3 plug-in units. Satisfactory displays were recorded
on Polaroid film. The area of the Kemula-type hangine mercury drop
was 0.0407 cm® at 25°C.

The polarographic setup employed the equipment shown in Fig.
4 and a three electrode cell; the output of the current measuring
amplifier was fed to a Sargent SR recorder and the maximum polaro-
graphic currents were recorded at -500, -600, and -700 mv vs. 8. C.E.
Under our conditions, the catalytic I-t curve was observed to be a
2/3 order parabola and the catalytic current was observed to be in-

dependent of the mercury head. The rate constant was calculated

(41) J. H, Christie, G. Lauer, and R. A. Osteryoung, J.
Electroanal. Chem. , 1, 60 (1964)

(42) G. Lauer, H. Schlein, and R. A Osteryoung, Anal.
Chem. , 35, 1789 (1963)
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Figure 10. Block diagram of the electronic apparatus empiloying
G. A. Philbrick Researches, Inc. solid state operational ampli-
fiers and C. P. Clare and Co. mercury-wetted relays.
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according to Koutecky (43).

i 1
e fs gt @)

a

The cell was thermostated at the stated temperatures with a

precision of about + 0.2°C.
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CHAPTER 5.

Improved Method for the Determination of the

*k
Kinetic Parameters of Electrode Reactions

The study of electrode kinetics by the potential-step method
of Gerischer and Vielstich involves the measurement of the current as
a function of time following the application of a potential step. For suf-
ficiently short times, the kinetic paraméters may be determined from
the slope and the intercept of a linear I - t% plot (44,45). A recent
paper describes the study of electrode kinetics by the measurement of
the total charge passed following application of a potential step. For
sufficiently long times, the kinetic parameters may be determined from
the slope and the intercept of a linear @ - t% plot (46). It is obvious
that the long or the short time criteria place severe restrictions on the
magnitudes of the rate constants which may be studied. The present

work reports a method which allows the determination of the kinetic

*
The work of this and the following chapter was performed in collabora-
tion with Joseph H. Christie. A summary has appeared in J. Electroanal.

Chem., 10, 284 (1965).

(44) H. Gerischer and W. Vielstich, Z. physik. Chem. (Frankfurt),
-3, 16 (1955); W. Vielstich and H. Gerischer, Z. physik. Chem., 4,
10 (1955). ~

(45) Y. Okinaka, S. Toshima, and H. Okiniwa, Talanta, 11
203 (1964). -

(46) J. H. Christie, G. Lauer, and R. A. Osteryoung, J.
Electroanal. Chem., 7, 60 (1964).
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parameters of the system by simultaneous measurement of both I and

-Q and which is valid for all values of the rate constant.

Theoretical
NSNS NN NSNS NN
The eguations for the current-time behavior of an electrochemical

system following the application of a potential step are (44)

I = Kexp (y°) erfe(y) (1)
1
y = At2 (2)
K = nFAL]C_ exp [- < EO)J (3)
RT
ankF 1 - @)nF .0
exp [ BT (E - E )} exp [ +— (E - E J
A = Vko i[ + RT 5 (4)
3 2
D2 Dp

It is assumed that only the oxidized form of the electroactive species is
initially present in the solution. kg is the apparent standard hetero-
geneous rate constant; the other symbols have their usual significance.

For small values of y (y < 0.1), exp (y°) erfe(y) may be replaced
by (1 - T_ y) and Eqn. (1) becomes

I = K - 2 K3 AE < 0.1 (5)
Vi

Extrapolation of the I - t% plot to t = 0 gives K as the intercept (44, 45).

A can be determined from the ratio of the slope to the intercept.

The charge-time behavior is obtained by integrating Eqn. (1)
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t K 2
= Idt = — | exp erfc + — y-1 6
Q= J, " [ b (y) erfe(y) + —y J (6)
Since erfe(y) approaches exp(-y°)/yvi for large values of y(y > 5),

the first term in Eqn. (6) becomes negligible with respect to the others

and Q approaches the asymptote

_ 2Kk L K . 1
Qlasym W t# - Kz__’ At2 > 5 (7)

If the potential is sufficiently cathodic that the second term is

Eqn. (4) becomes negligible

—IX(—— = nFADO%CD (independent of E) (8)
1
The Q - t2 plot therefore attains the same limiting slope as that pre-
dicted by the integral of the Cottrell equation for a planar electrode,
2

§
Q = | 22 dt = -2 nFAD 2C ¢t
o Vit ' ° 0

1
2
t nFADO CO

1
2

(9)

It should be noted that even though the Cottrell slope is attained for

sufficiently long times, i.e., all electrochemical systems approach
1

diffusion control for At? > 5, the intercept on the @ axis is not zero

and is given by

nFAD C [
I R - - B anF (E - E°) (10)
RT
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In the method previously reported (46), the parameters K and
A were obtained from the slope and the intercept of the linear portion
of the Q - t% plot. No criterion, other than apparent linearity, was
used to determine if the asymptotic region had been attained. It may
be seen from Fig. 11 that apparent linearity is observed even for
At% ~ 2. It is therefore obvious that serious errors can be made if
apparent linearity and )\té > 5 are assumed to coincide. An analogous
criticism can be made of the Gerischer-Vielstich method.

It is preferable to determine the kinetic parameters from a func-

1 1
tion which is linear in At2 for all values of At2. Since

= = L (11)

SN

1 1
where 72 is the intercept of the Q asymptote on the t2 axis

4 3y - K 2
r )k = 2 exp(y’) erfc(y) (12)
Hence, the function
* 4 dppo Ko (2 4 :
= - — = —_— - = 13
A Q e (v2) 1 2 e At 1 btz + a  (13)

has the desired property. Since A* is identical with the Q asymptote,
K and X may be determined from the slope and the intercept of the

* 1
A - tZ plot in a manner identical to that previously described. The

method for the estimation of a and b is discussed below.
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0 0.5 1.0 1.5 2.0 2.5 3.0
y(=At"2)

Figure 11. Q, A*l and B*, calculated from Eqns. (6), (13), and
(23) plotted vs. At2.
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The potential dependence of K and A has been discussed pre-
viously (46). The kinetic parameters o and kg may be determined from
the plot of log K vs. E: « from the slope and kg from the value of K

at E = E°,

The Least Squares Estimation of a w

We observe that our data are subject to N equations of condi-

tion (47,48 ,49)

I
t.2 =0 (14)

—
[3)
—+
fn
Lo
I
Ol
!
SIEN
[*
|
1
o |
]
ol

* 1
where a and b are the intercept and the slope of the A - t2 curve and

obey the geometrical relationship

[N

2 = -a/b (15)
The index j is taken over the N(Qj , Ij y t].) data points. (Q . . ¥ ), a,
b are the least squares adjusted values of these quantities as opposed

to the experimental values (Qj, I

7 t.) and the preliminary values a,

J
and bo'
If the equations of condition are evaluated at the experimental

data points with preliminary values of the slope and the intercept, they

(47) W. E. Deming, Statistical Adjustment of Data, John Wiley
& Sons, New York, 1943, Chap g.

(48) E. T. Whittaker and G. Robmson The Calculus of Ob-

servations, Blackie and Son, London, 1937, Chap g.

(49) W. P. Schaefer, Inorg. Chem., 4, 642 (1965).
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will not be satisfied exactly, in general, but will equal some small
quantity .

FQ I b, 85,b,) = £ # 0 (16)

f) may be linearized by expanding it in a Taylor's series about

F(Q I ,a, b) and then neglecting the higher order terms.

I - gl j ) 2
o= F ha + Fpab + FQAQj + FIAIj + ... (17)

where FJ denotes the derivative (3 F/3a) and AQ.,
Q. I, t, ag, by i

i’

AIJ., ... are called residuals and are defmed by

AQJ = VQ = Q - é]

AL =V = I - 1.
] IJ- IJ ]
Atj = 0 (18)
Aa =" ao - a
Ab = b - b

The method of least squares consists in determining those
values of a and b which minimize the sum, S, of the squares of the

weighted residuals of the experimental points.
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N
8 e 2 (WQjVEQj + levzlj) (19)
WQ_ and Wl_ar-e the weights associated with the individual experi-
mental values Qj and Ij' The minimizing is done by obtaining the
total differential of S and equating this to zero. The constraints im-
posed on the sum, S, by the N equations of condition are introduced
by the method of Lagrange multipliers. The deduced values of these

multipliers are (47)

I Y, Q- o1l
8 = I, () - Flaa - Flab) (20)
where
Fl. Fl gl
j W W
Q y

The residuals Aa and Ab are then determined from the matrix equation

sl 7 al gl il
R L L %
) ) ]
= (22)
Fl £l Fl Fl ¢
E Ell_,.b Z\; b b Ab 2 Ll?
L ) A B I

and a and b are determined finally from Eqn. (18). These values are
improved by iterating. The preliminary values a, and bo were obtained

by observing that the function
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* 4 4 1 1 1 1
B(t) = Q- I =K (1 -t) exp(A\®t) erfc(AtZ) + 72(t2 - 72) (23)
1 1
passes through zero at t? = 72, Cf. Fig. 11.

The Q and I residuals are given by the equations

iyl
\% = gy L:F
Q T Wg i'Q
? (24)
1 5
v, W LFY
J Ij

The weights WQ. and WI- are defined as the reciprocal of the
square of the standard deviation for the measurement of the individual
Qj or Ij data points. Since OZQ_ and o"i are not known, we approximate
them by the square of the estimated reading error for the individual
Qj or Ij data points. The standard deviations associated with the cal-

culated values of a and b can be estimated from the diagonal elements

of the inverse of the coefficient matrix of Eqn. (22), viz.

Fl Fl
=2, bbb IDET|

)]
()
|

a L PN
J

ol g
s -2 Ej a ADETI

where IDET] is the determinant of the coefficient matrix.

(25)




82

We applied the CHI-SQUARE test (49,50,51) in order to esti-
mate the confidence level at which our data conforms to Eqns. (1)
and (6). The parameter x* (M) can be defined as the minimum value
of the weighted sum of the square of the residuals. M =N -P - 1is
the number of degrees of freedom, less one, of a system of N inde-
pendent measurements where P parameters have been estimated from
the data. For example, The CHI-SQUARE estimate associated with

*
the A technique is

: SN EIER IS SUE W JU G

as can be shown by substituting Eqns. (20), (21), and (23) into (19).

The distribution function for x*(M) is
M

2 2 1 2 -1
POCMNAX = 375 37 M, X {T pr(-%xz)df (27)
M/ 2r (3

and the expectation value of x*(M) is M.

OCeny = [ PO = M (28)

P(x*(30)) is plotted as a function of X°/30 in Fig. 12.

(50) K. A. Brownlee, Statistical Methods and Methodology
in Science and Engineering, John Wiley & Sons, New York, 1960,
Chapters 2 and 5.

(51) W. G. Cochran, Annals of Math. Stat., 23, 315 (1952).
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] I I I
0.06}—
0.04 —
0.02 —
0.0 1 | I |
0.5 1.0 1.5 2.0
X2/ 30

Figure 12. The probability of observing a particular value of
CHI-SQUARE calculated from Eqn. (27). M = 30.
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Hence, if our estimates of the standard deviations associated
with the individual data points are correct and if the system is ac-
curately described by Eqns. (1) and (6), then the experimental esti-
mates of the CHI-SQUARE should, on the average, equal the number
of degrees of freedom of the system and should be distributed accord-
ing to Eqn. (27). We can calculate the probability of observing a value
of xX* = x; orof X <x’. Cf. Fig. 12.

2

a = Pr(y’ =x)

11

0 ) 5
P(x*)d
fxf (x*)dx

) (29)
Xa 2 2
B = Pr(x¥ <x) = /" P()ax

Selected values of @ and 8 for M = 30 are tabulated in Table I.

The following chapter discusses the application of this method
to the study of the kinetics of the Zn(II)/Zn(Hg) and Cd(II)/Cd(Hg) cou-
ples. The computer program, written in Fortran IV and used in the
treatment of this data, is included as an Appendix at the end of this

chapter.
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TABLE I

Confidence Levels Associated with Selected Values

of x> (M = 30)
o,B 30% 20% 10% 5% 1% 0.5% 0.1%
X§/30 1.12 1.21 1.34 1.46 1.70 1.79 1.99

X5/ 30 0.85 0.78  0.69 0.62 0.50 0.46
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$IBFTC ASTAR DECK SINGLE POTENTIAL STEP CHRONOCQULOMETRY

(o

C PROGRAMMED BY PETER JAMES LINGANEs JULY 224 1964

C

C LR I s s T T TR 2T 2T R T R R R
C

C TABLE OF DEFINED SYMBOLS

C

C Al CURRENTs MICROAMPERES/ELECTRODE AREA

C Q CURRENT INTEGRAL»s MICROCOULOMBS/ELECTRODE AREA

C T ' TIME»SECONDS

C TIME TIMEs MILLISECONDS

C A ASTAR INTERCEPT

C AOQ APPROXIMATE ASTAR INTERCEPT

C ALPHA WEIGHT OF A

C . ALM LAGRANGE MULTIPLIER

C AL LAMBDAs KINETIC PARAMETER

C B SLOPE OF ASTAR VSe SQRTI(T)

C BO APPROXIMATE SLOPE

C BETA WEIGHT OF B

C Tl ROOT TIME INTERCEPTs SQUARED

. z SQRT(T)

C N NUMBER OF DATA PAIRS

C DL CHANGE IN DOUBLE LAYER CHARGE

C FO Q-(4¢/PIEV*ALI*(AOQ/BO) *%#2 —-AO0-BO*Z

C FA DERIVATIVE OF FOs Ay CALCULATED AT AOs BOs DATA POINT
C FB DERIVATIVE OF FOs Bs CALCULATED AT AOs BOs DATA POINT
C FQ DERIVATIVE OF FOs Qs CALCULATED AT AOs BOs» DATA POINT
C FI DERIVATIVE OF FOs 1+ CALCULATED AT AOs BOs DATA POINT
C I1TER NUMBER OF ITERATIONS

C ] MINIMUM SUM OF WEIGHTED SQUARED RESIDUALS

C SIGMA VARTANCE OF AN OBSERVATION OF UNIT WEIGHT

<

C R e R R A B R R A N AR R N R R RN AR E R IR R R XA R AN RN AR N R R R EE R EF N
C

C DATA MUST BE ENTERED IN ASCENDING ORDER OF TIME

C

DIMENSION Q(100)s AI(100)s TIME(100)s T(100)s TI(100)s ASTAR(100)
* BSTAR(100)» COMMT(12)s Z(100)s AQ(100)s W(100)s ERRORQ(100)s
# ERRORI(100)s RESA(100}s RESQ{100)s RESI(100)+FO(100)s FA(L100)s
# FB(100)s ALM(100)
PIE = 3.1416
RTPIE = 1.7725
10 WRITE(64+1)
1 FORMAT(1H1)
DO 3 I=1,2
READ(552) COMMT
FORMAT (12A6)
WRITE(636) COMMT
FORMAT(1Xs 12A6)
READ(545) N» DL +E
FORMAT(I552E1548)
READ(5,32) ITER
32 FORMAT(I5)
WRITE(6511) Ny DLsITER
11 FORMAT (///» 23H NUMBER OF DATA PAIRS = » 134// 24H DOUSLE LAYER
#COULOMBS =9 E15.8s 16H MICROCOULOMBSs // 13H ITERATIONS = »13)
READ(5y4) (TIME(I)s AI(I)sAQ(1)s ERRORI(I}s ERRCRQ(I)y I=1sN)
4 FORMAT(5E10.8)
DO 21 I=1,4N
Q(I) = AQ(I) - DL
T(I) = 0.001*TIME(I)
BSTAR(I) = Q(1) =(4./PIE)*AI(I)*T(])
21 Z(I) = SQRT(T(I1))

*rwn

[ ]
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19
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14

23

29
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THIS SECTION CHOOSES VALUES FOR AO AND BO BY OBSERVING WHERE
BSTAR = 0.

1 =1

IF (BSTAR(I)eLT«Ce) GO TO 8
I =1+ 1

GO 70 18

WRITE(6+19) 1

FORMAT(//y 29H FIRST BSTAR «LTe O« = BSTAR(s I24s 1H))

1 =1+ 1

IF (BSTAR(I)) 12+13514

TH(1) = T(I)

GO 70 9

L=1-1

TI(1) = =(BSTAR(L)*T(I1)=BSTAR(II*T(L))/(BSTAR(I)=BSTAR(L))

DO 23 I=1yN
ASTAR(I) = Q(I) = (4«/PIE)*TI(1)*AI(])
CALL FIT1(Ns Zs ASTARy As B)

LEAST SQUARES ADJUSTMENT OF AO AND BO

DO 27 U=141TER
AD = A
BO = B
K=J+1
TI(K) = (AO/BO)#*%2
WRITE(6529) AOsBOs TI(K)
FORMAT (/// 4H AO=s E15¢89 16H MICROCOULOMBS+10Xs4H BO=9 E1548
® 29H MICROCOULOMBS SECONDS*=1/2 ,10Xs 4H TIl=y E158s 8H SECONDS)
DO 25 I=1sN
FO(I) = Q(I) = (4./PIE)®AI(1)%(AQ/BO)%%2 —-AQ - BO*Z(I)
FA(T) = —B+*AO%AI(1)/(PIE*BO®%2) -1,
FBUI) = B.*AO%#2%AI(1)/(PIE*BO%*3) - Z(I)

W{I) = ERRORQUI)*#2 + (164/PIE*%2) ®ERRORI(I)»%2%(AQ/BO)**4
Cll = Qe
Cl2 = Qe
Cc22 = Qe
PHI1 = 0.
PHIZ = Q.
PHI3 = Q.

DO 26 I=1,N

Cll = C11 + FA(I)I®FA(I}/W(I)
Cl2 = C12 + FA(I)®FB(I)/W(I)
C22=C22 + FB(IL)#FB(I)/W(])

PHI1 = PHI1 + FA(I)*FO(I)/WI(1)
PHI3 = PHI3 + FOUI)®FO(I)/W(I)
PHIZ = PHI2 + FB(I)*FO(I1)/W(I)

DET = C22#C11 =-Cl2%*=2

DELTAA = (C22%PHI1 - Cl2%*PHI2)/DET

DELTAB = (~-Cl12#PHI1 + Cl1#PHI2)/DET

A = AO - DELTAA

8 = BO - DELTAB

DO 28 I=1N

ALM(II)= (FO(I) = FA(I)*DELTAA= FB(I)}*DELTAB)/WI(I)
RESQ(I) =ALM(I1)*(ERRORQ(I)*%2)

RESI(I) =ALM(I)®*(-4+/PIE)*(A*ERRORI(1)/B)**2
RESA(I) = RESQ(I) = (4e/PIE)*RESI(I)*(A/B)*=2
ASTAR(I)= Q(I) =(4./PIE)*AI(])*(A/B)*%2

S = PHI3 - PHI1*DELTAA = PHI2#DELTAB

SIGMA = S/(FLOAT{N) - 3.)

