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THE POTENTIAL-DEPENDENCE OF ELECTROCHEMICAL RATE
CONSTANTS

KEITH B. OLDHAM
North American Aviation Science Center, Thousand Oaks, Calif. 91360 (U.S.A.)
(Received April 28th, 1967)

If the electrode reaction
Ox(soln.) +ne~ = Rd(soln.) (1)

proceeds by a simple unimolecular mechanism, the rate constants for the forward
and reverse processes depend on the electrode potential, E, and may be defined by

k(E) = [ox] 2
and
- rate
(E) = TRd] 3)

Here rate and rate denote the number of Rd moles formed from Ox, and vice versa,
unit electrode area/unit time. The concentrations, [Ox] and [Rd], and the potential,
E, are particularly well-defined terms when the electrode is at equilibrium, being then
the concentrations at the reaction site and the potential between the electrode metal
and the reaction site, measured with respect to any chosen reference. In practice,
the bulk concentrations and the measured cell potential (less “iR drop” when this is
a significant correction) are often close-enough approximations to [ Ox], [Rd],and E.
Otherwise, the procedures devised by Frumkin and Gierst and reported by Delahay
may be employed to calculate [Ox], [Rd], and E from measurable quantities.

At equilibrium, rate and rate are equal and therefore

—

k(E)/k(E) = [Rd]/[Ox] (4)

If E, is the standard potential of the Ox/Rd couple measured with respect to the
chosen reference electrode, the thermodynamic Nernst relationship gives

exp | (E—E)} = [ 2 (5

where F, R, and T have their usual significance. Ignoring the activity coefficients,
Jfox and f.4, in eqn. (5) and combining it with eqn. (4), we obtain

k(E)/k(E) = exp {(nF/RT)(E—E)} (6)
J. Electroanal. Chem., 16 (1968) 125-130
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126 K. B. OLDHAM

This equation is obeyed whatever individual potential-dependences E(E) and E(E)
may have, and whether or not the electrode reaction is at equilibrium.

The absolute reaction rate theory? suggests that the rate constants depend
on potential according to

k(E) =k, exp{(1 —a)(nF/RT)(E—E,)} (7)
and

K(E) = k, exp { —a(nF/RT)(E —E,)} (8)
where

k,=k(E) = k(E) 9)

and «, the dimensionless transfer coefficient, takes some value between zero and
unity. There is nothing in the absolute reaction rate theory that implies that the
transfer coefficient should not itself be potential-dependent, but experimental evidence
indicates that usually o is nearly constant over the potential ranges studied.

Equation (8) predicts that k(E) should increase without limit as E becomes
increasingly negative. However, a finite limit must exist since, even in the complete
absence of any transport control, the reaction rate cannot exceed the collision fre-
quency of solute species with the electrode surface. According to Reiss?, the number
of solute collisions with each side of a plane of unit area immersed in a solution of
solute concentration C is 3DC/24 where D is the diffusion coefficient of the solute
and J is a mean jump length. The latter may be set equal to the “lattice” spacing of
the solvent, say about 1.5 A for water. A diffusion coefficient of 10~ ° cm?sec™ ! is
typical for a monomeric solute in aqueous solution and hence, for such a system, the
maximum possible cathodic heterogeneous rate constant is
. - 3D 1073 cm?sec™
k(E—)—OO):k = -~ 3(m> = 1000 cm Secil (10)
This magnitude of rate constant is, of course, much too large to be measurable by
any existing or projected electrochemical technique. The existence of an upper limit
to electrochemical rate constants has been predicted earlier*® by arguments which
parallel the foregoing. . N

Analogously, an upper limit k,, will exist for k(E). The anodic and cathodic

~ =

L ]

limits, l;m and k., will be of similar magnitude but the two may differ numerically
somewhat on account of different values of D and, in cases where Ox and Rd are
dissolved in different solvents, of /.

To exemplify the above argument, consider the electrode reaction

Cd?*(aq.)+2¢~ = Cd(Hg) (11)

at equilibrium at a potential, E, positive of the cadmium ion/cadmium amalgam
standard electrode potential. A small uniform concentration, C, of cadmium atoms
will exist throughout the amalgam. Any plane of unit area within the amalgam, for
example one parallel to the electrode surface, will be traversed in each direction by
3NDC/2/ cadmium atoms in unit time, N being Avogadro’s constant. If we assume
the amalgam remains homogeneous right up to its surface, 3 NDC/2/ also gives the
rate of collision of cadmium atoms with unit area of the surface. However, only a

J. Electroanal. Chem., 16 (1968) 125-130



POTENTIAL-DEPENDENCE OF RATE CONSTANTS 127

certain fraction, ¢, of the colliding atoms will be successful in traversing the electrode
surface and entering the solution phase, the complementary fraction (1 —¢) being
“reflected” back into the amalgam. Since we have prescribed equilibrium, the number
of Cd atoms traversing the electrode plane to become ions will equal the number of
ions being discharged to produce newly amalgamated atoms. Now, consider the
potential to be made progressively more positive, equilibrium being maintained by
a simultaneous increase in the cadmium ion concentration. The backward member
of reaction pair (11) becomes progressively favored, corresponding to a steady
increase in the fraction ¢. Since ¢ cannot exceed unity, the rate of oxidation of
cadmium atoms must eventually reach a limit given by the collision rate 3 NDC/24.
The only alternative possibility would be for an inhomogeneity to develop close to
the amalgam/solution surface, with an enhanced cadmium concentration there;
however, it is difficult to see how this could fail to produce a chemical potential
gradient, which is forbidden by our equilibrium postulate.

In the light of these considerations, it may be postulated that as the potential
becomes increasingly negative, eqn. (8) ceases to apply, being gradually supplanted
by the potential-independent relation (10). Moreover, the need to satisfy eqn. (6) at
all potentials means that as k(E) approaches its lzm—limit, Iz(E) must acquire the
behavior given by

K(E— + o0) = k,, exp{ — (nF/RT)(E—E,)} (12)

In view of eqns. (10) and (12), eqn. (8) may be regarded as applicable only in an inter-
mediate potential range, i.e.,
k(E ~ E) =k, exp{—a(nF/RT)(E—E,)} (13)
Thus, in different regions of potential, k(E) is given successively by eqns. (10),
(13), and (12). A theorem® applicable in this circumstance combines these three
relations such that

1 1 1 1
— == + . + = (14)

k(E) k(E-»—o0) k(ExE) k(E—+ )

whence, at any potential

]\(E) T e n s nF (15)
okt ko, EXP{(X RT (E—E) %+ kok., exp{ﬁ (E ES)}
By a similar argument
ZE o - o ksEmkm
)= { nF . nF o
k.k., exp - RT (E—E); + kpnky exp {—(1—a) =T (E—E) + kok,,

(16)

Figure 1 shows graphs of eqns. (16) and (15) based on the values T =298°K,
n=2 equiv. mole !, K, =k, =k, =103 cm sec !, k,=10""! cm sec™! and a=0.30.
The last two values are close to those recently reported” for reaction (11). It will be

J. Electroanal. Chem., 16 (1968) 125-130



128 K. B. OLDHAM

noted that there is no significant deviation from eqns. (7) and (8) over a potential
range extending from about 150 mV more positive to about 350 mV more negative,
than the standard potential. Notice also, that whereas the upper branches of the
two curves (k—k,,) are not experimentally accessible with present day techniques,
the lower “abnormal” branches correspond to rate constant values that are easily
measured. Although it is difficult to measure, for example k(E) at a potential at which

I:(E) is several orders of magnitude greater, this author beligves that such a measure-
ment is feasible.

Es
—~— increasingly positive potential increasingly negative potential —=—

Lz | | | |

|
o

5
1

log k (kincm sec’!)

FRonge of "normal" behavior——{

4
a
|

O O S S S | | I R S
04 +0.2 0 -02 -04

——(E-Eg) /volt

1

'; o, 030; n, 2 equiv. mole™ .

Fig. 1. Graphs of eqns. (15) and (16). k,, 10® cmsec™!; k,, 107" cm sec™

It may be asked why curvature of the type indicated in Fig. 1 has not been
observed in Tafel studies of inherently slower electrode reactions. It is easily demon-
strated that the range of “normal” behavior embraces a potential span of about

AE = (RT /(1 — o)nF) In (koy/k.) (17)

This means that for a one-electron reaction, “normal” behavior could fill the entire
2-V range of most electrode/solvent systems for k.-values of 10~ % cm sec™ ! or less.

Equation (15) predicts that as (E—E,) changes progressively from large
positive to large negative values, the quantity «(E) defined by

RT d RT d o

changes in a stepwise fashion from O to « to 1. Such behaviour is unnatural and it
may be surmised that «(E) is actually a continuously (but gradually) varying function
of potential such that o is the value that «(E) happens to acquire in the vicinity of
the standard potential, i.e., a(E,)=o.

There is an infinity of equations that produce a sigmoid variation in «(E) from
zero through o to unity as E passes from + oo through E, to — co. Correspondingly,

Ink(E)=1 +

J. Electroanal. Chem., 16 (1968) 125-130



POTENTIAL-DEPENDENCE OF RATE CONSTANTS 129

there is an infinity of smooth curves of In I?(E)/kS vs. (E—E,) that pass through the
origin and which have eqns. (12) and (10) as asymptotes at the E= + oo limits. One
such possibility is the hyperbola

Em nF
k(E) RT

Another is the relation

In (E—E)=In . In E/ln K(E) (19)

kSI:m—stl?m exp {— %}% (E—Es)}
k(E) =

(20)
o> - L nF _
ko + ko + 4k sinh {TRT (E ES)}

It must be emphasized that there is no basis for either of these equations, except
their reduction to the correct limiting forms. However, it is to be noted that either

equation predicts a parabolic dependence of In E(E) upon potential in the vicinity
of E, in accordance with the theories of Hush and Marcus?.
Equations such as (19) and (20) enable « to be expressed as functions of the

three rate constants k, k,,, and k. Thus, according to eqn. (19)

o = In {Kp/k}/In {K, kon/k2) (21)
whereas by eqn. (20)

Either of these equations implies that departure of the transfer coefficient from the

symmetrical value of § arises because of the inequality of Em and k,, and should
therefore be greater for electrode reactions such as (11) in which Ox and Rd are in
different phases. Published a-values® are insufficiently reliable for this conclusion to
be tested.

SUMMARY

Two consequences of the concept of a maximum value for heterogeneous
electrochemical rate constants are presented. First, it is suggested that the approach
to the limit is reflected in the rate constant of the reverse reaction. Secondly, it is
speculated that the transfer coefficient may be determined by the magnitudes of the
limiting rate constants.
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COUPLING OF CHARGING AND FARADAIC PROCESSES

ELECTRODE ADMITTANCE FOR REVERSIBLE PROCESSES

PAUL DELAHAY anp KAREL HOLUB

Department of Chemistry, New York University, Washington Squave, New York, N.Y. 10003,
(U.S:4:.)

(Received May 4th, 1967)

The admittance of an electrode with a single charge transfer reaction was
previously derived! for any value of the exchange current, on the basis of recently
developed ideas2-3. This derivation supersedes a previous treatment4 in which in-
adequate time-derivatives of surface excesses were used. Both charging and faradaic
currents were considered in setting up the boundary value problem, and the fotal
electrode impedance was thus obtained. The resulting equation was given in a
compact form but is in fact very involved for a finite exchange current different
from zero. The admittance for an infinite exchange current, 7.e., for a reversible
process, can easily be deduced as a limiting case of the general result. This was done
as was mentioned in our previous paper!, but details were not given. Since the ad-
mittance for reversible processes may possibly be useful, a formula for it is derived
directly here (SLUYTERS ef al.5 mention that REINMUTH also derived this result
recently). The derivation is preceded by a discussion of the separation of charging
and faradaic currents from a very general point of view.

COUPLING BETWEEN CHARGING AND FARADAIC PROCESSES

We shall examine the effect of a perturbation, from initial equilibrium con-
ditions, upon the charge density and the faradaic current for an electrode of constant
area. We first consider equilibrium and note that the charge density on the electrode,
ge, at the equilibrium potential, is a function of the following variables for a given
solvent: the equilibrium potential Ee; the bulk concentrations as, b5 ... of all the species
involved in the electrode reaction; the bulk concentrations ¢, v%... of other ions
present in solution (supporting electrolyte). The variables are not independent because
Ee is related to the concentrations as, b5 ... by the Nernst equation and the activity
coefficients depend on all ionic concentrations.

If the potential is changed by 0F by some external device, either directly (poten-
tiostatic control) or indirectly (e.g., galvanostatic control), the concentrations just
outside the double layers (in solution and also in the metallic phase for amalgams)
are different from their bulk values because of some mass transfer control. These
local concentrations are designated by a, b... and #, v ... Thus, the change, dg,
resulting from the outside perturbation is a function of 8E, da, 0b ..., du, v ...
where 0E =F —E., da=a—a* ..., Su=u—us ...