AL = -RTPIE*B/(2.%A)
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95 PERCENT CONFIDENCE INTERVALSs ASSUMES N IS INFINATE

SIGMAA= 1496%SQRT(C22/DET)

SIGMAB=1+96%SQRT(C11/DET)

AK = = 0.001%PlEXBE®2/ (44 %A)

KAPPA HAS UNITS OF MILLIAMPERES/ELECTRODE AREA

ALOGK = ALOG1lO(AK)
SIGMAK=SQRT((PIE*B/(2+*A) ) ¥ % 2% (SIGMAB* %2+ (B/ (2. %A) ) ¥¥2¥SIGMAA%*2) )
SIGMAK = 0.001% SIGMAK

THIS CONVERTS SIGMAK TO MILLIAMPERES

SIGMAL = SQRT((RTPIE/(2e%A) ) ¥#2% (SIGMAB*%*2 + (B/A)*%2%SICMAAR¥2))
SALOGK = SIGMAK/AK

CONFIDENCE INTERVALSs PERCENT

SIGAP = 100.%¥(SIGMAA/A)

S51GBP =(SIGMAB/8)#100s

SIGKP =(SIGMAK/AK)*100e

SIGLP =(SIGMAL/AL)*100.

SLGKP =(SALOGK/ALOGK)*®#100s

OUTPUT OF DATA

WRITE(6+15) As SIGMAAs SIGAP
15 FORMAT{//s B8H A =y E15e8y 27H MICROCOULOMBS 95X
#11H Cealel95) =9 E16+8s 2H =» E16.8s 8H PERCENT)
WRITE(6s41)
41 FORMATU(//»s S50(2H *))
WRITE(6s51) Bs SIGMABs SIGBP
51 FORMAT(//s 8H B =y E15¢8s 27H MICROCQULOMBS SECONDS=1/2 15X»
#11H Cele(95) =y E16¢8y 2H =3 E16.8s BH PERCENT)
WRITE(6+52) AKs SIGMAKs SIGKP
52 FORMAT(//s 8H KAPPA =, E158y 27H MILLIAMPERES 25Xy
#]11H Celoe(95) =y E16.8y 2H =3 E16.8y BH PERCENT)
WRITE(6+53) ALs SIGMALs SIGLP

53 FORMAT(//+ 8H LAMBDA=, E15.8s 27H SECONDS*-1/2 95X
#11H Cele(95) =3 E16a8sy 2H =5 E16e83 8H PERCENT)
WRITE(6941)
WRITE(6554) ALOGKs SALOGXs SLGKP

54 FORMAT(//»s 8H ALOGK =5 E1548s 27H 25X

#11H Celel95) =9 E16e8y 2H =9 E16e8s 8H PERCENT)
WRITE(6940) DETs S» SIGMA
40 -FORMAT(//» 6H DET =» E1548%// 36H MINIMUM WEIGHTED SUM OF RESIDUAL
#S =y E1548y // 20H VARIANCE WEIGHT=1 =y E15.849X)
WRITE(6933)
33 FORMAT(1Hls // 1X» 19H QCORsMICROCOQULOMBSs 5Xs 11H Q RESIDUAL»9X»

# 16H AI+MICROAMPERESs 9Xs 12H Al RESIDUALs 10Xs 14H TIMESMILLISEC

* 9 4X9 20H BSTARIMICROCOULOMBSs/7//)

WRITE(6+31) (Q(I)sRESQEI)AItI}sRESI(I)STIME(I}+BSTARII)» I=19N)
31 FORMAT (E15.89 5E23.8)

WRITE(&6s34)
34 FORMAT(1H1l,s // 6Xs 2H Z» 18Xs 6H ASTARs 14Xs» 15H ASTAR RESIDUAL»

# 11X+ 7H ERRORQs 17Xs 7TH ERRORIs 18Xs 2H Ws//)
WRITE(6931)(Z(1)sASTAR(I)s RESA(I)I+ERRORCG(I)SERRORIII) oW (I)sI=14N)
PUNCHED OUTPUT FOR USE IN LEAST SQUARES LOGK VS E PLOTS
PUNCH 42+Es ALOGKs SALOGK

42 FORMAT( F10.092E15.8)
GO TO 10
STOP
END
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SUBROUTINE FIT1(NsXsYsAsD)

2 PARAMETER LINEAR LEAST SQUARES ANALYSIS

X COORDINATE FREE OF ERRORs Y COORDINATE
ASSOCIATED WITH CONSTANT ABSOLUTE PRECISIONe
PROGRAMMED FOR PeJsL INGANE BY MaSeITZKOWITZ

A INTERCEPT ON Y AXIS
B DY/DX

DIMENSION X(100)sY(100)
SUMY=0

SUMX=0

SUMXY=0

SUMX2=0

DO3I=14N

SUMY=SUMY+Y (1)

SUMX=SUMX+X (1)
SUMXY=SUMXY+X{1)#Y(I])
SUMX2=SUMX2+X (1) %X (1)

CONT INUE
DET=FLOAT(N)#SUMX2-SUMX*SUMX
A=(SUMY*SUMX2-SUMX*5UMXY ) /DET
B=(FLOAT (N)*SUMXY=SUMX*SUMY ) /DET
RETURN

END

10718763
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CHAPTER 6.

Investigation of the Kinetic Parameters of the

Zn(I1)/ Zn(Hg) and Cd(I)/Cd(Hg) Couples

The purpose of the work described in this chapter is to verify
the validity and the usefulness of the A* approach to the determination
of the kinetic parameters of electrode reactions. The second purpose
of this study is to investigate the apparent concentration dependence
of the rate constant for the reduction of cadmium from sulfate solutions.
This effect appears to be characteristic of fast reactions and is inde-

pendent of the method of data treatment.

Hegulls and Dispuasdon,

The iterative least squares computer program described in
Chapter 5 appeared to work very well; the a and b values became
very constant after 3-4 iterations. The x? values, cf. Eqn. (26),
Chapter 5, are listed in the tables and indicate that the weighting
scheme is essentially correct. The experimental weights vary over
a range of about 100:1 with the short time points being weighted most
heavily.

The experimental values of Q were corrected for "double-layer
charging' by ﬁ1easuring Q in the absence of the electroactive species

for each step potential; this correction had little effect on the results.
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The results for the reduction of Zn(II) in 1 F NaClO, are sum-
marized in Table I. The values of K determined from Aﬂ< - t% plots
for t = 2.0 msec and from I - t";j plots for t < 1.8 msec are in good
agreement. The rate constant, calculated from the value of K at
(E - E°) =0, is 3.04x 10™° cm/sec and @, calculated from the slope,
is 0.19, in agreement with the values kg =3.26+ 0.12x 10™° cm/sec
and a = 0.30 determined by faradaic impedance (52).

The limiting slope of the A* - t% plots does not appear especially
constant, but it should be realized that the confidence intervals cor-
responding to this slope are in the 5-10% range. If we assume that
the limiting slope has the value 350 ucouIOmbs/sec%, we calculate a
diffusion coefficient from Eqn. (9), p.75, for Zn(iI) of 1.2 + 0.3 X 10™° cm?/
sec. This seems to be high.

1
2

Experimental values for Q and A* are plotted vs. t? in Fig. 13.
This figure shows clearly that it would be impossible to apply the
Q - t% procedure to a couple as slow as Zn(II)/Zn(Hg) since t > 6 sec
for At% > 5 and at times this long the sphericity of the hanging drop
will be very important. The point at which the I - t% plot becomes valid
(At% < 0.1) is also indicated. |

Thus we have demonstrated that this least squares method

of data treatment is capable of choosing a and b so as to achieve a

* 1 1
linear A - t2 plot over the entire range of A\tZ. The kinetic parameters

(52) J. H. Sluyters and J.J.C. Oomen, Rec. trav. chim., 79,
101 (1960). ok,
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TABLE 1
11.1 mF Zn(II) in 1.0 F NaClO,, pH 3.4

Einitial =
kg =3.04% 107® cm/sec, @ =0.19

-0.850v. E; =-1.002 v. vs. S.C.E.
2

E b

—_— . ucoulo%bs A i Kb KC

8.C.E. N sec 2 sec 2 m amp m amp
984 1.48 93, +2.4% 2.1+0.13% 0.171 + 0.013% 0.104
994 2.28 143, % 4. 1.7+ 0.12  0.215+ 0.019  0.222
1004 1.20  199. = 7. 1.6+ 0.14 0.286+ 0.030 0.273
1014 0.77 226.+10. 1.6+0.17 0.317 +0.040 0.328
1024 0.44 275.+14. 1.7+0.20 0.405+ 0.059  0.407
1034 1.28 344. +15. 1.4+ 0.14 0.441+ 0.054  0.475
10449 2.88 159.£1.2 9.5+ 0.17 1.34 +0.030 0.522
1064 1.11  378.+17. 2.0+0.23 0.67 +0.092 0.720
1084 0.45 359.+8. 2.8+0.17 0.89 +0.062 0.897
1124 1.67 308.+4. 7.4+£0.50 2.03 +0.14 1.400

895% confidence intervals
b * 1
from A - t2 plots
1
€ from I - t2 plots

dneglected
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Figure 13. A and Q vs. t? for the reduction of 11.1 m¥ Zn(I0)
in 1.0 F NaClOg, pH =3.4, 24.8 + 0.2°C. E - E; = -22 mv.
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calculated from a and b are in agreement with those determined by other
techniques. The A" t% approach to the determination of kinetic param-
eters has been experimentally verified.

Data for the reduction of Cd(II) in sulfate and perchlorate media
are presented in Tables II, III, and IV. The limiting values of b yield
values of the diffusion coefficients of 0.60 and 0.74 x 10~° cm?/sec for
the 9.25 and 18.5 mF cadmium sulfate solutions respectively, in agree-
ment with the value in nitrate media (53).

The rate constants determined for these solutions are sub-
stantially in error. The value of kg obtained from the cadmium sulfate
data are in agreement only with the values obtained by the Q - té method
(46). Plots of log K vs. E are shown in Fig. 14; this figure shows
clearly the anomalous fact that K is essentially independent of the con-
centration of cadmium. The rate constant determined for the reduction
of Cd(II) in perchlorate media is more than an order of magnitude
smaller than that obtained by faradaic impedance (54).

The A* - t% plots for all the cadmium solutions exhibit excellent
linearity; it should be emphasized that the same values of the slope
and the intercept would be obtained from the Q - t% plots since ht% > 8

for most of the data points. Therefore, the seemingly anomalous rate

(53) D. J. Macero and C. L. Rulfs, J. Am. Chem. Soc., 81,
2942 (1959).

(54) J.E.B. Randles, in Transactions of the Symposium on
Electrode Processes, Philadelphia, May, 1959, edited by E. Yeager,
John Wiley & Sons, New York, 1961, p. 209.
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9.25 mF Cd(I) in 0.5 F Na,SO,, pH = 5.9

Einitial =

-0.470 v. E; = -0.601 v. vs. S.C.E.
2

k, =1.38x 107° em/sec, a =0.28

-E
570 0.53
580 1.14
590 1.23
600 1.04
610 0.83
620 2.56
630 0.32
640 0.62
650 0.69
660 0.83
680 1.02
700 0.58

,ucou?onibs A 1 K
sec 2 sec 2 mA

16.4 + 0.3%  34.7+4.0% 0.505+ 0.060%
31.1+ 0.5  20.5+1.8  0.564+ 0.052
54.8+ 1.0  15.3+1.2  0.741 + 0.064
89.7+1.9  10.8+ 1.0  0.860+ 0.086
135. =+ 2.7 8.4+ 0.7 1.01 = 0.094
152. +2.2 11.9+ 0.9 1.61 = 0.13
184. +4.4  10.6+1.1 1.72 + 0.19
192. +3.7 13.7+1.3  2.33 =+ 0.24
202. +4.6 15.5+1.6  2.76 =+ 0.31
207. +4.1  18.4+1.7  3.37 =+ 0.34
207. +3.7 26.4+2.5 4.83 + 0.48
198. £3.7 44.8+7.3  7.89 +1.30

495% confidence interval
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TABLE III

18.5 mF Cd(II) in 9.5 F Na,SO,, pH = 5.9

Ejnitial = ~0-470 v. Ey = -0.601 v. vs. S.C.E.

ky =0.75x 107 cm/sec, @ =0.22

- ucou?ombs X
gl%%.ﬁ X sec_é sec_% mlimp
570 0.26 34.9+ 0.5 20.3+2.2% 0.626+ 0.071%
580 0.74 65.2+ 1.1 11.9+1.0  0.690+ 0.064
590 0.84 120. = 2.5 7.7+0.6  0.824 £ 0.069
600 0.69 191. + 5.8 5.7+0.5  0.961 % 0.10
610 0.72 265. + 7.4  5.1x0.4 1.20 = 0.11
630 0.52 406. + 10. 4.7+0.4 1.69 +0.16
640 0.81 435. =+ 14. 5.6+ 0.6  2.17 + 0.27
650 2.39 456. = 16, 5.8+0.6  2.34 £ 0.29
660 1.36 456. =+ 15. 6.9+0.8 2.78 = 0.34
680 3.27 442. + 14. 10.6 £+ 1.6  4.17 + 0.67
700 1.59 443. = 12. 12.7+1.8  5.00 +0.74

295% confidence interval
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TABLE 1V

9.25 mF Cd(II) in 1.0 F NaClO,, pH = 1.4 (nitric acid)

[

’

k?l =1.41%x107%, o = 0.26

E;nitial = -0-470 v. Ei =-0.564 ys. §.C.E.

B ,ucm?lombs A -
EWCyE§ ? @02 . mhamp
570 0.38 89. + 4. 14. + 3, 1.13 + 0.30%
580 0.90 135. + 5. 11. £ 2. 1.33 + 0.28
590 0.24 170. = 9. 11. + 3. 1.70 + 0.44
600 0.48 195. + 9. 13, + 8, 2.20 + 0.54
610 1.16 216. + 11. 14. £ 3. 2.67 + 0.68
620 1.92 218. # 10. 18. + 4. 3.38 % 0.90
630 2.00 225. + 9. 20. + 4. 4,05 + 0.82
640 0.98 226. + 9. 26. £ 5. 5.1 +1.5
650 1.50 217. + 8. 45, + 16. 8.6 + 3.2
660 1.10 223. + 9. 37. %12, 7.4 +2.4
680 0.60 221. + 8. 56. + 22. 10.9 +4.4
700 1.44 221. = 7. 69. + 26. 13.5 +5.2

ay 5% confidence interval
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Figure 14. Plot of log Kvs. (E - E1) for the reduction of Cd(II)
in 0.50 F Na,SO,, pH = 5.9, 26°C. 2 E; = -0.601 v. vs. S.C.E.
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constants determined for the cadmium solutions are not due to the
particular method of data calculation.

Since the conclusion of this work, Oldham (55) has suggested
that the explanation for these effects lies in the consideration of the

influence of uncompensated resistance on the performance of an elec-

tronic potentiostat. Figure 15 illustrates both the schematic repre-
sentation of the potentiostated indicator electrode and its equivalent
circuit. Within the current and voltage limitations of the potentiostat,
the ability of this circuit to maintain the re_ference electrode E volts
above ground potential is independent of the magnitude of R;. An ideal
potentiostat is powerless however to maintain the potential drop across
the faradaic resistance Rf at E volts. The potential dro.p across the
faradaic resistance will be E - i (R, + R,) where R, and R, are res-
pectively the resistance in the capillary or in the leads to the summing
point of the current measuring amplifier and the resistance corres-
ponding to the ohmic drop in the solution between the tip of the reference
electrode and the suriace of the indicator electrode. The sum of R,
and R, is the uncompensated resistance in the circuit.

Lauer and Osteryoung (56) have ungrounded the positive input
of the potentiostat and have fed a voltage back to this point which is
proportional to the current passing through the cell. In this way they

have minimized the effects of uncompensated resistance and have

(55) K. B. Oldham, J. Electroanal. Chem., 11, 171 (1966).

(56) G. Lauer and R. A. Osteryoung, Anal. Chem., in press,

1966.
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potentiostat

ref

ind

Ry = R, + R, SR,

=

Figure 15. Schematic representation of an electrochemical
cell in the presence of uncompensated resistance.
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demonstrated that under these conditions the potential step technique
yields values for the rate constant which are indeed independent of the

concentration of the electroactive species.

Conclusions

This work has shown the necessity for a modified experimental
setup such as that developed by Lauer and Osteryoung (56) in order that
the influence of uncompensated resistance may be minimized. In ad-
dition, the A>|< approach to the determination of kinetic parameters
from potential step measurements has been shown to be superior to
either the I - t% or the @ - t% methods because it eliminates the need
for long or short time criteria and thus the possibility of operator
bias in the fitting of the data and because of the capability for the
evaluation of statistical parameters from the data.

When applied in the semi-manual fashion outlined here, the
A* approach is prohibitively time consuming. Lauer and Osteryoung
(38) however have developed a data aquisition system built around a
multichannel analyzer. This system is capable of producing precise
data in the form, for example, of punched cards directly compatible
with the computing facilities. The method of data treatment outlined
here, when used in conjunction with this or a similar data acquisition
system, is the best available method for the estimation of kinetic

parameters from potential step measurements.
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Experimental

A stock solution of 8 F NaClO, was prepared by neutralizing
60% perchloric acid with solid sodium carbonate. The solution was
boiled while still slightly acid to remove most of the dissolved carbon
dioxide and the pH was then adjusted to ca. 7 with sodium hydroxide.
The standard cadmium nitrate solution was prepared by weight by
dissolving Baker and Adamson Cd metal in nitric acid. The standard
zinc perchlorate solution was prepared by weight by dissolving B & A
zinc shot in an equivalent quantity of perchloric acid plus excess nitric
acid. This was evaporated to decomposition of the zinc perchlorate
and redissolved in a minimum amount of dilute perchloric acid; the
solution therefore contained a small amount of chloride. All test solu-
tions were prepared by dilution with triply distilled water of specific
conductivity less than 2 x 107% (ohm-cm)™.

The electronic arrangement is similar to that described in
Chapter 4 (cf. Fig. 10)with the exception that relay 2 was removed
from the circuit since it is unnecessary. The supporting equipment
is also essentially as described in Chapter 4. Four Polaroid pictures
were taken at each potential covering time intervals of 10, 50, 200,
and 1000 mseconds.

A Kemula-type hanging mercury drop electrode was used (area
= 0.041 cm?). the cell was deaerated with prepurified nitrogen

( <8 ppm 0,).
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II. FARADAIC INTEGRATION OF THE DIFFUSE DOUBLE LAYER

General Statement of the Problem
NVWVWVVWVV\N\/V‘\NWVVVVW\M

Electrochemical phenomena are divisible into "faradaic' and
"non-faradaic" processes. Faradaic processes are characterized by
the fact that chemical changes accompany the flow of charge across
the electrode/electrolyte interface; non-faradaic processes involve the
flow of charge onto the surface of the electrode and are unaccompanied
by chemical changes. The presently available techniques for the de-
termination of the net charge residing on the surface of an electrode
are non-faradaic in nature. These include those techniques based on
the determination of the charge that flows upon changes in the area of
the electrode (57-59), the integration of double layer capacitance curves
(60,61), and the application of the Lippman equation to the differentia-

tion of electrocapillary curves (60, 62, 69).

(57) F. C. Anson, Anal. Chem., 38, 54 (1966).

(58) J. N. Butler and G. L. Meehan, J. Phys. Chem., 68,
5041 (1965). ~

(59) G. Lauer, unpublished experiments based on a dipping
platinum electrode (1964).

(60) R. Parsons, in "Electrochemistry and Electrochemical
Engineering," Vol. I, P. Delahay, Ed., Interscience, N.Y., 1961,
Chap. 1.

(61) D. C. Grahame, Chem. Rev., 41, 44] (1847).