We now examine the effect of the external perturbation on the faradaic current

J. Electroanal. Chem., 16 (1968) 131-136



132 P. DELAHAY, K. HOLUB

density, 7r. Thus 7y is a function of 0F, da ..., ou ... and of some kinetic parameters
characterizing the kinetics of the .charge transfer reaction (exchange current, stoi-
chiometric number, etc.).

The same variables appear in the functions representing d¢ and #; and, con-
sequently, the mass transfer problem leading to explicit forms of dE (if not forced
upon the system), a ..., u ... must be solved by simultaneous consideration of the
effect of the perturbation on d¢ and ;. This can be done, for instance, by using the
three general equations previously advanced? with the proper explicit forms of the
time-derivative of the surface excesses3. General equations involving even fewer
assumptions could be advanced, but the mathematical analysis, already quite
laborious, would rapidly become hopelessly complicated.

In principle, one is not justified in solving the mass transfer problem for 7
alone on the assumption that d¢ is solely dependent on O, as has generally been
done. Such a priori separation of charging and faradaic processes is not justified in
principle, as was previously pointed out2 The error resulting from this simplified
approach is serious only when d¢ is significantly affected by the changes da ... and
Ou ... resulting from the perturbation. This seems to be the case when the following
three conditions are fulfilled: (a) there is strong adsorption (specific or non-specific)
of reactant and product; (b) adsorption is strongly potential-dependent because of
the rapid variation of the equilibrium concentrations a%, o* ... (Nernst equation);
(c) the charge transfer reaction is sufficiently fast (high exchange current density).

The above analysis, based on the general forms of the functions, d¢ and 7,
does not require the introduction of charge separation or recombination without
external current. This concept was introduced initially2 in the examination of charging
of an electrode of variable area at constant potential. There is indeed charge separa-
tion or recombination in that particular case but transposition of this type of intuitive
analysis to more general cases is not essential. Analysis can proceed more safely from
the three general starting equations.

The above analysis, based on the general forms of the functions d¢ and 7¢
could be generalized to interfacial processes involving storage of some species at an
interface and transfer of one or several of these species through the interface. In the
particular case we consider, the excess (positive or negative) electrons are stored in
the metallic phase and they “‘cross’’ the interface via the electrode reaction. More
generally, coupling of the type considered here results from the description of two
processes in terms of some time-dependent variables the values of which are deter-
mined by a third process (mass transfer here).

TOTAL ELECTRODE ADMITTANCE

We consider an electrode reaction, O +ze=R, for the usual conditions of
mass transfer controlled by semi-infinite linear diffusion in presence of a large excess
of supporting electrolyte. Species O and R are soluble in solution or, tor R, in the
electrode (e.g., amalgam). The electrode reaction may also involve other species
present in such a large excess that mass transfer of these species need not be con-
sidered. The total electrode admittance is derived for an infinite exchange current
and for small amplitudes. Limitations on the amplitude are stated more precisely
below.

J. Electroanal. Chem., 16 (1968) 131-136



COUPLING OF CHARGING AND FARADAIC PROCESSES I33

The first boundary condition is the same as in the general treatment?, namely
Do(0co/0x) e-0—Dr(Ocr/0x) r0=d(L o+ 'r)/dt (1)

where ¢ is the concentration, /' the surface excess, DD the diffusion coefficient, and
v and ¢ represent the distance from the electrode, and time, respectively. Equation (1)
is valid for any amplitude but can be written in a linearized form, valid only for
small amplitudes. Thus, by selecting the potential /£ and one of the concentrations
of O or R as independent variables

ddt = 1" (Qcot) v o4 U AL [dt (2)
with

'@ = (010" 1z ') = (01')OE)s (3)
¢* being the bulk concentration of O or R and E. the equilibrium potential correspond-
ing to cr® and co*. Equation (2) is valid provided the other terms in the series ex-
pansion of d/"'d¢ are negligible.

The second boundary condition expresses the Nernst equation. Forsmall
amplitude we use the Taylor-series expansion truncated after the first derivatives,
and this simplification determines the maximum permissible amplitude of the
overvoltage. Thus

(Cr) w0 = v+ (0cr’/0cod) . (co—co®) + (0cr’OE) eys (E—LEe)

= Co¥ +l (('()—('()’\') + B (]f = [5‘\) (4)

with
A= CrRYco’ (5)
B = —(2F/RT) cws (0)

where 7, R and 7" have their usual significance. Moreover, as usual co—c¢o® and
cr—>cr® for v—>o00 (v > —o0 if R is a metal in an amalgam).
The overvoltage 5 (=E —E.) is

1 =1 C_\'p(j(r)f) (7)

where 7, is the amplitude, j=(—1)¢, and w =2z, / being the frequency.
The concentrations at the electrode obeying IFick’s equation for O and R are
for the steady state

(co)e—0=rco* {1 —P exp| —x(I +j) (w/2Do) * +jwt] } (8)
(('l{)_(u() =crf I +N (‘X])‘.\'(I +]) ((U/Ql)n,) 4 +j”)” ; (())

where N and I’ are such that the boundary conditions are satisfied. Once N and P
have been determined (only algebra), the amplitude of the current is expressed by
the third general equation previously advanced!.2, and one determines the element
of the equivalent circuit for the electrode. The corresponding resistance and capacity
in a parallel configuration are:

R = (cxw?/AB)[(E:2 + &) /(K& +H

vre

2) (xo)
C = (AB/eww){|(HE—K&) /(&2 4+ &%) +w) (r1)

J. Electroanal. Chem., 16 (1968) 131-136
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where
& =00 (12)
& =00+t (13)
H=Ho+Hw* (14)
K=Kio!+Kw (15)
w = [1o® +(q|zF)](1/B) (2w/Do) * (16)

with the symbols of Appendix 1. Note that the quantities between brackets in eqn.
(ro) and between braces in eqn. (11) are dimensionless. It can be verified that eqns.
(x0) and (11) reduce to the classical form for the parallel circuit of the faradaic im-
pedance when the terms involving /" and g-derivatives are set equal to zero. Some
limiting values are listed in Appendix 2.

The explicit forms of R and C contain six double-layer parameters, viz., the
first derivatives of I'o, I'r and ¢ with respect to E and cr® (or co*). Thus analysis of
a reversible process poses a problem in the unambiguous of double layer parameters.

-
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Fig. 1. A. Plot of Rw? vs. w? with R computed from eqn. (10). Data:z = 2, T = 25°,¢o® = cr® =
ro-6 mole cm=3, Do = Dgr = 105 cm? sec1, oo™ = 1.4 X 10-5cm, [0 = —5.4 X 1011
mole cm=2 V-1, ['g(@® = o, ['®) = o (no adsorption of R), gt = —1.974 C cm mole-1, gi&) =

20 uF cm=2. B. Plot of Cw? vs. w! for the same data as Fig. 1A.

Simultaneous use of data from electrocapillary curves should make matters somewhat
easier.

The departure from classical behavior is shown in Fig. 1 (the plot of Fig. 1A
was recently used by SLUYTERs and co-workers® to show departure from the classical

* Except for g(©® which was previously set equal to zero. This derivative is obtained as follows:
One sets ¢ = — 2z, FI'; where 4 is taken for all ions, z; being taken with its sign. I is expressed
by means of the diffuse double-layer theory for mixed electrolytes and then ¢ is differentiated
with respect to ¢ 5.
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COUPLING OF CHARGING AND FARADAIC PROCESSES I35

behaviour). Data were those previously used* in a theoretical calculation! and corre
spond approximately to the discharge of a divalent cation in 0.1 M supporting elec-
trolyte at —o0.5 V against the point of zero charge in the absence of specific adsorption
for all ions and without metal adsorption.
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APPENDIX I. SYMBOLS IN EQNS. (10)—(17)
A=zFco’(wDo/2)*
po =S+ AQ
o1 = (Sg+Am)w—*
Ho= —2Q
Hi=—-Ki=—[Q(g+u)+Sn+mlw?
Ko= (Su+m)(g+u)o!

)

G ‘
g=1% = (2w/Do)!

(‘.Rs)

m = Iwn (2(()/[)())'5
n = [ '™ + o™ (1/B) (2w/Dx)*

(%)

q = (0q/0co®)r (¢ = charge density on electrode)
¢ = (09/0E)cos
Q = (cr¥/co®) (Dr/Do)!
S = crs/co’
u= (I/zF)q((OS) (2] Do) ?
APPENDIX 2. LIMITING VALUES OF R AND C
w —>0
R —[RT|(zF)2cxs)(2/wDx) } 0
C —(AB/cosw) [ (Ho/200) +w] —> 00
® —> 00
R —(co’/AB)[01%/(00K2+01 H1)] -0
C —(AB/cotw) [ — (K2/p1)w ! +w]
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I3() P. DELAHAY, K. HOLUB
SUMMARY

Coupling between double-layer charging and a faradaic process is examined
in a very general way for an electrode at which a charge transfer reaction takes place.
It is shown that coupling follows directly from the general forms of the equations
describing the effect of an external perturbation on the charging and faradaic pro-
cesses. It is not necessary to introduce the concept of charge separation or recom-
bination at the interface.

The electrode admittance is derived and discussed for reversible processes
(infinite exchange current). Six double-layer parameters are required in the analysis.
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INTRODUCTION

Polarography has for some time proved to be a valuable technique for deter-
mining the stability constants of metal ion complexes in solution. The method devised
by DEForp AND HuME! has proved particularly useful in that it enables the consecu-
tive overall and step stability constants to be found in systems characterised by a
series of metal-ligand step-equilibria. Measured shifts in half-wave potential of a
metal aquo ion with increasing ligand concentration, can be used for the determination
of stability constants by graphical extrapolation methods, provided that reductions
at the dropping mercury electrode proceed reversibly. Precise determinations of these
shifts can be rather laborious as complete polarograms need to be plotted manually
at small potential intervals for a number of solutions containing the ligand over a
fairly wide concentration range. Other methods based on the measurement of diffusion
currents have been devised, e.g., the indicator method of SCHWARZENBACH AND
ACKERMANNZ and the methods of KacENA AND MATOUSEK? and ZABRANSKY 4. These,
however, are only applicable to systems containing a single complex species. The
techniques described here may be applied to systems of several species in equilibrium.

THEORETICAL

Suppose that a hydrated metal ion has the formula M(H:20), in solution;
let the volume of M be v; and that of H:0, vs. Then the total volume of the aquo ion
may be expressed approximately as (v +nv2). Let the n water molecules now be replac-
ed successively by ligand molecules each of volume vs. When one water molecule has
been replaced by one molecule of ligand, the volume of the resulting species becomes
(v14(n—1) v24wv3). The change in volume that has occurred, A vy, is then (vs—wv2) and
the ligand number with respect to the added complexing agent is 1. Similarly, when j
water molecules are replaced by j ligand molecules, the volume of the species becomes
(v14(n—7) va+jvs). The change in volume, A v;, is now j(vs—v2) and the ligand num-
ber is j. When, finally, » ligand molecules replace the n water molecules the final
volume becomes (v1 +7v3). The maximum change in volume, A vy, is # (vs—wv2) with »
the maximum coordination number. Thus, the change in volume is directly proportion-
al to the ligand number, 7. By extending this idea to a large assemblage of hydrated
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metal ions, it is seen that the average volume change/ion produced by a given excess
of ligand is proportional to the average number of ligands coordinated/ion, 7.e., the
ligand number.
The Stokes—Einstein® equation relates the diffusion coefficient, D, of a spherical
particle to its radius, 7, by
p B T (1)
N bgnr
where 7 is the coefficient of viscosity of the solvent and N is the Avogadro number.
The diffusion coefficient is also related to the polarographic diffusion current by
the Ilkovicé equation,

ia=60mDimiC (2)
where 74 is the mean diffusion current produced by reduction of the metal ion at
concentration C, m is the rate of mercury flow, ¢ the drop time and » the number of
electrons transferred in the reduction process.

Thus,

iacc|/1/r, or ia%ocifr
Therefore, the change in mean diffusion current caused by a change in particle radius
from 7y to 72 (r2 >71) is given by,

(ia, —ia) = A{1/y/ri—1)y/ra} (3)
where % is a constant.
Or,

ia,2—ia,2 = b{xfri—1jrs} ()
Therefore,

(ia,+ia,) (i, —a,) =k ’i;“ (s)
that is,

(ta, +1a,) Aia = RAV[ri7s (6)
where

Aig=1a,—iq, and Ar=r2—n
Or, since

(ta, +1a,) = 214, — Aa (7)

2ta, Ala—Aia® = kA7 [rive (8)

When no ligand is present, the radii of all hydrated ions in solution may be
regarded as being the same. When ligand is present, several types of particle co-exist,
having relatively different proportions of ligand to water molecules attached to the
central ion. If the introduction of some ligand species in place of water does not cause
undue departure from spherical shape, the average diffusion behaviour may be explain-
ed in terms of a large assemblage of particles of different size the radii of which are,
on average, slightly greater than 7;.
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The small difference in volume between two spheres of radius 71 and 72 may
be written as,

4mr12Ar = Av (9)
L.