(62) H. D. Hurwitz, J. Electroanal. Chem. , 10, 35, (1965)
and references contained therein. -
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This problem was undertaken with the hope of developing an
electrochemical technique whereby the excess charge in the region of
the diffuse double layer, and thus the electronic charge on the elec-
trode in the absence of specific adsorption, could be measured by the

direct electrolysis of the ions comprising the diffuse layer. This tech-

nique involves the faradaic integration of the excess charge in the
diffuse layer rather than the determination of the electronic charge in
the surface of the electrode.

The essential premise upon which this investigation is based
is that "integral" electrochemical techniques, which determine the
quantity of '"mon-diffusing' reactant "adsorbed' on the surface of the
electrode, measure not only the reactant which is chemisorbed to the
electrode surface but also that reactant which is electrostatically at-
tracted into the diffuse double layer. This latter quantity is usually too
small to be measured because the diffuse layer is usually composed
almost entirely of non-electroactive ions because of the presence of a
large excess of supporting electrolyte. If, however, the concentration
of the supporting electrolyte were decreased to a value comparable to
the reactant concentration, significant quantities of reactant should be
present in the diffuse layer and should be capable of detection and

measurement.

porting Electrolzte

The expressions describing the response of an electrochemical
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system to the application of a particular electrochemical technique have
generally been derived under the assumption that diffusion is the sole
method of mass transport. Since this assumption is not valid under
our experimental conrlitions, it is necessary to consider what modifica-
tions are needed.

The modifications of the "'diffusion equations' needed, in the
absence of supporting electrolyte, to account for the transport of ionic
species by "migration have been fully discussed by Kies (63) and by

Morris and Lingane (64,65). Fick's First Law becomes

e CD — FC
J = - Fgi Vi = -D(vC +—ZﬁT—-V¢J) (1)

where J and pu are the flux density and the electrochemical potential
of a particular ionic species and ¢ is the electrical potontial in the solu-

tion. Fick's Second Law becomes

o C. z.FC,
___Ja = DJ(VC] + ——JRTlvﬁb)r i=1,2,...N (2)

When an equation of this form is written for the electroactive species
(j = 1) in the presence of excess supporting electrolyte, the product
z,C;Vo is negligible and the more familiar form of this law results.

It is usual to assume that the diffusion coefficient is independent

(63) H. L. Kies, J. Electroanal. Chem. 4, 156 (1962).

(64) M. D. Morris and J. J. Lingane, J. Electroanal. Chem. ,
6, 300 (1963).

(65) M. D. Morris, J. Electroanal. Chem., 8, 1 (1964).
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of position in the solution, i.e., YD =0. Thus Egn. (2) becomes
b

0C. AN D z.FD.
—d = I 1 e
5 DJ.Y/ZC]. t g Ve o+ HApplvCive; j=1,2...8 (3)

In general, an equation of this form must be written for each species
in the solution and the resulting system of simultaneous differential
equations is solved for the various solution concentrations.

Certain simplifications result if the solution contains only two
ionic species. Under these conditions, there are only two equations

of the form of Eqn. (3) and n = z,.

e = pv'e, + 2EEDG 4 B g, vy (4)
aC 2 FC D g FD i
30 = DG o+ BpghJo + Ippavc-ve (5)

where the subscript "1'" denotes the electroactive species and the sub-

script "3" the counter ion. Using the electroneutrality expression

z,C, + z,C; = 0(66), we combine Eqn. (4) and (5) to obtain
oC 2
'*a_tl— = DSV Cl (6)
where
D, = D\Dy(z, - z)/(z,D, - z,D;) (7)

(66) The validity of this assumption has been discussed by
Levich with an approximate diffusion layer treatment. Cf. V. G.
Levich, "Physicochemical Hydrodynamics,'" Prentice-Hall, Inc.,
Englewood Cliffs, N.J., 1962, p. 248 ff.
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Note that the form of Eqn. (6) is identical to the usual formulation of
Fick's Second Law with a different numerical value for the proportionality
factor. The current passing through the cell is the sum of the charge

flux densities of both the anions and the cations.

, i
¥ = -z,D,(FC, + ZIJ{% CivVe) - 23D (VG + %T Csv9) (8)

Since the flux of C; is zero at the electrode surface,

? _iy z, ¥ s
~ = — = D,(VC, + 34 C,vo)-R 9
Tl _o = ZF 1 (VG + Fop CVe) IX:() (2)
and
" 3 RT L
W‘XlXZO = - EB—FC;VCa }xIXzO (10)

Therefore the current density at the electrode surface is given by

‘iifT‘ = D, BiBigc x| _ (11)
3

Thus the form of the expression relating the current density and the
concentration gradient of the reactant is unchanged in the absence of
supporting electrolyte and a multiplicative factor "(z; - z,)/z," is
introduced.

The gradient of the electrical potential is composed of an ochmic
and a liquid junctidn term and can be obtained at any point in the solu-

tion by substituting the electroneutrality relationship into Eqn. (8)

- RT i
¥p = ¥FC,(z,D, - ZsD5) BB - (Dl - Ds) Ve, (12)
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These basic equations define the mass transport problem in
the absence of supporting electrolyte. Because the form of Fick's
Second Law and the form of the boundary conditions are unchanged in
the absence of supporting electrolyte, the form of the solutions for Cy
and C; are unchanged. The parametric dependances of these solutions
on time, current density, bulk concentration, etc. are not altered and
the numerical constant "(zg - zl)/za" appears in all flux expressions.
Specific examples of the solutions under chronopotentiometric and
potentiostatic boundary conditions are given in Chapters 8 and 9.

Morris and Lingane (64) have demonstrated that the exact solu-
tions in the presence of small amounts of supporting electrolyte are
adequately approximated by solutions of the same form as those ob-
taining in the presence of supporting electrolyte. In tr.ating our own
data, we have adopted the approach of Morris and Lingane and have
assumed that the parametric dependences are unaffected by the pres-

ence or absence of supporting electrolyte.

Characteristics of the Pilot Ion
M’VV‘VVW\W_VWW\M'VW'VW\AA

Before progressing to the discussion of the measurerment of
the electroactive charge in the diffuse double layer, it is well to con-
sider the magnitudes of the quantities we will be attempting to measure
and the characteristics which influence the choice of the pilot system.
A suitable pilot ion must possess a standard potential several

hundred millivolts removed from the decomposition potential of the
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supporting elzctrolyte and a large heterogencous rate constant so that
the electrolysis of the pilot ion can support very high current densities,
for a few milliseconds, at 100 per cent current efficiency.

Inspection of tabulations (67, 68) of the electronic charge on
the surface of mercury electrodes in the absence of specific adsorption
indicates that Qe becomes as positive as perhaps +20 ,uC/cmz at +0.2 v.
vs. S.C.E. and as negative as perhaps -25 uC/cm” at about 1.8 v. vs.
S.C.E. In reality however, the requirement that the potential at which
the electrolysis of the pilot ion occurs be removed from the decomposi-
tion potential restricts the range of measurable diffuse layer charge
to perhaps =10 pC/em”.

Certain electrochemical techniques require the presence of
appreciable quantities of supporting electrolyte; e.g., the uncompensated
resistance becomes unmanageably large in the absence of supporting
electrolyte in the potential step chronocoulometric technique. If the
supporting electrolyte and the electroactive ions are of the same charge
type, both +1 or +2 cations for example, the charge in the diffuse layer
due to the electroactive material is reduced by approximately the ratio
of the bulk concentration of the electroactive cation to the sum of the
bulk concentrations of all of the cationic species. On the other hand,

the electroactive species would be preferentially attracted into the

(67) D. C. Grahame and B. A. Soderberg, J. Chem. Phys.,
22, 449 (1954).

(68) H. Wroblowa, Z. Kovac, and J. O'M. Bockris, Trans.
Faraday Soc., 61, 1523 (1965).
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diffuse layer if it is more highly charged than the cation of the support-
ing electrolyte (69). This effect is sufficiently large that a +2 cation
composes more than 50 per cent of the charge in the diffuse layer even
in the presence of a 10-20 fold excess of +1 supporting electrolyte.
Thus it is desirable, nay mandatory, to employ a doubly or triply
charged pilot ion and a singly charged indifferent electrolyte.

It would be advantageous if the electrolysis of the pilot ion con-
sumed more chargethan the ion contributed to the formation of the diffuse
layer, i.e., |nl> |z|, because this would improve the absolute pre-
cision with which the surface excess of the pilot ion in the diffuse layer

could be measured.

Non-Equilibrium Changes in the Composition of the Diffuse Lavyer

As discussed in detail in Chapter 7, the equilibrium distribution

of ions in the diffuse layer can be estimated on the basis of Gouy-Chapman
theory. In this section a model is developed to describe the transient
response of the diffuse double layer to changes in the magnitude of the
electronic charge on the surface of the electrode. The essential charac-
teristic of this model is that the relaxation time of the diffuse double
layer is much smaller than that of any diffusion controlled process. The
purpose of this model is to provide an approximate estimate for the re-

laxation time of the diffuse layer and to provide a basis for understanding

(69) K. M. Joshi and R. Parsons, Electrochim. Acta, 4, 129

(1961).
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the manner in which the charged components in the diffuse layer change
during an electrochemical experiment.

The field arising from the incomplete polarization of the diffuse
layer at the surface of a planar electrode does not decrease in intensity
as the distance from the electrode increases; the forces acting on an
ion in the bulk of the solution are similar to the forces acting on an ion
in the vicinity of the electrode. Therefore, we expect that the field
arising from the incomplete polarization of the diffuse double layer will
accelerate all of the ions of one charge towards the electrode and will
repel all of the ions of the other charge, independent of their distance
from the electrode. In this fashion, the net change in the charge in the
diffuse layer is effected without the creation of any concentration gradi-
ents in the solution except at the surface of the electrode, i.e., in the
region of the diffuse layer itself.

We can approximate the relaxation time of the diffuse layer in
the following fashion. Should the magnitude of the electronic charge on
the surface of the electrode exceed that in the diffuse double layer by
o pC/em’, a field of about 144 ¢ kv/cm would exist throughout the solu-

tion.

-6 2
g6 = I - ox 10" C/em - 144 o kv/cm (13)

K€y 78.5% 8.85x% 107 C/v. em

Since the mobilities of most ions in aqueous solutions are of the order
of 6-8 x 107 cm”/ volt-sec, the ionic components of the solution would

achieve velocities of the order of 100 ¢ cm/sec under the influence of
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this field. A uniform translation, at velocities of this magnitude, of
the anionic and cationic lattices would require about 1/10C to change
the diffuse layer charge by o pLC/CIllz. This is of the order of 100 nano-
seconds for a symmetrical electrolyte of concentration 107° equivalents/
Cnls .

Since the relaxation time of the diffuse layer appears to be con-
siderably smaller than that of any diffusion controlled process, an
additional consequence of this model is that diffusive forces do not
begin to establish the ultimate e;;uilibrium concentration distributions
until after the equalizatibn of the charge in the diffuse layer to that on
the surface of the electrode. The equalization of the diffuse layer
charge to that on the electrode surface is effected essentially instan-
taneously by the transport of ionic material in and out of the region of
the diffuse layer in proportion to their transport numbers in the bulk
of the solution.

We can illustrate this last point by considering the following
thought experiment. Suppose that a mixture of 0.5 mF zinc perchlorate,
2. mF sodium perchlorate is in equilibrium with a mercury electrode
at its point of zero charge. -4.95 uC/cm?® of surface charge are in-
stantaneously injected onto the electrode surface and the region of the
diffuse double layer is allowed to relax and establish an excess surface
charge of +4.95 pC/cm® in the diffuse layer. The relative transference
numbers of the ionic components in this solution may be calculated
= 0.28:0.15:

+: ++: 3 - =
Wat Agatt YApg,
2 0 v h ] s 1
0.57. The net change of +4.95 pC/cm’” in the excess charge in the

using the data in Table I. 2x
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Table I

Diffusion Coefficients and Equivalent Conductivities

of Various Jons at Infinite Dilution at 25°C (70,71)

_Jon X, em’/ohm D x 10°, cm’/sec
Ba®™" , 63.6 0.85
Co'™ 49. .66
O F 54. .72
H* 350. 9.34
14" 39. 1.04
Na™ 50.5 1.35
T1" 75. 2.00
Zntt 54. 0.72
C1” 76. 2.03
Cl0,” 67.3 1.80
NO,” 72. 1.92

(70) R. Parsons, "Handbook of Electrochemical Constants,"
Academic Press, N.Y. 1959 p. 85.

(71) 1. M. Kolthoff and J. J. Lingane, "Polarography,"
Interscience, Inc., N.Y. , 2nd Ed. ]952 D. ‘52,
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diffuse layer is considered to be effected, initially, by the attraction
of 1.40 pC/cm® of Na™ and of 0.75 pC/cm® of Zn'™ into the region of
the diffuse layer and by the rejection of 2.80 pC/em” of C10O,” from
this region. Once charge equilibrium has been established, the much
slower process of diffusion is considered to reject 0.76 pC/cm® of
Na™ and to accept 3.34 pC/cm® of Zn™* and 2.60 ©C/cm® of ClO,” back
into the region of the diffuse layer so as to establish the ultimate equili-
brium distributions. (Cf. Chapter 7, Table I, p. 123).

This model is especially useful in interpreting the amount of
"adsorption" determined by a particular electrochemical technique.
For example, in those cases in which the potential of the electrode
changes appreciably during the experiment, e.g., in potential step
chronocoulometry or in chronopotentiometric experiments in which the
indicator electrode is initially biased to a potential far removed from
E%’ the measured value of the surface excess of the electroactive species
in the diffuse layer should be given by the following expression,

Z, Cols
I, | T(E,) + —28M__ g (E, E,) (14)

obs 0
F3lz.lCc.al
E{ ) JA]

where Q ,(E,, E,) is the net change in the diffuse layer charge between
the potential limits E, and E; and where Zlcl/\f/}}[ Zj‘ CjA(].) is the trans-
ference number of the electroactive species.

Let us consider the manner in which charge equilibrium is main-

tained between the diffuse layer and the electrode surface in the total
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absence of supporting electrolyte. This is a very interesting situation
because the possibility exists for "trapping' electroactive material in
the diffuse layer under these conditions. If the potential of the electrode
is changed abruptly from E, to E,, the change in the surface excess of

cations in the diffuse layer should be given by Eqn. (15); this change is

A¢.')
AT, = ——F——— Qu(E,, E,) (15)
Ky, = z x?

represented as the upper shaded region of Fig. 16. It is clear that a
quantity of cations equal to the total surface charge in the diffuse layer,
the entire shaded region of Fig. 16, cannot react at the electrode because,
for it to do so, would result in the elimination of the diffuse layer. There-
fore the concentration profile of the material which can react at the
electrode is actually given by [z_/z+| C_! Since the charge density of

the "reactive' material is reduced by an amount z_FAT _ in the region

of the diffuse layer (the lower shaded region of Fig. 16) upon the change

in electrode potential from E, to E,, it is clear that the observed sur-

face excess of electroactive material will be less than the equilibrium

value characteristic of E,.

Z
T, lops = T(E,) - . AT_ < T (E,) (16)

The chapters in this section will discuss the results of calcula-
tions of the surface excess of the different ionic components of the diffuse

double layer for representative solution mixtures and the results of the
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Concentration

Distance

Figure 16. Schematic representation of the initial change
in the composition of the diffuse layer following an abrupt
shift in the potential of the electrode from E; to E;, < E,.
For pictorial convenience, E, was chosen to be the potential
of zero charge and the solution was assumed to contain only
a single symmetrical electrolyte of concentration CS.
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application of the chronopotentiometric and potential step chronocoulo-

metric techniques to the attempted "faradaic integration" of the diffuse

double layer.
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CHAPTER 7.

The Relative Population Densities in the

Diffuse Double Layer for Mixtures of Ions

In the absence of specific adsorption, the psi potential and the
excess charge in the diffuse double layer can be related by the Gouy-
Chapman Theory (72). This relationship can be expressed as follows

for an infinite planar electrode,

< -z.F,/RT 8
il 1= EZjFrj - i[_21r_€ Z, C},S(e - - 1)} (1)
]

o

where -o is the excess surface charge in the diffuse layer in C/cm?,

th jonic species in moles/cm?, ¢ is the

1"]. is the surface excess of the j
dielectric constant in the nonrationalized, MKS system (78.5x 1.11 X
107* C/volt-cm in water at 25°C), C;’ is the bulk concentration of the
jth ionic species in moles/CmS, zj is the charge, with sign, of the jth
ionic species, i, is the psi potential measured at the outer Helmholtz
plane (x =x,), and the summation is taken over all of the ions in the solu-
tion. The notation is that of Delahay (72).

The contribution of individual ions to the excess surface charge
in the diffuse double layer can be calculated as follows,

w0

: = z.FI". = . - 2. FCS)ax' 2
9 g e fxz (p; - 2;FCy)ax (2)

(72) P. Delahay, "Double Layer and Electrode Kinetics, "
Interscience, Inc., N.Y., 1965, Chapter 3.
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where p]. is the charge density of the jth ionic species in C/cm’ at a

distance x" from t-he electrode surface and szC;c’ is .the uniform charge
density of the jth ionic species in the bulk of the solution. The integra-
tion is carried out over that region of the solution where the psi poten-

tial is non-zero. Since

pj(x) L szst exp[nszt,f/(x)/RT] (3)
\AVERV U &T%I‘— E C;.g{exp - szt;//RT - 1} (4)
J

Equation (2) becomes (69)

Fy/RT 1
s =inFCS ) [@-Télﬁzc]s( “ \ -1)]°
( R 1) V- dx (5)
%
B g ot u’-1 du
= 4+ szC]. L(‘Pz) [zcjs (qu 1)]_;: a (6)

c
ll

exp (- F(x)/RT)

For solutions of salts of the same charge type, i.e., z, = Zy = ~Zj,

Eqns. (1) and (6) reduce to their more familiar forms,

. 7 /
sinh (J L R%\Ez) (7)

Do

s = 9|RTeC®
B 2T
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oS\ 3 [ £z Fyn/2RT
q? s:iB?'ﬁT_cgm !:e -1 (8)

where C® is the sum of the concentrations of the cations in the bulk of
the solution and where the + signs in (8) refer to cations and anions
respectively.

We have evaluated Eqn. (6) for three component salt mixtures
containing a +2 pilot ion, a singly charged indifferent cation, and a
singly charged counter ion. The composition of the mixtures were
chosen to include solutions comparable to those employed in this re-
search program. We repeated the original calculations of Joshi and
Parsons (69) in the course of debugging the method of calculation and
agreement was obtained.

The numerical integration of Eqn. (6) was performed by the
application of Simpson's rule. The integration interval was subdivided
until the error in the integral was less than about 0.1 per cent. Some
difficulty was experienced in the calculation of the integrand foru ~ 1
under conditions where both the numerator and the denominator are
tending to zero. Therefore the integrand was set equal to zero for
|1 -u| <107,

Unfortunately, Eqns. (1) and (6) cannot be combined to obtain
the total charge density in the diffuse layer as the dependent variable.
Therefore the results of these calculations are presented in Table I as
a function of the psi potential. This table is directly applicable to either
solutions of doubly charged electroactive cations or electroactive anions.

When the table is applied to anions, y, is replaced by -{,. This feature
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Table 1

Charge composition of the diffuse double layer for a solution composed of a mixture
of 0.5 mF doubly charged cations and varying amounts of a singly charged supporting elec-
trolyte with a common counter-ion. Calculated from Gouy-Chapman theory in the absence of

specific adsorption.