Ar = Av/q7r,2 (T0)
Therefore, substituting for A7 in eqn. (8) gives the following relation:

(270, Aia— Aig?) = [k[47r1372] Av (1)

Since 71 is only slightly less than s,

71372 = 714 = constant.
Therefore,

(2ia,Ata— Aia?) = k' Av (12)
where &’ is another constant.

Now, Aiq is for most cases considerably less than 7a , so that the term Azq? is very
small in comparison with the term 2¢4, Aia.

Thus,

2iq,Ada =k Av (13)
or

AigocAv (14)
1.e.,

Aiaoch (15)

It must be assumed that the presence of ligand does not significantly alter the viscosity
of the solvent medium.

EXPERIMENTAL

The cadmium solutions were prepared with AnalaR cadmium sulphate. Pyra-
zole, imidazole and benzimidazole were of commercially available reagent-grade, and
3,5-dimethylpyrazole was prepared as described previously?. AnalaR potassium nitrate
was used as supporting electrolyte in all determinations.

The concentration of Cd2+used was 5 - 10-4 M in all cases and the ligand concen-
trations were varied over as wide a range as was compatible with solubility. Water
was used as solvent for pyrazole and imidazole complexes, and 50%, methanol/water
(v/v) was used for 3,5-dimethylpyrazole and benzimidazole.

All polarographic waves were plotted manually by means of a Pye Universal
Potentiometer and an accurately calibrated microammeter. In determining half-wave
potentials by logarithmic analysis of the waves, correction was made for the R drop
through the cell and reference electrode system. All potential measurements were made
with respect to the saturated calomel electrode at 25°.

Changes in diffusion coefficients of the complexed cadmium ion with change in
ligand concentration, were determined in terms of, either the change in diffusion
current (Azq) determined from the manual plots, or the change in peak current (Alp)
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obtained with the aid of a Southern cathode ray polarograph. It was found that
shifts in peak current could be measured quite well with this instrument by using high
sensitivity and adjusting the Y-shift control so as to accommodate only the apex of the
peak on the screen.

RESULTS AND DISCUSSION

Stability constant data for the cadmium complexes of pyrazole8, 3,5-dimethyl-
pyrazole? and imidazole® have been reported previously. Data for the benzimidazole
complexes were determined by the method of DeIForp AND HUME, the various derived
functions being given in Table 1.

TABLE 1

DEFORD-HUME DERIVED FUNCTIONS FOR THE CADMIUM -BENZIMIDAZOLE SYSTEM

[BIm] AE; Fo Fy Iy Fs
(M)

0.00 0.0000 1.00 — —

0.01 0.0094 2.09 109 — —
0.02 0.0176 3.94 147 3,100 15,000
0.03 0.0241 6.49 183 207 15,507
0.04 0.0293 9.80 220 3,375 14,375
0.05 0.0337 13.80 256 3,420 12,400
0.06 0.0383 19.77 313 3,800 10,667
0.07 0.0417 25.76 354 3,843 14,900
0.08 0.0452 33.81 410 4,002 15,775

Overall constants: 81 =85; f2=2,800; ff3=15,500.
Step constants: Ky =85; Ka=33.1; N3=0.92.

TABLE 2

STABILITY CONSTANT DATA FOR THE CADMIUM COMPLEXES OF PYRAZOLE, 3,5-DIMETHYLPYRAZOLE,
IMIDAZOLE AND BENZIMIDAZOLE

Ligand b fe fa fa
pyrazole® 14 45 90 42
3,5-dimethylpyrazole? 14 4 70 =
imidazole® 6.3 X 102 8.0 x 104 2.8 X 106 3:8 % 107
benzimidazole 85 2.8 X 108 15.5 % 103 -

The consecutive overall constants for the four systems are given in Table 2.

From the values of the various overall stability constants, it was possible to
calculate, for each system, the ligand number, i1, at each ligand concentration. Observ-
ed values of Aiq or A, are plotted against calculated values of 77 in Fig. 1.

It can be seen that, in each case, the plots are satisfactorily linear, in agree-
ment with eqn. (15). For curve III, however, there is a tendency for some curvature at
higher n-values. This is to be expected since the largest shifts in diffusion and peak
current were observed for the dimethylpyrazole system and departures from the rela-
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tion for small Aig-values begin to become significant. In this case, the A7q-values should
have the correction term Aiq2/2iq, subtracted in accordance with eqn. (8). Figure 2
shows the uncorrected and corrected curves; the latter shows good linearity:.

In principle, therefore, it should be possible to obtain stability constant data,
for certain metal-ligand systems, from measurements of the change in diffusion cur-
rent of the hydrated metal ion as it is increasingly complexed with ligand. This would
necessitate a knowledge of a reliable value of i1 for at least one value of ligand concen-

I

0.5k I gls0
} oaf 4.0 T

Ay ATy
o.3F 430
0.2 420

hivg
0.1 1.0
0.0 L L —1+_loo
00 10 20 _ 30
—

Fig. 1. Shifts, Aiq or A/, as functions of caled. ligand number, 7z, for systems containing cadmium
complexes. (1), Aigwvs. 77, cadmium benzimidazole: (1), as I, cadmium pyrazole; (L11), Al vs. 7,
cadmium-3,5-dimethylpyrazole; (1V), as 11, cadmium-—-imidazole.

ot

0.8 Aiy (plot 1)
or
O7HBiy-Bigz/2iy)
(plot )
0.6

0.5

L L L
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Fig. 2. Corrected and uncorrected plots of Aiy vs. 77 for cadmium 3,5-dimethylpyrazole system.
(0), uncorrected points; (@), corrected points obtained by subtraction of term, Ai(,'l/ziul.

tration. Values of ii over the whole concentration range then follow by simple propor-
tion. The polarographic indicator-ion method of RINGBOM AND ERIKSSON10 provides
ligand number data. This technique is based on the competitive complexing reactions
of an indicator metal ion, and an ion under study, with a chosen ligand. The shift in
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half-wave potential of the indicator ion, for a particular ligand concentration, is
smaller in the presence of the added metal ion than in its absence, the difference
between the two shifts being directly related to!! i. The method is tedious and gives
rather unreliable data for lower and higher values of i1, but can be used, however, to
give a reliable estimate of #7 at intermediate values. Thus, if one value of 7 is obtained
in this way, the rest follow from the values of Aia.