A. 0.5 mF supporting electrolyte

V. mv Qe’ uC/em? -2F1"'1/Qe 2FC, LC/em® FI,, LC/em?® -Fly, uC/em?
=13C =-20.746 0.980 20.326 0.278 Ca126
-128 -16.196 0.978 18.782 0.273 C.126
-126 -17.763 0.977 11.355 0.268 C.l126
=124 -16.437 0.976 16.035 0.263 C.126
-122 =15.210 0.974 14.814 0.258 Cs127
-120 -14,C75 0.972 13.685 0.253 C.127
-118 -13.G25 0.970 12.641 0.248 Cal127
-11¢é -12.C54 0.969 11.675 0.243 C.127
=114 =-11.156 0.967 10.782 0.238 Ca127
-112 -10.324 0.964 9.956 0.233 Cel27
-11C -9.555 0.962 9.193 0.228 127
-108 -B.E44 0.960 B8.487 0.223 C.127
-1Cé -8.185 0.957 7.834 0.218 C.126
-104 -T7.576 0.954 7.231 0.213 Cal26
-102 -7.Cl13 0.952 6.673 0.209 Cel26
-1CC -5.491 0.948 6.157 0.204 C.126
=55 ~5+352 0.940 5.031 0.191 €125
-9C “4.414 0.930 4.107 0.179 C.125
-85 -3.641 0.919 3.348 0.167 C.123
-8C -3.C0¢4 0.507 2.725 0.155 Conil 22
-715 -2.479 0.893 2.213 0.143 C.120
-710 -2.C45 0.877 1.794 0.131 C.118
-65 -1.687 0.859 1.450 0.120 Ca1ll16
-60 -1.391 0.840 1.168 0.109 Call3
=55 -1.145 0.819 0.937 0.097 C.1l1C
=5C -C.941 0.795 0.748 0.087 C.165
-4C -C.627 0.743 0.467 0.066 €.095
=30 -C.404 0.686 0.277 0.047 C.080
-20 -C.238 0.624 0.149 0.029 C.060C
-1C -0.109 0.562 0.061 0.014 C.034
C C. 0. -0. -0. -Ce.
1C c.C99 0.441 -0.043 -0.012 -C.043
20 C.195 0.385 -0.075 -0.022 -C.098
30 C.295 0.334 -0.099 -0.020 -Ca165
4C C.404 0.289 =0a117 -0.038 =C.249
sC C.527 0.248 -0.131 -0.044 -C.353
6Q C.t70 0.212 -0.142 -0.049 -C.4793
7C C.838 0.180 =-0.151 -0.053 -C.634
80 1.C38 0.152 -0.158 -0.056 -C.823
9C 1.276 0.128 -0.164 -0.059 -1.053
1CccC 1.564 0.108 -0.168 -0.061 -1.333
110 1.510 0.090 -0.172 -0.063 -l.674
12¢C 2.230 0.075 =0.175 -0.065 -2.089
13cC 2.837 0.063 -0.178 -0.066 -2+592
135 3.130 0.057 ~-0.179 -0.067 -2.884
14C 3.453 0.052 -0.180 -0.067 -3.205
145 3.€08 0.048 -0.181 -0.068 -2,559
15¢C 4.200 0.043 -0.182 -0.068 -2.95C
155 4.€31 0.039 -0.183 -0.068 -4.381
16C 5.1C6 0.036 -0.183 -0.069 -4.857
1¢5 5.¢430 0.033 -0.184 -0.069 -£.383
17C 6.207 0.030 -0.185 -0.,069 -5.967
175 6,843 0.027 L -0.185 -0.069 -E.617
18C T.543 0.025 -0.186 -0.070 -71.346
185 B.315 0.022 -0.186 -0.070 -8.172
1s¢C F.166 0.020 -0.186 -0.070 -G5.119
185 10.104 0.018 -0.187 -0.070 -1C.222

2CC 11.138 0.017 -0.187 -0.070 -11.532
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B. 1.0 mF supporting electrolyte

Y, mv Qe’ pC/em? -2FI“1/Qe 2F1"1, pC/erm’? FI,, pC/em’ =FLq, uC/em’
-13C -2C.810 0.965 20.C92 0.537 C.156
=128 -1%5.261 0.963 18,554 0.527 Csl56
-12¢6 -17.827 0.9481 17.132 0.517 C.156
-124 -1€.501 0.959 15.817 0.507 C.156
=122 -15.274 0.956 14.602 0.497 C.156
=120 -14.139 0.953 13.478 0.487 C.156
-118 -13.089 0.950 12.439 0.477 C.156
=116 -12.118 0.947 11.479 0.467 Cal56
-114 ~11.218 0.944 10.591 0.458 C.156
=112 -1C.388 0.941 9.771 0.448 C.156
-11C -9.618 0.937 9.012 0.438 C.156
-1C8 -8.507 0.933 8.311 0.428 C.156
-1Cé -8.248 0.929 T.664 0.418 C.156
=-1C4 -7.€39 0.925 T.065 0.408 C.156
-1C2 =-7.075 0.920 6.512 0.399 C.156
-1C0 ~6.553 0.916 6.001 0.389 C.155

-98 =6.071 0.911 5529 0.379 CslS55
=96 -5.¢24 0.906 5.093 0.369 C.155
=94 -5.211 0.900 4,691 0.360 C.154
-92 -4.828 0.894 4,319 0.350 C.154
-SC —4.474 0.888 3.975 0.340 C.153
-85 -3.700 0.8172 3.228 0.316 CelS2
-80 -3.C62 0.855 2.617 0.293 C.150
-75 -2+535 0.835% 2.116 0.270 C.148
-7C -2.100 0.813 1.707 0.247 C.l1l45
-&5 -1.740 0.789 1.373 0.224 Cel4a2
-60 -1.442 0.763 1.100 0.202 c.139
-55 -1.194% 0.736 0.878 0.181 C.134
-50 -C.587 0.707 0.697 0.160 C.129
-4C -C.667 0.645 0.430 0.121 C.ll5
=30 -C.435 0.581 0.253 0.085 C.097
-2C -0.2560 0.518 0.135% 0.052 C.072
-10 -C.120 0.457 G.055 0.025 C.041
o] GC. Q. -0. -0. -Cq
10 Q.111 0.348 -0.039 -0.C21 -C.051
20 C.221 0.301 -0.067 -0.039 =Call5
3cC C.335 0.260 -0.087 -0.054 -C.195
4C C.463 0.223 -0.103 -0.066 =-Ca293
SC C.£05 0.190 -0.115 -0.077 -C.413
&C C.771 0.162 -0.125 -0.08¢6 -C.560
7C C.965 0.137 -0.133 -0.093 -C.T39
8cC 1.196 0.116 -0.139 -0.099 -C.957
SC l1.472 0.098 -C.1l44 -0.1G3 -1.224
1CC 1.804 0.082 -0.148 -0.107 -1.547
11¢C 7 2.2C5 0.069 -0.151 =-0.111 -1.941
12C 2.€89 0.057 -0.154% -0.113 -2.420
130 3,275 0.048 -0.156 -0.116 -3.002
135 3.614 0.044 -0.157 -0.117 =-3.,339
14C 1.686 0.040 -0.158 -0.118 -3.71C
145 4.397 0.036 -0.159 -0.118 -4,119
15C 4.849 0.033 -0.160 -0.119 -4.570
155 5.347 0.030 -0.160 -0.120 -S.067
16C 5.396 0.027 -0.161 -0.120 -5.617
165 6.500 0.025 =-0.162 -0.121 -¢.225
17C 1.167 0.023 -0.162 -0.121 -£.899
175 7.901 c.021 -0.163 -0.122 -7.650
180 8.710 0.019 -0.163 -0.122 -8.492
185 S5.601 0.017 -0.163 -0.123 =G8.446
190 1C.58¢4 0.015 -0.164 -0.123 -1C.539
195 11.667 0.014 -C.l64 -0.123 -11.813

2C0 12.861 0.013 - -0.164 -0.123 -12.325
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C. 2.0 mF supporting electrolyte

¥, mv Q,, uC/cm’ -2FT,/Q, 2FT, pC/em®  FTy, uC/em’  -FIy, uC/em’
-130 -20.538 0.940 19.692 1.013 C.207
-128 -16.389 0.937 18.163 0.993 C.208
=126 -17.855 0.933 16.751 0.974 €.208
-124 -1&.629 0.929 15.446 0.954 C.208
-122 -15.402 0.925 14.240 0.934 C.208
=120 ~14.266 0.920 13.126 0.915 €.208
-118 -13.216 0.915 12.096 0.895 c,208
=116 -12.2%4 0.910 11.145 0.875 C.208
-114 -11.345 0.905 1C.267 0.85¢6 C.208
=112 -1C.513 0.899 9.456 0.836 C.208
-110 -G, 743 0.894% 8.707 0.817 C.208
-108 ~9.C31 0.888 B.015 0.797 C.208
~-1C6 -8.,372 0.881 T«377 0.778 C.207
-1C4 -T7.762 0.874 6.787 0.759 C.207
=102 -7.198 0.867 6.243 0.739 C.207
-1CC ~€.876 0.860 5.741 0.720 Ce206
-S8 -6.192 0.852 5.278 0.701 C.20C6
=96 -5.745 0.844 4.851 0.682 C.205
-S4 -5.331 0.836 4.457 0.663 €.205
-92 -4.548 0.827 4.094 0.644 C.204
-9C 62593 0.818 3.759 0.625 C.203
-85 -3.817 0.794 3.C032 0.579 C.201
-8C -3.176 0.768 2.440 0.533 C.199
-15 -2.¢46 0.740 1.959 C.488 C.195
-7C -2.207 0.711 1.568 0.445 C.192
=65 -1.843 0.679 1.251 0.402 C.187
=60 <1539 0.646 0.995 0.361 C.182
=55 -1.286 0.613 0.788 0.321 Cel75
-5C -1.C73 0.579 0.621 0.283 C.168
=40 -C.739 0.511 0.378 0.211 C.1l49
=30 -0.492 0.446 0.219 0.147 C.l25
-20 -C.299 0.386 0.116 0.091 C.093
-10 -C.140 0.332 0.047 0.042 C.052
c C. 0. -0. -0. -C.
10 C.133 0.245 -0.033 -0.035 -C.065
20 C.266 0.210 -0.056 -0.065 -C.145
30 C.407 0.179 -0.073 -0.090 -C.244
4C C.562 0.153 -0.086 -0.111 -Le365
5C C.737 0.130 -0.096 -0.128 ) i |
60 €.940 0.111 -0.104 -0.142 -C.494
70 1.179 0.094 -0.110 -0.154 -C.9%914
8C l.462 0.079 -0.115 -0.163 -1l.182
SC 1.801 0.066 -0.120 -0.171 -1.508
1CQ 2.208 0.056 -0.123 -0.178 -1.905
110 2.698 0.047 -0.126 -0.183 -2.388
120 3.292 0.039 -0.128 -0.188 -2.975
130 4.Cl0 0.032 -0.130 -0.191 -2.,688
135 4.425 0.029 -0.130 -0.193 -4,100
140 4,681 0.027 -0.131 -0.194 -4,.,555
145 5.384 0.024 -0.132 -0.136 -£.056
15C 5.538 0.022 -0.132 -0.197 -5.608
155 6.548 0.020 -0.133 -0.198 -E.218
1¢C 7.220 0.018 =0,133 -0.199 -€.891
165 7.961 0.017 -0.134 -0.200 -T.636
17¢C 8.77117 0.015 =0.134 -0.201 -8.461
175 9.4876 0.014 -0.135 -0.201 -9.,381
180 10,667 0.013 -0.135 -0.202 -1C.413
185 11.759 0.012 -0.135 -0.203 -11.580
1sC 12.562 0.010 -0.136 -0.203 -12.919
155 14,289 0.010 -C.136 -0.204 =14.479

2C0 15.751 0.009 -0.136 -0.204 -l€.332
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D. 5.0 mF supporting electrolyte

W, mv Q. KC/cm® -2FT,/Q, 2FT), uC/em’ FTy, uC/cm’  -FT,, uC/cm’
=130 -21.319 0.878 18.721 2.241 C.328
-128 -15.768 0.871 17.221 2.193 C.328
-126 -18.333 0.864 15.837 2.144 C.328
=124 -17.C06 0.856 14.559 2.096 C.328
-122 -15.777 0.848 13.381 2.048 C.329
-12C -l4.€41 0.840 12.294 1.999 C.328
-11¢ -12.589 0.831 11.291 1.952 C.328
=116 -12.£15 0.822 10.367 1.904 C.328
-114 -11.715 0.812 9.515 1.856 C.328
=112 -1C.881 0.802 8.731 1.809 C.328
-110 -1C.109 0.792 8.008 1.762 C.327
-1C8 -9.3G95 0.781 T.342 1.715 C.327
=1C¢ -8.734 0.770 6.729 1.668 C.326
-1C4 -8.122 0.759 b.164 1.622 C.325
-1C2 =-T7+555 0.747 5.645 1.576 C.325
-1cCC -~T+C30 0.735 5.168 1.530 C.324
.=-98 -6.544 0.723 4.729 1.485 C.323

-96 ~6.C94 0.710 4,325 1.440 C.322
-94 =S« &17 0.697 3.954% 1.395 C.321
-G2 -5.290 0.683 3.614 1.351 C.319
-90 -4,532 0.669 3.301 1.307 C.318
-85 ~4.146 0.634 2.628 l1.1%9 C.314
-8C -3.494 0.597 2.086 1.095 C.309
=15 -2.551 0.559 1.651 0.994 C.303
-70 -2.499 0.522 1.303 0.896 Ce297
=65 -2.120 0.484 1.026 0.803 C.289
-60 -1.800 0.447 0.805 0.714 C.280
-55 -1.529 0.411 0.629 0.630 C.269
=50 -1.297 0.377 0.490 0.550 C.256
-40 -0.523 0,316 0.291 0.404 C.226
=30 -C.632 0.263 0.166 0.278 C.187
-20 -C.394 0.219 0.086 0.169 C.138
-10 -C.189 0.183 0.035 0.0177 C.077

c 0. 0. -0. -0. -C.

1C 0.183 0.130 -0.C24 -0.065 -C.094

20 C.370 0.110 -0.041 -0.119 -C.210

30 C.568 0.093 -0.C53 -0.163 ~-C.352

40 C.788 0.079 -0.062 -0.200 -C.525

s 1.C37 0.067 -C.069 -0.231 -C.736

60 1.325 0.057 -0.075 -0.256 -C.993

1C 1.663 0.048 -0.079 -0.276 -1.306

8C 2.C64 0.040 -0.083 -0.294 -1.686
S¢ 2.543 0.034 -0.086 -0.308 -2.148
1cC 3.119 0.028 -0.088 -0.319 -2.7T10
11C 3.814 0.024 -0.C90 -0.329 -2,393
12¢C 4.654 0.020 -0.092 -0+337 -4.223
130 5.670 0.016 -0.C93 -0.343 -5.232
135 6.256 0.015 -0.094 -0.348 -%.815
140 €.502 0.014 -0.C9% -0.348 -£€.458
145 T.613 0.012 -0.C95 -0.351 -7.166
15C 84396 0.011 -0.095 -0.353 -1.948
155 5.259 0.010 -0.096 =0.355 -8,810
160 1C.210 0.009 -0.C96 -0.356 -GS.762
165 11.257 0.009 -0.C96 -0.358 -10.815
17C 12.411 0.008 -0.096 -0.359 -11.983
175 13.¢€83 0.007 -0.097 -0.361 -12.284%
180 15.C85 0.006 =-0.C97 -0.362 -14.743
185 16,629 0.006 -0.097 -0,363 ~1£.394
1sC 18.331 0.005 -0.C97 -0.364 -1€.288
155 20.207 0.005 -C.098 -0.365 -ZC.494

2CC 22.275 0.004 -C.C98 -0.366 -22.114
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E. 10 mF supporting electrolyte

Y, mv Qg pC/em? '2Fr1/Qe 2FIy, pC/em? FI,, pC/em -Flg pC/em?
=13C -21.538 0.798 17.498 3.922 €477
-128 .=2C.384 0.787 16.05¢C 3.827 CaaT7
=126 -18.947 0.776 14.709 3.733 C.477
-124 -17.¢616 0.765 13.474 3.639 C.4T7
-122 -1¢€.384 0.753 12.338 3.546 Coa77
=120 -15.244 0.741 11.292 3.453 C.477
-118 -l4.188 0.728 1C.331 3.361 Cete76
=116 -13.211 0.715 9.447 3.210 C.476
=114 -12.306 0.702 8.635 3.179 C.&T5
-112 =11.468 0.688 7.889 3.089 CobT4
-11¢ -1C.€91 0.674 7.204 3.0C0 CetaT4
~-108 -§.672 0.659 6.575 2,911 C.4T3
-1Cé¢ -9.306 0.645 5.998 2.823 C.471
=104 -8.688 0.630 5.470 2.T36 C.470
-1C2 -8.115 0.614 4,985 2.650 C.469
~1€C -7.584 0.599 4.542 2.565 C.467

=58 -7.€91 0.583 4.136 2.481 C.466
-G8 ~6.634 0.567 3.764 2.398 C.tb4
-S4 ~-€.210 0.551 3.424% 2.316 C.462
-92 -5.816 0.535 3.114 2.235 Ce460
-SC -5.450 0.519 2.830 2.156 Cat57
-85 4,642 0.479 2.224 1.962 C.451
-80 -3.668 0.439 l.744 1L.7T77 C.443
=15 =3.401 0.401 1.363 1.600 Cat34
-7C -2.522 0.264 1.C64 1.432 C.423
-65 ~2.514 0.329 0.828 1.274 C.410
-6C =-2.166 0.297 0.643 1.125 C.396
=55 -1.864 0.267 0.498 0.985 C.380
-5C -1.602 0.240 0.384 0.855 Ce362
-4C -1.166 0.193 0.225 C.622 C.317
-3C -C.813 0.156 0.127 0.424 C.261
-20 =C.E15 0.127 0.066 0.257 C.192
~1C -C.249 0.105 0.C26 0.117 C.l06
(o] C. 0. -0. -0. -Ls
1C C.245 0.073 -0.018 -0.097 -C.l130
2¢ C.456 0.061 -0.030 -0.177 -C.288
3¢ C.765 0.052 -0.040 -0.244 -C.481
4C 1.C63 0.044 -0.046 -0.298 -C.717
sC 1.4C0 0.037 -0.052 -0.344% -1.004
€0 1.790 0.031 -0.056 -0.381 -1.352
TC 2.248 0.026 -0.059 -C.412 -1.776
80 2.192 0.022 -0.062 -0.437 -2.292
9C 3.442 0.019 -0.064 -0.458 =2.917
1cC 4.222 0.016 -0.066 -0.475 -24879
110 S.163 0.013 -0.067 -0.489 -4.604
12C 6.3C0 0.011 ~-0.068 -0.501 -£.728
13C 7.676 0.009 -0.069 -0.510 -7.094
135 8.470 0.008 -0.070 -0.514% -7.884
140 9.345 0.008 -0.C70 -0.518 -B8.754
145 1C.308 0.007 -0.071 -0.522 -S.714
15¢C 11.368 0.006 -0.071 -0.525 =1CsTT2
155 12.537 0.006 -0.071 -0.527 -11.94C
160 13.824 0.005 -0.071 =-0.530 =-13,229
165 15.242 0.005 -0.072 -0.532 -14.655
170 1¢.805 0.004 -0.072 -0.534 -1¢€.236
175 18.527 0.004 -0.072 -0.536 -17.998
18C 20.424 0.004 -0.072 -0.538 -15.973
185 224516 0.003 -0.072 -0.539 -22.209
150 24.820 0.003 -0.C72 -0.541 -24.,713
155 27.360 0.003 -0.073 -0.542 -27.760

2CC 3C. 160 0.002 -0.C73 -0.543 -31.307
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of the results is due to the fact that only the product z.jz;'/z appears in
these calculations.