Alternatively, if the Aiq-data show an approach to a measurable limiting value
at the highest ligand concentrations, ligand number data may be obtained over the
whole range if the maximum coordination number of the system is known or can be
inferred. Figure 3 shows plots of Aiq and 7 versus concentration of 3,5-dimethylpyra-
zole, the n-values being calculated on the assumption that the maximum coordination
number is three. The formation curve for this system is presented in Fig. 4.

50 3.0
4.0 T
T 3.8 n
ig(uA) 21 2.0
36
3.4
1 1.0
321
3.0
L L T T i 0.0 L 1 L
02 04 06 08 10 12 1.4 16 ~2.0 -1.0 0.0
[dimethylpyrazole] —= log [dimethylpyvazole] —

Fig. 3. Plots of iq and # vs. conen. 3,5-dimethylpyrazole.

Fig. 4. Formation curve of cadmium-3,5-dimethylpyrazole system. (0), points obtained from
previously determined data; (@), points obtained from diffusion current measurements.

TABLE 3

STABILITY CONSTANT DATA FOR THE CADMIUM—3,5-DIMETHYLPYRAZOLE SYSTEM OBTAINED BY THE
DEFORD—HUME AND THE CURRENT METHODS

Method b P B
DeEForD-HUME 14 4 75
Crow 12 4 60

In Figure 4 one set of points is calculated from the known stability constant
data, the other being determined from Aiq measurements. Integration of the directly
determined 71 versus log[ligand] curve by the method of FrRoNAEOUS!2, gave values of
stability constants agreeing closely with those found previously. The two sets of data
are given for comparison in Table 3.
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CONCLUSIONS

The results obtained provide the basis for a new polarographic method for
determining stability constants in metal-ligand systems characterised by a set of step-
equilibria.

Advantages of such a method are: (1) Values of AZq may be determined fairly
rapidly without the necessity of plotting complete polarograms. Since diffusion current
measurements are made at a fixed applied potential, as the ligand concentration is
varied the residual current contribution is a constant quantity in each value of the
current determined. This fixed potential must be sufficiently negative in order that
full development of the diffusion current is obtained, even at the highest ligand concen-
tration.(2) The method is applicable to both reversible and irreversible reductions at
the dropping electrode and depends only on the polarographic wave being diffusion-
controlled and hence obeying the Ilkovi¢ equation. The results in the present paper
refer only to the behaviour of neutral ligands, so that the charge residing on all species
in a solution of metal ions and ligand is the same. Changes in the electrostatic interac-
tion between the complex species and ions of the supporting electrolyte will thus be
neglible. It might be expected that in the case of a charged ligand, where the charge
varies from complex to complex, this may not necessarily be the case. However, from
preliminary work using charged ligands in a medium of constant ionic strength, early
results indicate that the proportionality between Azq and 7 is maintained reasonably
well.
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SUMMARY

It is shown theoretically that the change in polarographic diffusion current of a
metal ion in solution, produced by the presence of excess coordinating ligand, is
directly proportional to the ligand number, 7, of the system. The relationship is
confirmed by the observed behaviour of the cadmium ion when complexed with four
different heterocyclic ligand species for which stability constant data were determined
by conventional means. The formation curve for a particular metal-ligand system
may be constructed provided that a reliable assessment of the ligand number may be
made at one or (preferably) two values of the free ligand concentration. Since a diffu-
sion-controlled polarographic wave-height is given by the Ilkovi¢ equation, regardless
of the degree of reversibility of the electrode process, the method may be used to
determine the stabilities of complexes of metal ions that behave irreversibly at the
dropping mercury electrode.
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INTRODUCTION

A number of electrochemical techniques are described by boundary value
problems that do not yield analytical solutions, but which usually can be formulated
as Volterra integral equations. This fact has led some authors to rely on approximate
numerical methods for solution of these integral equations (see ref. 1 for a recent
review). The numerical techniques most generally used may be classified according
to the type of approximate function employed on successive integration intervals.
The approximate functions in three of these methods are: (1) a constant! (step
function technique); (2) a straight line2 (HuBER's method); and (3) a parabola3
(WaGeNER's method). In principle, the third method should provide solutions that are
more accurate than those obtained from the first two methods. However, for some
integral equations, solutions resulting from application of WAGNER’s method become
unstable, especially for large values of the independent variable?. In such cases this
technique may not be a suitable method of solution.

We have developed a method of numerical analysis based on a polynomial
approximate function of any desired degree. This technique is apparently convergent
for all values of the independent variable. When the approximate function is a
parabola, the results are as accurate, or more accurate, than WAGNER's method under
its best conditions of stability. Relationships necessary for use of this method and
results of calculations for a specific example are presented here.

DEVELOPMENT OF THE METHOD

Generalized kernels
A Volterra integral equation of the second kind may be written

F()=bf(x) + U ) K (%,2)dz (1)

Here f(x) is the unknown function, and I7(x) and the kernel, K(x,2), are expressions
of known form. If the constant, b, is zero, eqn. (1) is a Volterra integral equation of
the first kind.

The domain of x for which a solution of eqn. (1) is required is divided into N
equal intervals of width, k0. On each interval the approximate function is defined
as a polynomial of degree k. Each interval k0 wide is serialized by the integer, .
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For purposes of discussion the interval, k0, will be referred to as the iuterval of
definition and O as the interval of integration. The serial number, /, will be used to
identify a particular interval of integration on the interval of definition being con-
sidered, 7.e., [ will take on values /=1,2,...,k on the n-th interval of definition.

For values of the independent variable in eqn. (1) on the n-th interval of
definition

(n—1)kd < x <nko (2)
the polynomial approximation is
k n—1 k
falx)= Z[x—(n—1)kd)ia; ™ + X X(kd)ia;® +f(0) (3)
=1 i=1 j=1

The coefficients, a;(®, once determined, permit calculation of the approximate
function on the interval defined by eqn. (2). It is assumed that the coefficients,
a;M, (i<n) have been determined previously. The value of f(0) may be obtained
from eqn. (1).