The charge fraction of the diffuse layer which is composed of
electroactive material is presented as a function of the total charge in
the diffuse double layer in Fig. 17. It is evident that the doubly charged
ions compose over fifty per cent of the diffuse layer in the presence of
a twenty-fold molar excess of supporting electrolyte if the total diffuse
layer charge is greater than about 5 uC/em?®. Thus, if we were willing
to confine our interest to the potential region cathodic to about -700 mv.
vs. S.C.E. for electroactive cations and anodic to about -300 mv. vs.
S5.C.E. for electroactive anions, the diffuse layer would be composed
principally of electroactive material even in the presence of an "excess"
of supporting electrolyte.

The electronic charge/electrode potential data used in the pre-
paration of Figs. 17 and 27 was that obtained for the charge density
on the surface of a mercury electrode in 10 mF sodium perchlorate
solutions (68). Although these data do not correspond exactly to the
solution compositions described either in this chapter or in Chapters 8
and 9, it should be emphasized that this approximation does not alter the
qualitative features and conclusicns of any of the results presented in
these chapters.

Inspection of the charge data presented in Table II reveals that
the electronic charge on the surface of the electrode is insensitive to

the solution concentration at fixed potential. From this information
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Figure 17. The fraction of the diffuse double-layer charge provided by a
+2 ion whose bulk concentration is 0.5 mF as a function of the potential
of the electrode and of the concentration of the singly charged indifferent
electrolyte.
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Table II

The Surface Excess of a 0.5 mF +2 Cation in the
Presence of a 2.0 mTI Singly Charged Supporting Electrolyte
and Experimental Values of the Charge on the Electrode Surface
as a Function of the Potential of the Electrode

E, mv. vs. 2FT, Qe, pC/cm? ”
S.C.E. HC/ ém® 0.01 mF* 0.03 mF
-1300
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1050
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we estimate that the theoretical curves presented in Figs. 17 and 27
are accurate at the most anodic potentials but need to be shifted by

perhaps 100 mv. at the most cathodic potentials.
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CHAPTER 8.

Chronopotentiometric Results

It is impossible to measure the absolute potential difference
between the indicator electrode and the reference electrode in solutions
of low conductivity because of the large and position-sensitive voltage
developed across the "uncompensated" resistance between the tip of
even a Luggin capillary and the surface of the indicator electrode when
current is passing through the cell. The measured potential is also
in error by a liquid junction due to the electrolysis of the material in
the vicinity of the electrode. Fortunately, under conditions of constant
current, the presence of these error voltages does not render the chrono-
potentiometric technique inapplicable as long as the sum of these voltages
remains approximately constant during the course of the experiment
since only a knowledge of the change in the potential of the indicator

electrode is necessary for the determination of the transition time.

Constancy of V

We can determine the magnitude of these voltages by integrating

the expression given above for V¢ (p. 107).

_ el RT i dx ) 0 =
V(t) - qub @ = F(ZlDl - Zst) { z, ¥ C_l (Dl DS) f—t_ll d}{‘
(1)

The change in this voltage is given by

AV(t) = V(t) - V(0) | (2)
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RT ef - © iy
= ¥(D, - D) le /£ ‘J“C C_‘L dx - (D, - D) In (3)

where Cl is the bulk concentration of the electroactive species.

At a distance greater than the thickness of the diffusion layer
from the surface of the electrode, C, ~ Cf. Thus the integrand in
Eqn. (3) is essentially zero for x > 20\/D—St_ and only a negligible error
results if this value of the distance coordinate is introduced as the upper

limit of integration.

. : 20/D t S
_ RT i s C -C,
AV(t) = D, —al) [Ef}“ { e ==X dx - (D, - D,) In t—(AjJ
é 1™~
(4)

C,(x,t) is given by

Ci(x,t) = Cf - 2x \/Pff—-- exp - + A erfc s—ae— (5)
R m SPID 5/D gt

where

le‘2(3;5D1 Zq = Z, s (6)

and

(7)

. S
S Z _ C T
A= 5FDy, =g -~mg . V D,7
Cilx,t) = ¢ [1 —-\/;t; e_yz + 7—TT£ y erfc yJ (8)

Therefore
)

where
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y = x/ZJI)'St
Thus
AV(t/1) = FZD f{r_rst ) [ £us 2 \/, Y + (D, - D) In {1 -\/—L:}}
where e
R o

2 —
ﬁ - eV 4 a2y erfey

Since the change in the sum of the voltage developed across the
uncompensated resistance and the liquid junction potential is a function
only of the ratio t/7, the distortion of the chronopotentiometric E-t
curves by changes in this voltage is independent of the current density
and the solution concentration.

Values of i and of AV(t/7) are listed in Table I for solutions of
zinc perchlorate and perchloric acid. The "iR " term and the "liquid
junction" term add in the case of zinc perchlorate (DCIO > D ++) but
have opposite signs for perchloric acid (D Cl0,” £ DH+). The values of
AV become similar for these solutions for large values of t/T. This
treatment results in the interesting prediction that the sign of AV changes
during the experiment for the reduction of perchloric acid.

The distortion of the chronopotentiograms for the reversible
and irreversible reduction of zinc perchlorate are illustrated in Fig. 18.

In the presence of some supporting electrolyte, the variation
of the sum of the liquid junc"cion notential and the voltage developed

across the uncompensated resistance cannot be calculated analytically.



133

Table I

The Function ¢ and the Net Distortion of the
Chronopotentiometric Wave in the Absence of Supporting Electrolyte

HC10, Zn(Cl10,),
Liquid Junction, Liquid Junction,
t/T 4 myv AV ,mv mv AV, mv
0.050 0.114 -4.40 -2.46 2.17 2.94
.100 e -6.61 -2.46 3.25 4.90
.150 223 -8.5H2 -1.94 4.19 6.81
.200 L2771 -10.31 -1.07 5.08 8.75
.250 318 -12.05 0.08 5.94 10.76
.300 .366 -13.80 1.49 6.79 12.87
.350 .415 -15.567 3.15 7.67 15.11
.400 .466 -17.40 5.08 8. 57 17.81
.450 <019 -19.32 7.28 9.51 20.09
.500 <977 -21.35 9.79 10.51 22.89
.550 .639 -23.53 12.65 11.59 25,97
.600 L7107 -25.90 15.93 12.7€ 29.39
.650 .784 -28.53 19.71 14.05 33.23
.700 .871 -31.50 24.13 15.51 37.63
.50 .973 -34.95 29.39 17.21 42.179
.800 1.10 -39.09 35.84 19.25 49.04
.850 1.26 -44 .34 44 .13 21.84 57.01
.900 1.48 -51.63 55.65 25.43 68.08
.950 1.87 -63.91 74.90 31.48 86.67
960 1.99 -67.84 81.00 33.41 92.58
970 2.15 -72.89 B3. 1T 35.89 100.16
.980 2.38 -79.98 99.62 39.39 110.79
990 2.76 -92.07 117.93 45.35 128.84
995 8.15 -104.15 136.11 51.29 146.81
.999 4.15 -132.15 184.84 65.08 191.11
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However, the effects should be much less pronounced and probably
totally negligible in the presence of even small amounts of supporting

electrolyte.

Morphology of the Chronopotentiometric Wave
i N N

In the absence of sufficient supporting electrolyte, the chrono-
potentiometric reduction of solutions of chromate, cobalt(Il), copper(Il),
thallium(I), and zinc(II) result in doublet chronopotentiometric waves
while the reduction of hydrogen ion produces only a singlet chronopo-
tentiometric wave. Morris and Lingane (59) had investigated the chrono-
potentiometric reduction of both copper(Il) and thallium(l) in the absence
of supporting electrolyte and they observed only singlet chronopotentio-
metric waves. Their experiments were conducted at somewhat lower
current densities than those employed here and we have confirmed the
fact that only singlet waves are observed under their conditions.

The morphology of the chronopotentiometric wave observed for
the reduction of zinc(Il) was investigated in some detail. Figure 19
illustrates the effect of increasing current density on the morphology
of the chronopotentiometric wave observed for the reduction of zinc
chloride; the doublet character of the wave seems to disappear with
increasing current density. These effects disappear completely in the
presence of a ten-fold excess of supporting electrolyte.

These doublet waves might be interpreted as indicating a slow
equilibrium between the aquo zinc ion and one of the zinc hydroxy com-

plexes; this hypothesis is rendered unlikely by the fact that the doublet
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0.54mA/cm2 | 0.74mAZcm2 \ 2.3mA/cm? 3.8mA/cm?
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Figure 19. Experimental! chronopotentiozrams observed for the
reduction of 0.4 m™ ZnClL,, pH =35.7, in the absence oi supporting
electrolyte. The absoiutz potantinl scole is unknown ana the curves
were shiffed upwaris one from another with increasing current
density solely to aid in the clarity of thz presentation.
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waves are observed over a pH range of at least three to seven.

Chronopotentiograms for the reduction of zinc perchlorate and
for the reduction of zinc chloride in the absence of supporting electrolyte
are indistinguishable. This fact renders unlikely an ion pairing hypo-
thesis whereby the doublet wave would correspond to the stepwise re-
duction of the simple aquo ion and an ion pair, e.g., ZnCl+, since such
a hypothesis would require the ion pairing constants for ZnC1" and for
ZnClO4+ to be similar in order to explain the similarity in the observed
chronopotentiometric waves for these systems. The ion pairing con-
stants appropriate to these systems are not known but they are probably
very dissimilar.

Although we have attempted to discover the cause of the doublet
character of these waves in terms of these and other models, a satisfac-

tory explanation has eluded us.

The Chronopotentiometric Constant as a Function of Current Density
LA e T PV B R N Y R R T e T e Tt B D e ]

The transition times appropriate to the singlet chronopotentio-
metric waves were measured by the method of Reinmuth (73). The
transition time appropriate to two successive chronopotentiometric
waves is normally taken to be the sum of the transition times of the
individual waves. The two chronopotentiometric waves observed in
these experiments are not sufficiently separated on the voltage axis to

allow this procedure to be employed in the present case. We have

(73) W. H. Reinmuth, Anal. Chem., 33, 485 (1961).
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therefore approximated the transition times appropriate to the total
doublet waves by the modification of the method of Reinmuth (73) il-
lustrated in Fig. 19. We are encouraged that this approach is adequate
since the chroﬁopotentiometric constants observed for the reduction

of the transition metal cations evince the same gualitative characteris-
tics as that observed for the reduction of hydrogen ion.

The experimental values of the chronopotentiometric constant
observed for the reduction of cobalt(II), thallium(I), zinc(II), and hydro-
gen ion are presented in Figs 20-24 as functions of the square roots of
the observed transition times. Since the experimental determination
oif chronopotentiometric transition times, even at moderate current -
densities, in the presence of excess supporting electrolyte, and in the
absence of multiple waves, is at best a consistent art, the data presented
in these figures are open to ready criticism. The possibly controversial
aspects of the procedures employed in these experiments have been
constantly and carefully considered during the analysis of this data and
it is our opinion that the qualitative aspects of these figures would be
retained even if another procedure were adopted for the determination
of the values of the transition time but that the absolute magnitudes of
the chronopotentiometric constant obtained in the high current density
regions might be substantially different from those reported here. For
example, several of the other accepted methods (20) for the determina-
tion of the transition time were applied to portions of this data and although

these procedures yielded values for the transition time varying by as
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Figure 20. Plot of the chronopotentiometric constant as a function
of the square root of the observed transition time for the reduction
of Co(II) in the presence of increasing amounts of LiNO,, pH ~ 6.,
Cu(Hg) reference electrode. Data was obtained using the circuit of
gi%. 1%5 and the indicator electrode was prebizcsed at ~ -0.5 v. vs.
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Figure 22. Plot of the chronopotentiometric constant as a function
of the square root of the observed transition time for the reduction
of TI(I) in the presence of increasing amounts of LiNO,, pH ~ 5.
T1(Hg) reference electrode. Data was obtained using a battery and
drcpping resistors as the constant current source and the indicator
electrode was not prebiased.
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Figure 23. Plot of the chronopotentiometric constant as a function
of the square root of the observed transition time for the reduction
of Zn(II) in the presence of increasing amounts of LiNO,, pH ~ 5.5.
Zn(Hg) reference electrode. Most of the data was obtained using
the cireuil of Fig. 25.
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reference electrcde. Most of the data was obtained using the cir-
cuit of Fig. 25.
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much as 20 per cent from the values reported here, the qualitative features
of Figs. 20-24 were retained.

We hypothesize that the ions from the supporting electrolyte
gradually replace the electroactive material electrostatically bound in
the diffuse layer once electrolysis has appreciably lowered the con-
centration of the electroactive species in the vicinity of the electrode.
Since this electroactive material is "released' at the surface of the
electrode, its electrolysis should be characterizable as as "adsorption"
phenomenon. Thus we interpret the increase in the chronopotentio-
metric constant observed at high current densities in the presence of
small amounts of supporting electrolyte as resulting from the reaction
of the electroactive material in the diffuse layer. In the next section,
we will make estimates of the amount of material so released.

Some credence is lent to this point by the fact that the experi-
ments with thallium(I) do not indicate the reaction of material from
the diffuse layer. Cf. Fig. 22. TI" is reduced in the vicinity of the
point of zero charge on mercury, i.e., in the potential region where
the diffuse layer is very small, and thus we would expect the enhance-
ment of the measured transition times to be too small to be detected.

The apparent ''negative adsorption" indicated by the decrease
in the observed values of the chronopotentiometric constant at high
current densities in the absence of supporting electrolyte could be in-
terpreted as the "trapping" of electroactive material in the diffuse layer

due to a positive change in the diffuse layer charge. As we have



145

postulated on p. 115 ff, an increase in the positive charge in the diffuse
layer is effected by the uniform movement of cations towards the elec-
trode and the uniform movement of anions away from the electrode.
Such a process would decrease the concentration of the '"reactive”
material in the vicinity of the electrode by an amount equal to that por-
tion of the change in the double layer charge which is effected by the
expulsion of the counter ions. Therefore, an increase in the positive
charge in the diffuse layer would cause a decrease in the value of the
chronopotentiometric constant observed at high current densities.

One would anticipate that the change in double layer charge
during a chronopotentiometric experiment would be no more than per-
haps 5 puC/cm’; this would correspond to an expulsion of perhaps
2-3 uC/ cm® of counter ions from the vicinity of the electrode. Thus
the observed decrease in the chronopotentiometric constant should cor-
respond to a "trapping' of no more than perhaps 2-3 uC/cm’. The
quantitative calculations discussed in the next section and presented in
Table II suggest, however, that the observed effect is many times too
large to be explained in this fashion. An alternative explanation which

is more consonant with the facts will be presented shortly.

In order to make quantitative estimates of adsorption phenomena
from data obtained with a constant current technique, it is necessary
to make assumptions about the relative current efficiencies for the

various electrode processes during the course of the experiment. There
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are at least three principal models which one can assume for the manner
in which non-diffusing material is electrolyzed (74,75).

The non-diffusing material could react first. According to this

model
Tobs = T *+ nFI/i,
. . nFC =
lc(TObS -nI'r/i,)? = s (D)2 = b
1% s 2 -
nFI’ = WTops = b /i, (11)

Alternatively, the non-diffusing material could react at a constant

rate during the experiment.

ips = I + nFI/T
nFI' \ 3 _
(obs T Jr2 = b
i
nFT’ = iobsT - br?2 (12)

Finally, the non-diffusing material might react after the concen-
tration of the diffusing material is reduced to zero at the electrode surface.
This situation is somewhat more complicated and only the final result
will be given here.

. . =¥ VASH 2 2 1
mnFI' = i,7 cos (;%T— - 1) o [b*(igr -b)]2 (13)

(74) 8. V. Tatwawadi and A. J. Bard, Anal. Chem., 36, 2 (1964).

(75) H. A. Laitinen and L. M. Chambers, Anal. Chem., 36
5 (1964). =

b
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The chronopotentiometric data illustrated in Figs. 20-24 were
analyzed according to these three models by a weighted least squares
technique very similar to that employed in Chapter 5. The details of
the calculations are given in the appendix to this chapter and the results
of these calculations are summarized in Table II. Incidentally, this is
the correct least squares analysis of chronopotentiometric data. Cf.
Proposition I.

Our intuition suggests that the actual physical description of
the diffusion of supporting electrolyte into the region of the diffuse
double layer and the release and subsequent reaction of the electroactive
material electrostatically bound in the diffuse double layer lies inter-
mediate between the "constant rate' and "reacts last" models. The
"reacts first" model would require the diffuse layer to be electrolyzed
before the diffusing material and would appear to be the poorest description
of the actual physical situation.

The values of nFI" estimated for the data in the presence of
supporting electrolyte according to the "constant rate' and '"reacts last"
models are of the magnitude of the charge in the diffuse layer at poten-
tials corresponding, very roughly, to the reduction potential of the
particular electroactive species. The magnitudes of the estimated
values of nFI" and the qualitative dependence of the estimated values of
nFI" and of D on the concentration of the supporting electrolyte are not
inconsistent with the conclusionfhat the chronopotentiometric experi-

ments conducted in the presence of small quantities of supporting
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electrolyte are sensitive to that portion of the diffuse double layer com-

posed of the electroactive material.

In an earlier portion of this chapter, we saw that the lsum of the
voltage developed across the unCOmpen_sated resistance plus the liquid
junction potential should distort the observed chronopotentiometric wave.
A comparison of Figs. 18 and 19 demonstrates that the idealized form
of the chronopotentiometric waves illustrated in Fig. 18 is not, in fact,
obtained at high current densities in the absence of supporting electrolyte.
These waves are additionally distorted at high current densities by the
capacitive charging of the diffuse double layer which serves to limit
the rate of change of the potential of the indicator electrode.

When the additional distortion caused by the uncompensated re-
sistance is superimposed upon the substantial distortion due to double
layer charging, it is expected that the effect of the uncompensated re-
sistance would be to substantially reduce the measured transition time.
More importantly, the effect would not be independent of the magnitude
of the current density but the high current density data would be affected
most strongly since double layer charging distorts this data to the
largest extent.

The downward trend observed for the chronopotentiometric con-
stant in the absence of supporting electrolyte would be completely ex-

plained if the net distortion of the chronopotentiometric wave were to
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result in a shortening of the observed transition time of fifty per cent
at the highest current densities employed. The strong likelihood that
the effect is of this magnitude leads us to the conclusion that the "nega-
tive adsorption' observed in the absence of supporting electrolyte is, in
all probability, spurious.

Some significance might be attached to the fact that the observed

constant fails to increase in the absence of supporting electrolyte. This

could be interpreted as indicating that normally electroactive material

is rendered non-electroactive by its inclusion in the diffuse layer in the
absence of supporting electrolyte because it must be replaced by material
from the supporting electrolyte in order to react. This hypothesis is
reasonable, independent of experiment, since the reaction of the material
in the diffuse layer would, in the absence of supporting electrolyte, be
equivalent to the elimination of the diffuse layer. These experiments

alone, however, are insufficient to justify such a conclusion.

Experimental

A 450 v. battery bank in series with a large variable resistor or
a Wenking "R" potentiostat were employed as constant current sources.
Since the potentiostat, when employed as in Fig. 25, is in operation
before as well as during the chronopotentiometric experiment, the re-
sistance "R'" was taken to be sufficiently large that the minimum current
of approximately = %3\ mA flowing prior to the current step was always

less than one per cent of the final chronopotentiometric current. In
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WENKING "R"
==
POTENTIOSTAT lel! Relay!
]
T i NC | HG2A-1002
-
r-7
14
Pl i NC | |
5, =
b .
1 o ! R l I
e ey IND
[ e—
v
P2 R

FOLLOWER

IIEII

Figure 25. Block diagram of the apparatus for the constant current
chronopotentiometric experiments. Pl is used to adjust the current
flowing prior the the current step to zero and P2 controls the height
of the current step. These circuits employ a G. A. Philbrick
Researches, Inc. solid state operational amplifier and a DPDT
C.P. Clare & Co. mercury-wetted relay.
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this way, efiects due to electrolysis before the experiment were effec-
tively minimized. No differences were observed between chronopoten-
tiograms obtained with either current source.

Certain of the experiments employed a fourth electrode as il-
lustrated in Fig. 25 to adjust the initial potential of the indicator
electrode to some prechosen value. The pre-biasing circuit illustrated
in Fig. 25 is interrupted about 1 ps. before the current step by one-half
of relay 1. No qualitative influence of the potential at which the indicator
electrode was prebiased was observed. ‘

The indicator electrode was of the Kemula hanging mercury drop
variety. The drop area was about 0.041 em® and was calculated by
weighing a series of drops and assuming spherical geometry.

The reference electrode was a dilute zinc or cooper amalgam
separated from the test solution by a thin glass wool plug. A sintered
glass frit cannot be employed under these conditions because the resulting
high resistance, in the presence of small amounts or less of supporting
electrolyte, raises the impedance of the reference electrode to a point
where large amounts of AC noise appear at the output of the voltage
follower. The potential of the reference electrode was checked fre-
quently against a large S.C.E. in a separate sample of the test solution.

All experiments were conducted at room temperature.

Cobaltous perchlorate. -- A 0.26 ¥ stock solution, pH =2.5, was pre-
pared from B%A CoSO,- TH,0. The cobalt was twice precipitated as

the carbonate and redissolved in perchloric acid to remove the sulfate.



153

The final solution was assayed for total cation with an ion exchange

column (Amberlite IRA-120, Mallinckrodt).

Cupric nitrate. -- A 0.113 F stock solution was prepared from B&A

Cu(NO;) - 3H,0 and assayed iodometrically.

Lithium nitrate. -- A 0.85 F stock solution, pH = 3.3, was prepared

by oxidizing B&A LiCl with boiling, concentrated nitric acid. The re-
sulting salt was recrystallized from boiling nitric acid and then from
water. The final solution tested free of chlloride; the lithium content
was assayed gravimetrically as the sulfate.

The salt was prepared from LiCl in order to eliminate most of
the sodium and sulfate impurities in commercial LiNO,. S0O;? < 0.01%;

Na® < 0.2% (est.).
Mercury. -- Mallinckrodt "AR" mercury was employed exclusively.

Perchloric acid. -- A 0.862 F stock solution was prepared by reducing,

by boiling, a 110 ml volume of Mallinckrodt 60% perchloric acid plus
5 ml Baker 70% nitric acid to a volume of about 70 ml. The solution

was tested free of chloride and assayed vs. Na,CO, after dilution.

Sodium perchlorate. -- Cf. p. 102.

Thallous sulfate. -- A hot saturated solution of Fisher "purified" TLEO,

was filtered and precipitated. The salt was reprecipitated from ~ 0.01

F H,80,. After drying at 100°C, a stock solution of approximately
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known composition was prepared by dissolving a weighed portion of

this salt in water.

Zinc perchlorate. -- A 0.1024 F stock solution, pH = 4.5, was prepared
by equilibrating an excess of Mallinckrodt "AR'" ZnO with a portion of
perchloric acid. The solution was filtered, boiled, diluted and then
assayed vs. EDTA using Erio Black T indicator in an ammoniacal buffer
solution for the end point detection.

All test solutions were prepared by the dilution of these stock
solutions with triply distilled water. All soluti'ons were deaerated in
the cell with Matheson's "prepurified nitrogen," < 8 ppm oxygen, which
was passed through a V(II) solution and distilled water in

separate gas washing towers, prior to entry into the cell.
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M. mEstil11zlt1011 of the Chronopotentiometric Ad-
sorption Statistics

The analysis proceeds in a fashion identical to that employed in
Chapter 5 and therefore only the highlights will be touched upon here.
The measured parameters in chronopotentiometry are the time-
independent current density i; and the corresponding transition time 7.
Since the current density is generally known to a much higher degree
of precision than the measured values of 7, it is reasonable to weight the
data as if the measured values of iy were free of error. Under these
conditions, the weighting function becomes
1.2
L]. = (F§r) O’i,‘
)
The relative precision for the individual transition time measurements
is frequently remarkably constant--often varying by less than a factor
of two over a thousand-fold transition time range. Under these conditions,
it is satisfactory to treat the measured values of 7 as if they were as-
sociated with a fixed relative error. This procedure was adopted in
obtaining the results presented in Table II. Therefore, the weighting

function employed here is

_ jy p2 2
Lj = (F'r) E 7y
['Reacts first'” model. -~ For this model, we choose a = nFI' and

2
b = (nFC/2) 7D; if we let a, and b, be zero we obtain
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where the appropriate derivatives are

of _ . of _ .. of .
EE ) SV A T
11
MM -- Weleta =nFI'and b = nF7?D2C. Under

these conditions,

1
_ _ ]
a, b, 7§

R,
IOT ]

]

and the appropriate derivatives are

of . of L af ) ]
=L e oth o= - b, /27:

|

We can choose initial values of zero for a, and b, and calculate approxi-
mate values of a and b. If the calculations are now repeated, we will
obtain an improved value for the weighting function. One continues to
"cycle on the weights™ in this fashion until stable solutions are obtained.

Three iterations are generally satisfactory.

"Reacts last” model. -- We leta = nFrT and b = (nFC/2)'7D. Under

these conditions,

; i 1
! = a, - i,7 cos 1[%0— - 1} - -1—2— [bolig T - by)] 2
iy 0

where the appropriate derivatives are,

[SIE)

of _ .o _ 2 [i;T-b .odf . -1 2b,
—a—-l, ﬁ*'{;‘(%‘—ﬂ-) == = cos [-—ﬂ——l:I
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When the same data is analyzed according to the 'constant rate”
and ''reacts last' models, essentially identical values are obtained for
nFT for both models and a somewhat smaller value of D is obtained
according to the "'reacts last" model (76). Therefore, it is generally
satisfactory to take the final adjusted values of a and b calculated accord-
ing to the preceding model and to employ these as the preliminary values
for analysis according to this model. Thus a, = 7a’ andb, = b'’
where the primed values correspond to the final values of these param-
eters estimated according to the '"constant rate' model.

As in the "constant rate' model, one must also ''cycle on the
weights' in this case until stable solutions are obtained.

The Fortran program employed for the estimation of the data is
included on the next four pages; its inclusion here is not meant to suggest
that this program is particularly unique but rather it is here as an aid

to others who might wish to analyze their data in this fashion.

(76) P. J. Lingane, to be submitted to Anal. Chem.
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$IBFTC CHRONO DECK PRODUCTION DECK

C - CALCULATES THE ADSORPTION STATISTICS FROM CHRONOPOUTENTIOMETRIC

C DATA ACCORDING TO VARIOUS MODELS. WEIGHTED LEAST SQUARES ANALYSIS
C PROGRAMMED BY PETER JAMES LINGANEs FEBRUARY 14, 1966

C NC UNITS OF MOLES PER LITER

C TAU UNITS OF MILLISECONDS

C Al UNITS OF MILLIAMPERES

C N NUMBER OF DATA POINTS

C. E ESTIMATED RELATIVE ERROR IN TAU

C INTEGR NOe OF ITERATIONSs 5 IS FREQUENTLY SATISFACTORY

COMMON FO(100)s FA(100)s FB(200)s FT(100)s ST(100)s SAs SBs Ay By
# Ny CHISQDs DELTAAs DELTABS wW(l00)», ALM(100)s AOs BO
COMMON RTP1s Pls FARAs NCs Ds SDs REST(100)s NELECs INTEGRs AI(100
#)s TAU(100)
DIMENSION COMMT(24)s AI2T(100)s RI(100)y AIT(100)s SQRTT(1CO)
REAL NC
Pl = 341415927
RTPI = 17724539
FARA = 96500
100 READ(5493) COMMT
3 FORMAT(12A6)
READ(5+4) N s NELECs INTEGRs NCs AREAs E
& FORMAT(315s 3E10.0)
READ (5+5) (AI(I)s TAU(LI)y I=14N)
5 FORMAT(2E1548)
DO 6 I=1sN
STt E#TAU(T)
Al(D) AI(I)/AREA
AI2T(1) = AI(I)=%2=TAUL])
SQRTT(I) = SQRT(TAU(I))
AIT(I) = AI(I)®*TAUC])
6 RI(I) = 1./A1(1)
WRITEt6s1) COMMT
1 FORMAT(1H1s / (10X12A6))
CALL MD1
WRITE(6310) As SAs Ds SDs CHISQD
“10 FORMAT(//y 9X15H N*FARA*GAMMA =30PF10.3s 204 MICROCOULOMBS/CM*%2,
®# 10OX4H S = 9 FBe59s/ 9X4H D =9 EL10e3y 1OH CM*%2/SECs 10X4H S =,
®#E10e39/ SX9H CHISGD =3 E1043)
WRITE(6s11)
11 FORMAT(//77/s 8X3H ITs10X4H 1/1y 6X7H WEIGHTs 6X5H TIMEs 4X11H T R
#ESIDUALs /)
WRITE(692)Y (AIT(I)y RICI}s W(I)s TAUCI)s REST(I)s I=1sN)
2 FORMAT(2X1P2E13439 E9.1ls 2E13.3)
WRITEtO6s1) COMMT
CALL MD3
WRITE(6510) As SAs Ds SDs CHISQD
WRITE(6912)
12 FORMAT(////s 8X3H [Ty 7X10H SQRT(TAU)s 2X7H WEIGHTs 6X5H TIME,s &4X
#11H T RESIDUALs /)
WRITEt6s2)(AIT(E}s SQRTT(I)s W(I)y TAULI)s REST(I)sI=1sN)
WRITE(691) COMMT
CALL MD2
WRITE(63510) As SAs Ds SDs CHISQD
WRITE(6s13)
13 FORMAT(///7/+6X8H (1%%2)T»s 8X2H Is 6XTH WEIGHTs 6XS5H TIME»4X11lH T R
#ESIDUALS /)
WRITE(692)(AI2T(1)s AL(I)s W(I)s TAUCI)s REST(I)> I[=1sN)
GO TO 100
END



[aNaNal

RN OV

159

SUBROUTINE MD1

CALCULATES ADSORPTION STATISTICS FROM CHRONPOTENTICOMETRIC DATA
ACCORDING TO THE ADSORBED SPECIES REACTING FIRST MODELe
PROGRAMMED BY LINGANESs FEBRUARY 14, 1966

COMMON FO(100)s FA(100)s FB(lOO)s FT(100)s ST(10C)s SAs SBs As B
# Ny CHISQDs DELTAA, DELTABs W(100)s ALM(100)s AQs S0

COMMON RTPIs PIsy FARAy NCs Ds SO, REST(100)s NELECs INTEGRs AI(100
®#)s TAU(100)

REAL NC

AQ = 0.

BO = 0.

WRITE(646)

FORMAT(/s 10X13H¥%* MODEL 1 # )

DO 1 I=1sN

FT(I) = AILI)

FA(I) = =1,

FO(I) = AI(I)*TAU(])
FB(I) = =1le/A1(1)
CALL FT1

DO 2 I=1sN

REST(I) = ALMUI)®AT(I)*ST(I)*#2
D = 04004%B/ (FARAXNCXRTPI )#%2
SD = 0,004%SB/ (FARA®NC®¥RTPI }*%2
RETURN

END

SUBROQUTINE MD3

CALCULATES ADSORPTION STATISTICS FROM CHRONOPOTENTIOMETRIC DATA
ACCORDING TO THE ADSORBED SPECIES REACTING AT CONSTANT CURRENT
EFFICIENCY MODEL.

PROGRAMMED BY LINGANEs FEBRUARY 14,4 1966

COMMON FO(100)s FA(100)s FB(100O)s FT(100)s ST(100)s SAs SBs A» B
#* N» CHISQDs DELTAA, DELTABs WwW(100)s ALM(100)s AQs BC

COMMON RTPIs PIs FARAs NCs Dy SDs» REST(100)s NELECs INTEGRs AI(100
*#)y TAU(100)

REAL NC

WRITE(646)

FORMAT (/s 10X13H** MODEL 3 *= )

K =1

=1sN

= =1
FB(I) = = SQRT(TAU(I))

= AI(l) = BO/(2.%SQRT(TAU(I)))

FO(I) = AI(I)*TAU(I) - AQO -BO*SQRTI(TAUI(I))
CALL FIYl
K =K+ 1
AO A
BO B
IF (K«GT«INTEGR) GO TO 4
GO T0O 3
DO 2 I=1sN
REST(I) = ALM(I)®FT(I)®ST(I)#*=2
D = 0.004%B%%2/(FARA*NC*RTP] )y*#2
SD =  2.%583%D/8
RETURN
END
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SUBROUTINE MD2

CALCULATES ADSORPTION STATISTICS FROM CHRGNOUPUTENTIUMETRIC DATA
ACCORDING TO THE ADSORBED SPECIES REDUCED LAST MOUDEL e
PROGRAMMED BY LINGANEs FEBRUARY l&4, 1966

CALL TO MD3 MUST JUST PRECEDE CALL TO MD2.

COMMON FOU(100)s FA(100)s FBL100)s FT(100)s ST(100)s SAs SBs Ay B
* Ns CHISQDs DELTAAs DELTABS W(l00)s ALM(100)s AOQs» Bl

COMMON RTPIs Pls FARAy NCs Ds SDs REST(100)s NELECs INTEGRs AI(100
*)y TAUL100)

DIMENSION AA(100)

REAL NC

WRITE(64+6)

FORMAT (/s 10X13H** MODEL 2 == s/ /)

K =1

BO = Bx*?2

SUM = 0.

DO 10 I=14N

X = AI(1)®*%2%TAU(I])

Y = 2.¥B0 - X

AALT) = (X#ACOS(Y/X) = 2.%SQRT(BO*(X-BO) 1) /AI(I])

AO = PI*A

WRITE(6911) (AA{T)y I=19aNs2)

FORMAT(10X2E20489 /s 10X2E2048)

WRITE(6+5) ADs B8O

DO 1 I=1sN

X = AI(I)*=*2%TAUC(])

Y = 2.%B0 - X

FTOL) = —(AL(L)%%x2/A0)*ACOS({Y/X)

FO(I) = AIC]) =X*¥ACOS(Y/X) /A0 + 2.%*SQRT(BO*(X-BO))/A0
FALL) = (AL(I) = FO(I))/AQ

FBOI) = 2.%(X-80)/(A0%#SQRT(BO*(X-B0)))

CALL FT1

K = K+1

AO0 = A

BO = B

WRITE(635) AOs BO
FORMAT(/42E2048)
IF(KeGT4INTEGR) GO TO &

GO 10 3

DO 2 I=1sN

REST(I) = ALMOI)*FT (1 )*ST([)=%2
A A/PI

0 0«004%B/(FARAXNCH*RTP[ ) #%2
SD = 0.004%SB/(FARAXNC®*RTP] ) %%
RETURN
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SUBROUTIKE FT1
NON~LINEAR LEAST SQUARES ANALYSISs 2 PARAMETERS
PROGRAMMED BY LINGANEs FEBUARY 144 1966

COMMON FO(100) s
% N» CHISQDs DEL

cl1
Ccl2
c22
PHI1
PHI?2
PHI3
DO 26
wil) =
Cll
12

nouon

non

PHI1
PHI3
PHIZ2

nonn

DET =

DELTAA
DELTAB
A = AO
B = BO
CHISQD

O

0-

0.
Oe
Oe
Os

I=1

s N
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FA(100)» FB(100)» FT(100)s ST(100)s SA»
TAAy DELTABs W(100)s ALM(100)s» AOs BO

le /USTUI)®FT(I ) ) %2
Cll + FACII®FACLYI*VWI(I)
Cl2 + FA(I)*FB(I)Y*¥w(])
C22=C22 + FB(I)*FB(I)*W(I])
PHI1 + FA(I)*FO(I)*W(])
PHI3 + FO(I)*FO(1)*W(1)
PHIZ2 + FB(OI)XFO(I)®W(])

C22%C11

it

(C22%P

(=-Cl2%

DELTAA
DELTAB
(PHI3

~Cl2%x2

HI1 = C12%PHIZ2)/DET
PHI1 + C11%PHI2)/DEY

- PHI1*DELTAA - PHI2#DELTAB)/FLOAT(N=3)

SA = SQRT(C22/ABS(DETY)
SB = SQRT(C11/ABS(DET))

DO 1
ALM(I)
RETURN
END

I=1

sN
(FO(I)

= FA(CI)*DELTAA - FB(I)Y®DELTAB)I*W(I)

S8y

As

B
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CHAPTER 3§,

Potential Step Chronocoulometric Results

The Cotirell equation applicable in the total absence of supporting

D
: - Zo - Zy S
i nFC Z Vo (1)
and the charge-time behavior is

' D_t
Q = 2nFC 1 = (2)

3

electrolyte is

Thus the charge due to "diffusing material” remains a linear function

1 3
of t? in the absence of supporting electrolyte but the slope of the Q-t2
curve is altered from that observed in the presence of excess supporting

electrolyte by the factor

Zix = By - /‘jfs _ mx-2  [Dulz, — 2)
Zg D, Z4 2D~ 2; 1),

1
We shall assume that the charge remains a linear function of t2 at inter-

mediate concentrations of supporting electrolyte (64, 65).

The assumption explicit in the application of potential step
chronocoulometry to the measurement of "adsorbed" reactant is that
the reaction of the adsorbed and diffusing material proceed independently
of one another and that the reaction of the adsorbed material has pro-

ceeded to completion before the first data point is obtained. Under
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these conditions, it is possible to obtain the total quantity of adsorbed

1
material which reacted from the intercept of the Q-t# plot (25).

T
Q = bt? + nFL + Qy (3)

m the Effects of Ru

As might be imagined, the uncompensated resistance (55,56)
encountered in solutions of low concentrations of supporting electrolyte
can easily be of the order of several thousand ohms. Therefore it is
mandatory to employ an effective method of compensating for the effects
of the uncompensated resistance. Both of the experimental arrange-
ments illustrated in Fig. 26 were employed and no differences were
observed between them. The arrangement illustrated in Fig. 26B is
perhaps slightly to be preferred since it uses one less amplifier and
therefore the phase shift in the feedback loop should be decreased and,
in theory, a more complete degree of compensation should be possible.

The schematics illustrated in Fig. 26 depict positive feedback
situations and thus ones which are inherently unstable. In practice,
it is not possible to feed back a voltage corresponding to more than
about 60-80 per cent of the total uncompensated resistance because the
net phase shift in the signal, caused by the amplifiers in the feedback
loop, causes the potentiostat to "loose control'™ at about this point (56).
Our present inability to completely compensate for the effects of un-

compensated resistance is of minor importance in the presence of
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Figure 26. Block diagrams of two possible compensation circuits.
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excess supporting electrolyte since the total uncompensated resistance
is only of the order of perhaps 20-30 ohms under these conditions. In
the presence of small amounts of supporting electrolyte however, the
uncompensated resistance is of the order of 5-10 thousand ohms and
this factor assumes dominant importance in determining the success
or failure of a potential step chronocoulometric experiment.