To specify the extent of integration, the following substitution is made in
eqn. (1)

x=md (4)
where

m=n—1)k+l (5)

The integer m is introduced only as a worthwhile construction to simplify notation
in the remainder of the text. Equation (1) can then be written

iko0 mo

(2) K (m,2)dz + f Fu(2) K (md,z)dz (6)
(m—1)o

Fond)=tumd)+ B [ S
Combination of eqns. (3) and (6) accompanied by a lengthy but straightforward
algebraic manipulation leads to the matrix equation:

Amg(n =g (7)

Equation (7) describes a system of % linear algebraic equations in the unknown
column matrix, @), whose elements are the & coefficients, a;(®. The column matrix,
g, and the k& x k& coefficient matrix, A, are determined by relationships given in
Appendix A. Equation (7) may be solved for a® provided that A® is a non-singular
matrix. The resultant column matrix, @), is subsequently used in eqn. (3) to calculate
values of the unknown function. Repeated solution of eqn. (7) for n=1,2,...,N results
in complete description of the unknown function on the interval o < x < NA(S

Convolution kernels
For the special case in which eqn. (1) is of the convolution type

K(xz)=K(x—=z) (8)

eqn. (7) and the auxiliary expressions in Appendix A can be simplified. In this case
the matrix equation becomes

aa(ﬂ)zy(ﬂ) (9)
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Auxiliary expressions for calculation of terms in eqn. (g) are given in Appendix B.

Volterra integral equations having convolution kernels are more easily solved
than those having more general kernel functions. This fact is easily illustrated by com-
paring the number of numerical terms each auxiliary expression generates in the two
cases. These comparisons are presented in Table 1 for three of the auxiliary expressions.

TALE 1

COMPARISON OF NUMBER OF NUMERICAL TERMS REQUIRED FOR SOLUTION OF EQUATIONS (7) AND
(9) ON THE INTERVAL [O,N£J]

Auxiliary teyvm No. of numerical
teyms

Ay NEk2

By(nsi) N(N-—l)k‘/l

Vpqtm) N(N+1)k(k+1)/2

%7} k2

Busth (N 1)k

Ypa Nk(k+1)

1t should be noted that terms in Table 1 taken from Appendix B are independent of
the serial number of the interval of definition. This loss of dependence on # accounts
for the significant reduction in the number of terms in Table 1 for convolution kernels.
This feature simplifies solution of eqn. (9) for a(® because the inverse of the matrix,
a, need be determined only once4.

DISCUSSION OF THE METHOD

The present technique may be viewed as a method that produces polynomials
that satisfy the integral equation on each interval of definition. Polynomials generated
in this manner accurately approximate the unknown function. The complete approx-
imate function is a piece-wise smooth curve® consisting of these polynomial segments.
The approximate function is restricted by the relationship (see eqn. (3)):

Sur1(nkd) = fu(nko) (ro)

This restriction states that the approximate function possesses a common limit
from the right and left at the end-point of each interval of definition.

Comparison with previous methods

The method described here for polynomials of degree, k=1, reduces to the
method of HUBER. Thus HUBER’s method may be regarded as a particular case of
this general treatment.

The present method with k=2, however, is not the same as the parabolic
method of WAGNER, because of differences in definition of the parabolic approxima-
tions. WAGNER’s definition is restricted by the condition that the parabola must
satisfy the last two calculated function values, and the unknown function value
being determined. Therefore, the parabolic approximate function possesses only one
undetermined parameter which may be strongly influenced by prior calculations.
These restrictions are in sharp contrast to the single restriction (eqn. (10)) placed
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on the present method. Furthermore, initiation of calculation by WAGNER’s method
always requires an independent technique to determine the function value at the
mid-point of the first integration interval. Both techniques require numerical
evaluation of the same number of auxiliary terms. All these considerations indicate
that when the accuracy of a parabolic approximation is desired, the present method
is preferable to WAGNER's method.

Non-linear integral equations

Polynomial approximations also can be used to solve non-linear Volterra
integral equations. It is not possible, however, to develop a general procedure like
the one for solution of eqn. (1). The present technique may be applied if the non-
linearity does not occur in the integrand of the integral equation. In such cases
application of a polynomial approximation on each interval of definition results in
a system of non-linear algebraic equations, which can be solved numerically for the
unknown coefficients in eqn. (3). When the non-linearity occurs within the integrand,
difficulties may be encountered in development of auxiliary numerical terms. In
these cases it may be desirable to employ the step functional technique which has
been applied recently to equations of this typet.

Additional considerations

An important practical consideration in using this method is evaluation of
the definite integrals in eqns. (A-6) or (B-5). For many kernel functions, these integrals
will be integrable directly to algebraic forms and no serious difficulties are presented.
When this is not the case, some approximate numerical method of integration must
be used. If the number of integrals is large (large N in Table 1), the number of
computations required for numerical integration consistent with good accuracy may
impose limitations on the method. In these cases application may be restricted to
use of the quadratic approximate function.

ILLUSTRATION OF THE METHOD

To illustrate the method developed above, we have applied it to calculation of
the unknown function in the following equation:

I—exp(—ux) _LJ'»" S(z)dz

I+expc—x)  Jm Jo Jx—z

(11)

Equation (11) is a singular Volterra integral equation of the first kind, which appears
in the theory of stationary electrode polarography!. Equation (11) also is an Abel
integral equation, and its solution can be written directly

o (T4+exp(—c) s .
Jlw) = 47 f Vx—z (0\11‘( c—42) "

Equation (12) was used to check the results of approximate numerical calculations.

Equation (11) was solved numerically with a digital computer by successive
application of eqn. (9) for polynomial approximations of degree one, two, three, and
four, with ¢=7.0. Preliminary calculations were performed for a number of values
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of Nko (5= Nko= 10). Results of these calculations showed that for a given poly-
nomial approximation, fy(Nkd) converged to the correct value of the unknown function
at a rate very nearly independent of Nkd. Therefore, results of these calculations are
summarized in Fig. 1 for only one particular value of N&6 (=8.1094). This point very
nearly corresponds to a maximum in f(x) which is of polarographic interest!. In
Fig. 1, fnv(NRO) is plotted wversus the size of the interval of definition used in the
calculation. For purposes of comparison Fig. 1 also includes results of calculations
for the step function method and WAGNER’s method. To make a valid comparison
between our parabolic method and WAGNER’s method, &9 for WAGNER’s method
was chosen as twice the integration interval originally defined by WAGNER.

0450

0448 /

| —

N(NKS) 0446 ~

0444 \

0442

-2 -1 (0] 9
log(kd)

Fig. 1. Variation of fy(Nkd) with k3. Nkd = 8.1004; correct value of fy(NkO) = 0.44653. (—)
Wagner’s method.