The method of distinguishing "maximum compensation' and the
changes in the qualitative features of I-t traces caused by varying the
extent of compensation are discussed in some detail in Ref. (56).

Figure 4B of this reference corresponds to the "maximum compensation”

condition and is characteristic of all of the data presented in this chapter.

Results and Discussion

Experimental values of the Q—t% intercepts and slopes observed
for the reduction of zinc in the presence of small amounts of supporting
electrolyte are presented in Table I. Unless otherwise noted, these
data were obtained with compensation circuit 26-A and a Zn++/Zn(Hg)
reference electrode. The total uncompensated resistance is estimated
in this table as larger than the measured "'maximum compensation' value.

As was discussed above, p. 114 ff, these intercepts should equal
a = 2F1“Zn(E0) - QdI(EG,El)(I - TZn) (4)

where T, = 2Cy 7, /%|2;|C] is the transference number of the

zinc ions. In what follows we shall assume TZn = 0; the actual calculated
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Table 1

The experimental Q,t data were analyzed by an equally-weighted,

two parameter, least-squares analysis.

QQ = a + ZnFCW/%E

The entire experimental error was assumed to be associated with the

measured values of the charge.

A. 0.5 mF Zn(II) + 2.0 mF NaClO,, pH =5.8, Ru > 4.3 kohms. TZn =0.263
Eo/El ) 2 5 2
mv. vs. S.C.E. a, pC/cm DX 10", ecm®/sec

-300/-1250

2/25 14.0 + 0.8* , 1.0 + 0.06%
-500/-1250

1/8 972 + 7.1 1.6 +0.7

2/25 12.8 + 0.8% 1.0 + 0.06%
-700/-1250

2/25 13.0 + 1.0% 0.98 + 0.08*
-800/-1250

1/8 16.5 + 3.4 0.88 + 0.24

2/25 13.3 + 0.4% 0.93 + 0.03*
-850/-1250

2/25 13.4 + 2.5% 1.4 +0.07*
-900/-1250

1/8 15.1+ 0.4 1.0 + 0.03

1/9 14.1 + 0.4 1.0 +0.03

1/9 13.7+0.4 1.0 + 0.02
* s
Ag/AgCl reference electrode. C1~ = 0.001. R, > 6.3 kohm;

compensation circuit 26-B.
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B. 0.5mF Zn"" + 2.0 mF HCIO,, pH =2.7, R, > 2. kohms

Chronopotentiometric D = 0.87 + 0.06 X 10" cmz/sec;
~cf. also Table II, Chapter 8.

-200/-1250

1272 22.5+ 0.

12/5 23.2 4+ 1.
-470/-1250

11/27 24.9 £1.
-500/-1250

12/1 28.3 +

12/2 13.5 %

12/5 14.4 +
-600/-1250

12/9 20.7 + 4.
-700/-1250

12/9 16.0 +
-800/-1200

11/27 10.5 +

12/1 12.1 &
-800/-1250

11/27 10.3 + 3

12/1 14.1 + 1.

12/2 10.5 + 0.

12/5 11.5+ 1.
-900/-1250

12/5 10.6 + 1

12/9 11.6 + 3.
X

[ )

O -

ow

=t CO

Bk

T, =0.107
n

Z

oo

O =

—HOOM

oo

.83 +
.99 +

.96 +
.87 £
LT +

.91 +

.88 +

.94 +
.98 +

' 2 .
Hanging mercury drop electrode: 0.0407 cm” in area.

(e N aw Ran)

OO0 o0

(o Ne]

.06
.09

. 2%

.05
.12
.08

.07

-

o
.09
.05
.13

.11
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C. 0.5mTI Zntt £ 1.0 mF Ba(ClO,),, pH = 5.7, R, > 4.6 kohms

Chronopotentiometric D = 1.06 + 0.06 x 107" em’/sec. T

-500/-1250
12/19

-800/-1250
12/19

D. 0.5mF Zn"" +2.0 mF Ba(ClO,),, R, >3.0kohms. T

-300/-1250
1/13

-500/-1250
1/13

-800/-1250
1/13

-900/-1250
1/13

10.2+ 0.9

6.2+ 0.8

28.2 + 0.7

21.2+ 1.1

11.5+ 0.6

7:8£0.6

Zn

1:1 £ U7

0.93« 0,006

Zn

0.95+ 0.05

0.94 +0.08

0.84+ 0.04

0.85+ 0.04

= 0.247

= 0.

i)

4
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values are given in the table. The error thus introduced is small com-
pared to the other uncertainties in the data.

Some of the data in this table appears to be dramatically larger
than the rest of the data with respect to both intercept and slope. The
immediately suggested explanation for this effect, that the charge axis
is improperly calibrated, appears to be untenable since a change in
calibration sufficient to increase the intercept by the necessary amount
would have caused the measured values of D to be much larger than
observed. The cause of this effect is not known and the divergent data
were eliminated from further consideration.

Figure 27 presents the plot of Q (I, -1250) + 2Fan(Eo) given
by Eqn. (4) and of selected values of the _Q—t% intercepts as a function
of E,. Qualitative agreement is obtained.

The experiments dealing with the reduction of zinc in the presence
of barium were performed in the hope of demonstrating that the prefer-
ential electrostatic attraction of zinc into the diffuse layer disappears
in the presence of a doubly charged indifferent cation. The intercepts
observed for the reduction of zinc in the presence of milliformal barium
are somewhat smaller than the values anticipated for double-layer charg-
ing alone while the values observed in 2. mF barium are substantially,
and inexplicably, larger.

Values of Q(u(EO,El) were determined by repeating the potential
step experiments in the 2. mF barium solution but in the absence of

zinc (57). The results are presented in Table II. Note that nearly
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20

a
1

© Coulombs /cm?
o
I

0 1 1 l L !
-0.2 -0.4 -0.6 -0.8 -1.0

Eg, volts vs S5.C.E.

1
Pigure 27, Selected experimental @-t? intercepts observed
for the reduction of zinc in the presence of small amounts of
supporting electrolyte. The potential step is from E, to
-1.25 v. vs. 8.C.E.

0 0.5 mF Zn(Cl0,), + 2.0m m¥ HCIO,
0 0.5mf ZnCi, + 2.0 m¥ NalliQ,
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Table II

Qqp> measured from E; to -1.25 v. vs. 8.C.E.

mv. VE.:;O S.C.E. le’ pC/em?
J 11 11T v

-200 35. 15.4 21.1
-300 29.0 13.5 18.5
-400 24.8 il,8 15.9
-500 24.1 21.3 12.0 13.4
-600 17.4 9.3 10.8
-700 14.7 8.6 8.6
-800 12.2 11.8 6.7 6.6
-850 6.0 5.8
-900 8.2 8.6

I: 2. mF HCIO, + 0.5 mTI Ba(Cl0O,),, 1/16
II: 2.0 mF Ba(Cl0,),; 1/16
II: 1.0 mF NaCl + 1.0 mF NaClO,, 2/26

IV: 10. mF NaClOQ,; data of Wroblowa, Kovac, and Bockris (68)
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identical values are obtained for the measured values of le and for

the observed Q—té- intercepts for solutions with 2. mF barium supporting
electrolyte, the hoped-for result, but that these values are a factor of
two larger than anticipated. Similarly, the measured values of le

for the 2 mF perchloric acid solutions appear to be too large. We
conclude that neither the Q~té intercepts observed for the barium solu-
tions, nor the le data observed for either the barium perchlorate or
perchloric acid solutions are trustworthy.

A much more important and far reaching criticism of all of these
data is the fact that the observed Q-té intercepts are probably substan-
tially too small because of incomplete compensation for the effects
of the uncompensated resistance.

In general, the time required for the "charging of the double
layer,'" the rise time of the voltage developed across the faradaic re-
sistance Rf of Fig. 15, is limited by one of two factors (56): namely,
by the inherent maximum rise-time of the potentiostat and the current
measuring amplifier or by the double-layer time-constant, Rqul. The
instrumental rise time of this system is less than 20 psec; the double-
layer time-constant, in the presence of insufficient supporting electrolyte,
is substantially larger than this and limits the rise-time of the system.

The net uncompensated resistance remaining at maximum com-
pensation can be estimated by considering that the total uncompensated
resistance is about five thousand ohms in these solutions. If the net

uncompensated resistance were to correspond to only 20 per cent of
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this figure, approximately one thousand ochms would remain uncompen-
sated. If we assume a double layer capacity of about 25 pF/cm” and
an electrode area of about 0.02 cm®, a double-layer time-constant of
500 psec resulls.

One way of understanding the effect of such a large value of the
double-layer time-constant is to consider it as shifting the zero on the
time axis. Therefore, the values of the intercepts presented in Table I
are too small since they were obtained, in effect, by extrapolating past
the "true" zero time. We can estimate the magnitude of this effect by
considering the magnitude of the change in the intercept which would
result if the time axis were shifted by 500 psec. Assuming D =1 x
107° cmz/sec, the observed intercepts should be increased by 7.7 pC/
cm®.

This effect is of such a magnitude as to completely invalidate the
potential step chronocoulometric technique in the absence of a more
complete compensation technique.

On the basis of these experiments we conclude that the "true"
Q~t% intercepts are probably at least as large as the change in the
electronic charge on the electrode plus the quantity of electroactive
charge in the diffuse layer; quantitative statements are not possible
because the uncertainty introduced into the Q—t% intercepts is at least

as large as the quantity of electroactive charge in the diffuse layer.



Experimental
P R e e T a Y

The stock solutions were identical with those employed in the
preceding chapter.

The electronic circuitry and supporting equipment were essentially
as described in Chapter 4 except for the presence of one of the compen-
sation circuits illustrated in Fig. 26.

The comments made in the last chapter about the need for low
impedance reference electrodes are especially germane here because
the potentiostat as well as the voltage follower require a low impedance
reference potential for satisfactory operation. Dilute zinc amalgam
electrodes, whose potentials were known by comparison with a large
S5.C.E., were initially employed; these were later discarded in favor
of a Ag/AgCl reference electrode because the potential of the latter is
more stable and reproducible than a Zn++/Zn(Hg) electrode and the use
of a Ag/AgCl reference electrode eliminates the liquid junction potential
inherent in the use of an S.C.E. as the ultimate potential standard.

The potential of the Ag/AgCl (C1~ = 0.001) electrode is 160 mv. anodic
to that of an S.C. E.

It is thought that the presence of milliformal chloride will not
lead to significant complexation of the 0.5 m¥ zinc(II). PKy ot
appears to be in the range of -1 to +1 (77); therefore 7nCl /zn"" <

0.01 in milliformal chloride. The princinal effect of complexation

(77) mStability Constants of Metal-Ion Complexes," L. G. Sillen
and A. E. Martell, Eds., Special Pub. No. 17, The Chemical Society,
London, 2nd Ed., 1964.
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would be to lower the charge on the zinc species and thereby reduce
its preferential attraction into the diffuse layer.

The data given above in Table II indicate that the charge in the
diffuse layer is independent of the presence of chloride, at least at
potentials cathodic to the zero charge potential. The calculation of the
surface excesses of various ions would not be applicable in the presence
of significant specific adsorption of chloride.

A dropping mercury electrode was employed rather than a Kemula-
type hanging mercury drop electrode because it was found that the former
resulted in far more reproducible values folr the uncompensated re-
sistance. A 12 second capillary yielded a mercury flow rate of about
0.6 mg/sec; a variable time-delay circuit was used in conjunction with
a drop rapper so that the potential step was applied about 8-10 seconds
into the drop life. In this way, highly reproducible drops of known area
of about 0.02 cm” were obtained.

The use of a DME in this fashion places a restriction on the
maximum times which can be employed if area changes are to be neg-

22
lected. Since the area of a mercury electrode is proportional to m3t? ;

AA:lQ}LAtFEQ_‘E
A A dt Tt

Thus for a drop time of about 10 sec., t must be less than about 70 msec.
if the change in area is to be less than one per cent.
The time scale is further restricted by the requirement that

diffusion to the spherical mercury clectrode be adequately approximated
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by a linear model. This reguirement is satisfied to within 1 per cent
if t <107 p2/7D ~ 6 msec. under our experimental conditions.

It is advantageous to employ as short a time scale as possible
because such a scheme maximizes the absolute precision with which the
magnitude of the Q--t% intercept can be determined. The minimum time
cannot be chosen arbitrarily close to zero however because of the re-
quirement that the minimum time values be long compared to the "rise-
time" of the system.

The instrumental rise-time is of the order of 20 psec.; the system
rise-time, even with maximum compensation, is about 1 msec. The
current plateau observed in the I-t traces (27,56) causes the Q—t% plots
to be nonlinear until t > 2-3 msec.

The combination of these effects restricts the usable time range
to about 2-10 msec. This time range is convenient because the absolute
error associated with each measurement of Q is the same, thereby
permitting an unweighted least-squares analysis of the Q—t% plots, since
this time range can be conveniently covered with a single oscilloscopic
picture.

The computer program, written in Fortran IV, is included on
the next two pages; its presence here is not meant to suggest that the
program contains any unique features but it is included here simply as

an aid to others who might like to analyze their data in this fashion.
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$IBFTC QRTT DECK

C POTENTIAL STEP CHRONOCOULOMETRYe Q=SQRT(T) PLOTS.
C

C PROGRAMMED BY PETER JAMES LINGANE, JANUARY 15, 1966
C

C COMMT CARD FORMAT 'BMM/DD/YY‘NN-..--0.0-09"

C NC NO OF ELEC*CONCsy MEQUIV/LITER

C N NUMBER OF DATA CARDS

€ AREA ELECTRODE AREAs CMx%%2

¢ S RAW Q DATA FROM *'SCOPEs DIVISIONS

G T RAW TIME DATAs MILLISECONDS

C SCALE CONVERSION FACTORs MICROCOULOMBS/DIVISION
C

DIMENSION COMMT(12)s DT(300)s T(300)s TT(300)s S(300)s Q(300)
REAL NC
RTPI = 1e772454
FARA = 96500
100 READ(541) COMMT

1 FORMAT(12A6)
WRITE(652) COMMT
2 FORMAT(1H1ls ////s 10X12A6)
READ(543) N» NCs SCALEs AREA
3 FORMAT(I5y 3F10.0)
N = 3=N

READ(534)(DT(I)s S(I)s I=1sN)

4 FORMAT(6F10.0)

C

& THIS SECTION IS TO ELIMINATE ZERO VALUED DATA PAIRS
NN = O
K =0

201 K = K+1

IF (K-N)200+2025202
200 IF (DT(K)eEQeOe) GO TO 201
NN = NN + 1
TINN) = DT(K)
Q(NN) = SCALE*S(K)/AREA

GO TO 201
202 WRITE(698)NN
8 FORMAT({/,10X15s 11H DATA PAIRS )
C
DO 10 I=1sNN
T(I) = T(1)/1000.
10 TT(I) = SQRT(TA(I))
WRITE(G695) (QUI)s T(I)s TT(I)s I=1sNN)
5 FORMAT(///s 10X20H MICROCOULOMBS/CM*%2, T7X 14H TIMEs SECONDSs 14X,
1 11H SQRTITIME)s/(1P3E25.3))
CALL FITY(NNsTT » Qs As By ALPHAy BETA)
C
D = (B2RTPI/(2+#NCxFARA)) %22
SIGMAD = 2.* (BETA/B)*D
WRITE(636) Ds SIGMAD
6 FORMAT(//s 10X4H D =9+ E10e2s 5X9H CI1(95) =4 £10.2)
PUNCH 7y (COMMT(I)s I=142)s A+ALPHA+DsSIGMAD
7 FORMAT(2A6s OP4Ell.4)
GO TO 100

END
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SUBROUTINE FITY(N»XsY»AsBsALPHASBETA)

2 PARAMETER LINEAR LEAST SQUARES ANALYSISe X COORDINATE FREE OF
ERRORs Y COORDINATE ASSOCIATED WITH SAME ABSOLUTE PRECISION.
PROGRAMMED BY PETER JAMES LINGANEs 4/16/64

DIMENSION X(300)sY(300)sSTUDT(31)

TABLE OF STUDENT Ts» 95 PERCENT CONFIDENCE LEVEL
M DEGREES OF FREEDOM = N - 2

DATA (STUDT (M), M=1330)/12¢70614e30393e18292477692e571392e44T74326365
"2.306'2.262o2022892-20112117992-16092.145;2.]31'2c120|2-110'
#20101526409392¢08692¢08032¢07412006992406632:0603205692e405292¢048+
%#2404592.042/

SUMY=0
SUMX=0
SUMXY=0
SUMX2=0
SUMSQX=0
DO 43 I=14N
SUMY=SUMY+Y (1)
SUMX=SUMX+X (1)
SUMXY=SUMXY+X(1)*Y(])
SUMX2=SUMX2+X(1)%X (1)

43 CONTINUE
XAVG=SUMX/FLOAT(N)
YAVG=SUMY /FLOAT(N)
D045 I=14N
SUMSQX=SUMSOX+({X(1)-XAVG) %%

45 CONTINUE
DET=FLOAT(N)*#SUMX2-SUMX*SUMX
A= (SUMY*¥SUMX2=-SUMX®SUMXY ) /DET
B=(FLOAT(N)®SUMXY-SUMX%SUMY)/DET
PROGRAM SKIPS ERROR CALCULATION IF NelLTe3
IF(N=2) 202+2024+49

+9 VAR=0
DO 44 I=14N

a4 VAR=VAR+((Y(I1)-A-B=X(1))x%2)/(FLOAT(N)=2.0)
IF{N=32) 51451452

52 SIGMA = 1.96%SQRT(VAR)
ALPHA = 1.96*(SQRT(VAR*(140/FLOAT(N)+{XAVG*%2)/SUMSQAX)) )
BETA = 1.96%*SQRT(VAR/SUMSQX)
GO TO 204

51 CONTINUE
SIGMA = STUDT(N=-2)%SQRT(VAR)
ALPHA = STUDT(N-Z!*SORT(VAR*(1.0/FLOAT‘N)+(XAVG**2)/SUMSOX))
BETA = STUDT(N-2)*SQRT ({VAR/SUMSQX)

204 WRITE(6+200) A ALPHA, By BETA

200 FORMAT(//410X13H INTERCEPT = y 1PE15.8s 11Xy 10H CI(95) = 5 E15.8,
1 / 10X9H SLOPE = » E1548s 15X10H CI(95) = 4 E15.8)
GO TOo 201

202 BETA = 1.
ALPHA = 1,

WRITE(6s203) A48
203 FORMAT(///926H LESS THAN 3 DATA PAIRSes///s 12H INTERCEPT =,
*E1585//98H SLOPE =y E15.84+// 29H ALPHA AND BETA ARE NONSENSE.)
201 RETURN
END
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Proposition I:

The calculations of Tatwawadi and Bard (4) for the extent of
electroactive adsorption of riboflavin on mercury electrodes are in-
correct because the particular least-squares analysis employed by
these authors is not applicable to the models they employed; their ob-
servatlion that mathematical reformulations of the models leads to ap-
parently different values for the parameters D and n¥I" is a direct
consequence of this error.

The assumption implicit in their analysis is that the values of
i7" are free of error but that the values of T—‘% are associated with equal
absolute errors and that the values of 17% are {ree of error but that
the valucs of 1/7% are associated with equal absolute errors; these
criteria are obviously totally incompatible since all of the quantities
are different functions of the same measured variable, the transition
time. Therefore, the analysis employed by these authors does not
apply in the present case.

It is a quite general conclusion that the parameters estimated
according to a correctly formulated least-squares analysis are in-
sensitive to mathematical reformulations of the model (2). We can
illustrate that this is indeed so in the present case by considering the
correct solutions for n¥TI" and for the chronopotentiometric constant

11
nFr2D3C/2, hereafter denoted by the symbol "b". The correct solu-

tions for their
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1
model 3: iT - nFI' -=br2 = 0

i
i 2

1
model 3*: it2 - nFI'/72 - b = 0
models 3 and 3* are (1,3)

model 3:

[27 l/wj 27 'r%‘/wj \\ (nFI‘) ) (E ijTj/wj )
73 T;%—/Wj 7 ’rj/wj b ) 27 ijTA%L/WJ-

model 3*:

(E l/Tjo* 27 1/7;].%\.\13.*) (nFI‘) (E ij/wj* )
27 1/Tj%wj* 2 l/wj* b B 2 ij'rj%/w].*

The appropriate weighting functions are

1, .,
del 3: . . = 2182
mode W, (1J b/ T]) UTj
. (i./2 Fr/2r.)7 o
1/71 (13/? + nFI/ J) chj

We have asserted that the values of the current density i are known much

model 3*: wj*

more precisely than the values of the transition time 7 and hence that
2 . . . . .
o; ~ 0 in formulating these weighting functions.

If we now define

1
. = i.7. - nFI - b2
e] 1]'3 n b j

it follows directly that
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1
.= 7wk J71.(i, - b/272) + 2
V5 Tiwit €J/T] (1J b/ 'TJ) 4 O(EJ)

Thus in the limit of low experimental errors, Wj may be set equal to
'r]-wj* and the matrix solutions become identical for both models 3 and
3*. A similar analysis may be made for the models 1 and 1* of Tat-

wawadi and Bard;

model 1:  ir - nFI -b?/i = 0

model 1*: iz'r -nFri-b = 0

in this case, the result is that wj is identically i:;wj*.

To convince the pragmatically inclined, the data of Tatwawadi
and Bard were analyzed in the correct fashion, as outlined in the Ap-
pendix to Chapter 8 of the dissertation, and the results are presented
in the accompanying table for comparison with the incorrect results
of Tatwawadi and Bard. It is evident that the correctly calculated
estimates of D and of I" are indeed insensitive to these particular re-

formulations of models 1 and 3.

References
(1) W. E. Deming, "The Statistical Adjustment of Data,' John
Wiley and Sons, New York, 1943. Republished by Dover, New York,
1964, Chap. X.
(2) ibid., p. 156.

(3) W. C. Hamilton, "Statistics in Physical Science,' Ronald
Press, New York, 1964, Chap. 4.

(4) S. V. Tatwawadi and A. J. Bard, Anal. Chem., 36, 2
(1964).
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Proposition II:
Decay to the Steady State in Twin Electrode, Thin Layer Electrochemistry

Recent interest in twin electrode, thin layer electrochemistry
has demonstrated that steady state measurements are of considerable
value for the determination of a variety of electrochemical parameters
(1,2). In this proposition, we present the time dependent solutions for
Dirichlet, Neumann, and Cauchy boundary conditions and show that the
values of the "time to steady state' parameter obtained for these con-
ditions are in the ratio 1:4:i6. In addition, it is shown that the steady
state current observed in the total absence of supporting electrolyte
for Dirichlet boundary conditions is larger by the factor "(z; - z,)/z;"
than the steady state current observed in the presence of excess sup-

porting electrolyte.

1. Dirichlet Conditions
D e T T T T S N

We seek a solution to Fick's second law

2
8¢ - plZt. (1-1)

such that the following boundary and initial conditions are satisfied.

VCli-0 = VClx o (1-2)
*
C(x,0) = Cyi 0s<sx=st
(1-3)
c(0,t) =0; t>0
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~ This solution can be obtained by either the Fourier or Laplace transform

techniques. The results are

O
Clx,t) = *c ?—Ei . 2 Z Y}l sin

o T
m=1

(1-4)

(<o)
* mf +x (m+1)¢ -x ) -
= C 1 - 11‘ s e - 11‘ i RS S e e e (1 5)
” Zo(elc Wiiia erfc Wooh

i =

The steady state concentration profile can be obtained most conveniently
from (1-4).
2 C
oX

CSS(X) :ti1131 Ofx,t) = — (1-6)

The time required to achieve steady state conditions can be estimated
as the time required for the exponential terms in (1-4) to decay to less

than 1% of their initial values. Thus

2

t = 4.6/ D = 0.117¢3/D (1-7)

2
SS I

Anderson and Reilley (1) report that steady state conditions are
achieved experimentally within 2-3 seconds for £ ~ 100-200 p and
D ~ 107° em®/sec. Under these same experimental conditions, (1-7)
predicts that tss should be 1-4 seconds. The agreement is very good.
The current density-time behavior can be obtained by evaluating
the gradient of the concentration of the electroactive species at the

electrode surface.



i, = nFDVC| _0. ¢ (1-8)
2nFD C | “ 2

b = —y 14+ 2 y ex{- %}1’—” DLJ (1-9)
m=1
« 2

* 0 0+ 0\
= ni" C_ -7% Z expl:—(%—') /DtJ + exp[— E%J.’f)/Dt
m =0 (1- 0)

The steady state current density is most conveniently obtained

from (1-9).

i = 1 ¥ -
igg = 2n¥D CO/I’_ (1-11)

This expression is equivalent to those obtained by Anderson and Reilley (1).
The short time limit of the current density is most conveniently

obtained from (1-10).

*
lim i, = nF Co\/g (1-12)
t i

20

This is the Cottrell equation (3).

2. Neumann Conditions
e N B e e W L
The boundary conditions appropriate to this section are

VCls-0. ¢ * —do. = const - (2-1)

Note that the controlled current must be less than the diffusion limited
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steady slate value given by (1-11) or secondary electrode reactions,
such as the decomposition of the solvent, will occur. The concentration

profiles are

<0 (2m +1)rx
Cx,t) = ¢ -df |1 _x 4 Z SR
4 o] nkD 2 £ 2
T =

0 (em+1)
2
exp {- (@%’L_l)ﬂ_ Dt:l (2-2)
7 o0
_* __z_iO t 30| - _HLQ_;P_X_ . Lr_n_i_l_g_;x_‘J
= L5 nt' '\ D Z (=1) [101{0 Woita ierfc —)2 —
m =0 v i 53

If we let the separation between the electrodes become large,

. o 2i, [t : X
4 - - 4l it} -f — 2-4
;;m C(x,t) ()0 o \/p  lerfe 57D (2-4)
..t__...co

This expression is identical with the concentration profile derived under
conditions of semi-infinite linear diffusion (4).

The time needed to achieve steady state conditions is given by

- T\ 2
b, = 4.6/(-]2-) D = 0.468¢°/D (2-5)

eIl Loniiong

The boundary conditions appropriate to this section are

VC|, .y = L/n¥FD = const (3-1)
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Cc(0,t) = 0; t>0 (3-2)

It is evident that the steady state current density must equal i; and that,
in general, a net electrolysis of the electroactive species will occur in
the thin layer of solution before the steady state is achieved. The

Fourier solution is

[=e]
2
. hx 20 N (gt L ym |, 20 o
C(x,t) + nED bt 7 , C (-1) [(Zm—x* 1) ne'bD
m=0
B . 2
sin @m0 gy [ 2y L) ni] (3-3)

The Laplace transform solution to this problem is given by Carslaw and

Jaeger (b)

[~}
* 2i, / . 2 1)0 -
C(x,t) = CO - ﬁ%{? % Z (_1)m ierfc igl{]%) -
m=0

(Cm+1)¢+x

ierfc /- 3-4
2/Dt ( )
*
m Cx,t = O (3-5)
¢ °
-t— - O

The current passing through the potentiostated electrode is not initially

time-independent and is given by
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(=]
. _ " . _ . m
1o x=0 " nFDYVC x=0 10|x,—_£ Z (_1)
m=0
@mal)f-x oo (mal)esx
exrfe 57D + erifc o VDL (3-6)

(=]
-y 8 NG
=bly-g\1 * 7 Z om+1 P |-

m=0

s W)QDtJ (3-7)

The time needed to achieve steady state is given by

t, = 4.6/(2’%)213 - 1.870°/D (3-8)

The modifications of the diffusion equations needed in order to
account for the transport of ionic material in the absence of supporting
electrolyte have been reviewed on p. 104 ff of this dissertation. The
only soluble problem is the case wheren = Zs, i.e., only when there are
two ionic components present in the solution. Under this condition, the
solutions (1-4), (1-5), (1-6), and (1-7) are directly applicable with Dg

substituted for D.

D, = D,Dy(z; - 7y ) (25D = 2,1,) (4-1)

Equations (1-9) and (1-10) become
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(<o}

1 + Z exp [— (%EE)EDStJ

n=1

(4-2)

J
L
|
|
| ™o
Lo

=1  Z-z S exp {n (ne) /4D tJ + exp |- (nf+2)2/4D tJ
L T s s

n-=
1=0 (4-3)
The steady state current density is
1 *
SS _ Za = 7y 2 Ci (4_4)

Tz, ¥D, Zo £
Note that this limiting current is larger by the factor '"(z, - z,)/z," than
the value observed in the presence of excess supporting electrolyte,
Eqn. (1-11).
In a similar fashion, Eqns. (2-2) and (2-3) becc.ne

.

* i 1
e §] = - g0 zy |1
Cxt) = G - 3p 727, | 2

'
=l

1
= [

cos gZHF )TX

(2n+ 1)2

o By S Z n ). . +1)0-x . e, nl+x
== -Z—l-*l',Dl ‘\/.Dst (—1) lexiec -~ 2\;5_;}1{::—— - lderfc W‘I_)’S:t} (4—6)
n=0

The gradient of the electrical field in the solution can be expressed as
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Vo(x,t) = ﬁ;ﬁz%l “7Dy) { - (D, - Dg)VQJ (4-7)

This gradient can be evaluated explicitly for particular values of ip and
C;. Note that it is, in general, a nonlinear function of the distance x.
At the steady state, the total voltage drop across the thin layer cell

becomes

_ P C.(6) _ _0.089 ;. C,(f i
VSS = _ff V(f)ss ax = ‘"2—*}?_ In ﬁcji;("\')“ = e Zs - log —CJ-(—O (4 8)

It is clear that it is simply not possible to achieve, experimentally, the
condition that C,(0,t_ ) be arbitrarily small since Vg is unbounded
=

under these conditions.
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Proposition III:

Determination of Ruthenium in a Ten Thousand-¥old Excess
of Zinc by Pulse Polarography

Kesser, Meyer, and Larsen (1) describe a spectrophotometric
method for the determination of ruthenium in the presence of a ten
thousand-fold excess of zinc and/or magnesium. Their method involves
a distillation/oxidation separation of the ruthenium as RuO, and a final
empirical color development scheme with o -nitroso, g-napthol. This
method is plagued by incomplete oxidation of the ruthenium, by traces
of reducing impurities, and by the instability of the reagents used in
the final colorometric assay. An additional darawback is that a long
elapsed time, ~2 days, is required in order to complete the assay. A
relative precision of about 2 per cent is obtained.

It is proposed that this assay can be completed within an hour,
without prior separation of the ruthenium, and with equal precision
using pulse polarography (2). A 300 mg. sample of the alloy (< 50%
Mg, > 50% Zn, ~ 0.01% Ru) could be dissolved in about 50 mls of nitric
acid; the resulting solution would be about 14 pM in ruthenium and about
0.2 M in zinc and magnesium salts. Since ruthenium(IIl) undergoes a
reversible one-electron reduction well before the reduction of zinc or
magnesium (the potential of the Ru(IiI)-Ru(II) aquo-couple is about
+0.2 v. vs. NHE (3)), the ruthenium could be determined by a variety
of electrochemical techniques using the zinc and magnesium salts as

indifferent electrolytes. Pulse polarography was selected because of
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its high sensitivity in the micromolar concentration range.
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Proposition IV:

Although the theoretical expressions describing the polarographic
characteristics of a second-order disproportionation reaction clearly
indicate that the measured half-wave potential is a function of the rate
of the disproportionation reaction, this feature of the wave appears to
have escaped notice as a characteristic of such a reaction (1) and has
not been investigated in experimental studies (2-4). It is proposed to
verify the existence of this effect through pH, ionic strength, and tem-
perature studies of the uranium(V) disproportionation reaction. The
existence of this effect will require a re-evaluation of the origin of the
shift of E% in chloride media (2).

Although the standard potential for the reduction of uranium(V)
is anodic to the reduction potential for uranium(VI), the polarographic
wave observed in the vicinity of -0.2 v. vs. S.C.E. corresponds only
to the reduction to uranium(V) because the further reduction of uranium
proceeds very irreversibly at the D.M.E. Since the one-clectron re-
duction product is thermodynamically unstable, it disproportionates
in acidic aqueous solutions. The principal scheme for this disproportiona-
tion reaction may be formalized as (2,3, 5)

’

2U0," + 2¢° = 2vuojt + w' K uoit &+ voomt (1)

It is clear that the position of the uranium(VI) reduction wave
on the potential axis will be a function of the rate of this disproportiona-

tion reaction. As the rate approaches zero, E;1 will approximate the
2
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standard potential of the UO] */UO; couple.

Uo, " + e = UO;; E° = -0.19v.vs. S.C.E.

As the rate becomes very large, the wave will shift anodic to the poten-

tial of the UO; */U™ couple.
Uo;" + 48" + 2¢7 = UM 4+ 2H,0; E° = +0.09v.

Koutecky and Koryta (6) have obtained a solution applicable to
the polarographic reduction of uranium(VI) followed by a pseudo-sccond
order (k = H+k') disproportionation reaction. The instantaneous polaro-

graphic current observed at a particular value of A,

A= oexp [" wr (B - EoU(VI),U(V))] )
is given by
i) = i) [—1-715 . F} [1 +HJ_1 (3)

where id is the instantaneous current observed on the diffusion plateau

and F and H are given by

F,) = ) A ()" (4)
n=1

HE) = ) c” (5)
n=1

where 3 = 2U*kt; U* is the bulk concentration of U(VI), and t is the drop
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time. (The coefficients Cn are {abulated (6) for n < 7 and it appears
that H converges rapidly for 3 < 5. Unfortunately, Koutecky and
Koryta do not evaluate the coefficients An although they derive the ex-
pressions from whicl. they may be evaluated. The coefficients were
not evaluated here since to do so requires a high degree of algebraic
complexity.)

Since the coefficients An are functions of A, it is not possible to
rearrange Eqn. (3) to obtain an explicit solution for the polarographic
I-I5 wave. It is clear, none-the-less, that X is an implicit function of
B at fixed values of the ratio i/id. Thus the half-wave potential must
shift with increasing values of the rate of the disproportionation reaction.

The uranium(V) disproportionation reaction provides an ideal
model system for the verification of this effect because the electro-
chemical step proceeds reversibly at the D.M.E. (3) and because the
value of 8 can be easily increased by a factor of several thousand from
the smallest value detectable polarogr phically by changing the pH,
the ionic strength, the drop time, the bulk concentration of uranium,
and the temperature.

The pseudo-second order rate constant for the disproportionation
reaction is proportional to the hydrogen ion activity over at least a
hundred-fold range from 0.02 to 2. M (2-5). In addition, the rate con-
stant increases sharply in solutions of high ionic strength, probably
because the activity coefficients of the reacting species become greater
than unity in these solutions. The Arrhenius energy for the dispropor-

tionation reaction is about 10 kecal/ mole (5) and the rate increases
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by about a factor of two per 10° change in the temperature.

Chloride appears to catalyze the disproportionation reaction (2,4)
although there is some disagreement as to the magnitude of the effect (5).
Imai (2) has investigated the possibility of a difference between the number
of chloride ligands complexed to the uranium(V) and (VI) species by plot-
ting log [C17] versus E;‘, (7); a value of 0.83 was obtained. Such a treat-
ment assumes that Fé is insensitive to changes in the rate constant of
the disproportionation reaction (the pseudo-second order rate constant
increases by more than an order of magnitude over the chloride concen-
tration range studied). Since the total measured shift in Eé is only 25 mv,

it is probable that the shift of ¥ with the increased rate of the reaction
2

is significant and that the results of Imai require reinterpretation.
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Proposition V:

It is proposed that iron, cobalt, and nickel complexes with di-
methylglyoxime, «-benzildioxime, 4-methyl-1,2-cyclohexanedione-
dioxime, and similar oximes should form series of salts interrelated
by one-electron transfer reactions in analogy with the behavior of the
complexes formed with the dinegative anions of o-phenylenediamine,
maleonitriledithiol, cis-disubstituted ethylene 1,2-dithiols, and other
ligands (1-6).

This proposal is based in large part on the strikingly similar
structures and 7 -systems of the bis complexes, cf. the accompanying
figure.

In addition, there is some evidence for the d' member of the
bis a-benzildioximato nickel series (7,8). In both of tl.e laboratories
where it was reported, this "Ni(III)" salt was obtained by oxidizing the
Ni(IT) salt with solid iodine or bromine in carbon tetrachloride solution.
The solid Ni(III) salts were characterized by elemental analyses and by
molecular and equivalent weight determinations.

The bright red oxidation product of nickel dimethylglyoxime in
strongly basic solutions has long been known. The oxidized species
appears to be Ni(DMG): (8). Recent electrochemical evidence demon-
strates that the bright red species is a two-electron oxidation product (9).
This salt appears to be analagous to the tris cis-disubstituted 1,2-
dithiolato complexes of vanadium, chromium, molybdenum, and tungsten

(10,11). All of these latter salts form series of four complexes which
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are interrelated by one-electron transfer reactions and whose electronic
configurations are normally d°, dl, dz, and d’. Neutral tris complexes
of toluene 3,4-dithiolhave been reported (12) for cobalt and nickel
(nominally @® and d* systems) and thus it would appear that Ni(DMG):

is the nominally d® member of the tris dimethylglyoximate series and

that it should be further oxidizable in appropriate media.
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Proposition VI:

A knowledge of where metal complexes of RITA are
protonated is important because of its bearinz on the
mechanism of ligand exchange between transition metal com-
plexes(1l). The nuclear magnetic resonance spectra of many
metal complexes of EDPA have been studied(2,3,4) and the
chemical shift-pH behavior of the ethylenic and acetate
protons has been interpreted(4) as indicating that the
initial protonation is at the nitrogens. The ethylenic
and acetate proton resonances are shifted parallel to each
other as a function of pH; this requires that protonation
be occuring at the nitrogens becanse protonation of the
carboxyl groups would result in a larger chemical shift of
the acetate protons than of the ethylenic protons. New
resonance lines corresponding to the acid protons have not
been reported, presumahly becausc the cuadrapole moment of
the 14N and chemical exchange broadens these lines to the
point where no distinct resonances are observed.

It is proposed that observation of the shift of the
nitrogen resonances as a function of pH would provide ad-
ditional evidence for the protonation site. The 14N spec-
tra should be shifted if protonation does indeed occur at
the nifrogens and should be essentially unaffected if

protonation occurs at the carboxyl croups. Studies of ISN

enriched WDTA complexes should be helpful because
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the lSN spectra will bhe shifted substantially downfield

upon protonation of the nitrogen(5) and because a distinct
resonance should be observead for the acid'protons (I =%

for 15N).
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