Several interesting conclusions can be drawn from the data of Fig. 1. For
example, as o is decreased, all the results converge to the correct answer, except for
WAGNER's method. In this case answers correct within 1%, are obtained only for ¢ on
the interval, 0.37 <0< 1.25. For large § on this interval, WAGNER’s method gives
results of accuracy comparable with our parabolic method. However, for values of 6
outside this interval results of WAGNER’s method rapidly become uncertain because
of instability. In the case of eqn. (11), for values of Nkd greater than 8.1, the un-
certainty resulting from instability becomes more severe. Thus, with WAGNER’s
method accurate results are obtained only by fortuitous choice of an optimum value
of 4, and an indication of the correct answer cannot be obtained simply by decreasing
0. It should be pointed out, however, that these conclusions apply only for the
particular integral equation considered (eqn. (11)). Nevertheless, as WAGNER has
indicated?, similar conclusions may result in other cases when the independent
variable becomes large.
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APPENDIX A

Equation (7) is the matrix form for the % linear equations produced by
k

EAU(H)“j(n):gl(n) (A—l)
j=1

One equation results for each value of /, /=1,2,...,k. The /-th row and j-th column
element of A is:

i)

Ay = D (;)[(1_,,1)(”;7:1‘ Ving™ — V1,60 |+ b(10) I (A-2)
q=0
Elements of the column vector g, are:
n—-1 %k
g1 = F(md) —f(0)|[ Vo) +b] — 2 2 Bytnia;i) (A-3)
i=1 j=1
where
B0 =T 4 (RO)I[V im0 — Vig,0") 40| (A-4)
J g
T = X (‘;)[ (X—=2)k01 =4 V ik, — V i1y, (A-5)
q=0
po
qu"“)zf 29K (mo,z)dz (A-0)
0
The notation (é) represents the binomial coefficient
Sk 1l
7) = — (A-7)
(%) 7'G—9)!

When m=1[ and ¢g=j in the expression for A, we adopt the convention that
09=1; the same applies to the term 7,;(") when ¢g=j.

APPENDIX B

Matrix elements of e in eqn. (9) are:
j / >
= (5)(—x)a(m)m P+ b(I0) (B-1)

q=0

The % elements of y() are calculated according to:

n—~L k
yl(’”=1"(WL(S) —_/'(O)[qlmo-}-brl— 2 Z/)’(j“)(lj(”"’:) (B—Z)
i=1 j=1
where
B =D 1,5+ (RO) [ i-1yr 11,0+ 0] (B-3)
i
Buvrr= B (§) (= DR+ DIV Pisst— P vrrr1 (B-4)
q=0
po
Wyo=[ v (v)dy (B-5)
0
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SUMMARY

A general treatment based on polynomial approximations is presented for
numerical solution of Volterra integral equations. The method is developed with a
formalism that permits use of polynomials of any degree. In general, as the degree
of the polynomial is increased, accuracy of solutions also is improved. The new
procedure is illustrated by solving an integral equation of stationary electrode
polarographic interest. The same equation also is solved by other numerical methods
used previously, and it is concluded that the new method is preferable when accurate
solutions are required.

The new method also is capable of providing accurate solutions of integral
equations even when the independent variable is very large. This fact should make it
possible to treat mathematically techniques such as cyclic voltammetry under
conditions approaching the steady state.
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ZUR THEORIE DER ELEKTROLYSE MIT ZWEI ENG BENACHBARTEN
ELEKTRODEN IN STROMUNGSANORDNUNGEN.
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(Eingegangen den 4. April, 1967)

EINLEITUNG

Fir die Bestiatigung des Reaktionsmechanismus von Elektrodenvorgidngen
ist die direkte Erfassung der Reaktions- oder Zwischenprodukte ausserordentlich
wertvoll. Frumkin und Mitarbeiter! haben zuerst ein elegantes Verfahren fiir solche
direkte Erfassung vorgeschlagen, bei dem eine rotierende Scheibenelektrode als
erzeugende Elektrode verwendet wird, die von einem konzentrischen Ring als
Indikatorelektrode umgeben ist. Bei diesem Verfahren lassen sich die Reaktions-
produkte, die an der Oberfliche der Scheibenelektrode entstehen, durch radiale
Abstromung von der Rotationsachse zur Ringelektrode tiberfithren und an deren
Oberflache analysieren. Um die hohe Empfindlichkeit zu erhalten, ist es notwendig,
fir die moglichst schnelle und vollstindige Uberfithrung der Reaktionsprodukte
von der erzeugenden Elektrode zur Indikatorelektrode zu sorgen. Diese Bedingung
lasst sich dann erfiillen, wenn die Reaktionsprodukte in engster Benachbarschaft
zur Indikatorelektrode erzeugt und ferner durch die moglichst schnelle Stromung
zur Indikatorelektrode transportiert werden. Unter Berticksichtigung dieser Ver-
héltnisse haben Gerischer und Mitarbeiter? in den letzteren Jahren eine Kanal-
anordnung vorgeschlagen, bei der sich die Versuchslésung an zwei eng benachbarten,
flach in der Wand liegenden Elektroden voriiberstromen lisst.

Der wichtige Faktor fiir die Verfahren mit zwei eng benachbarten Elektroden
ist die Ubertragungsausbeute, d.h. die Effektivitit der Uberfithrung zur Indikator-
elektrode, fiir die das Verhiltnis N zwischen dem Indikatorstrom I, und dem Er-
zeugerstrom I, charakteristisch ist. Fiir das Ring-Scheibensystem ist die thepretische
Behandlung iiber N bereits niherungsweise von Lewitsch und Iwanow? und spiter
in exakter Weise von Albery und Bruckenstein* durchgefithrt worden. Anderseits
haben Gerischer und Mitarbeiter in der oben benannten Arbeit? die Grosse von N
fiir die Kanalanordnung ndherungsweise abgeschitzt.

Unter Beriicksichtigung der Wichtigkeit der Verfahren mit zwei eng benach-
barten Elektroden in dem Bereich der Elektrodenkinetik wollen wir in der vor-
liegenden Arbeit den allgemeinen Ausdruck fiir das Verhiltnis N ableiten, der fiir
verschiedene Stromungsanordnungen gilt. Als Beispiele der praktischen Anwendung
sollen einige Stromungsanordnungen behandelt und diskutiert werden.
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BEl ZWEIDIMENSIONALEN STROMUNGEN

(1) Beziehung zwischen der Konzentration und dem Konzentrationsgradient an der
Elektrodenoberfliche

Zuerst wollen wir die allgemeine Beziechung zwischen der Konzentration und
dem Konzentrationsgradient an der Elektrodenoberfliche ermitteln, mit deren Hilfe
die nachfolgenden Rechnungen durchgefiihrt werden konnen.

Prandtische

Grenzschicht

Diffusionsschicht

erzeugende

Elektrode X
Indikator-
elektrode 3

Abb. 1. Koordinatensystem und Zeichen bei zweidimensionalen Stromungen.

Wenn man die in Abb. 1 gegebenen krummlinigen Koordinaten (x, y) bentitzt,
so erhilt man folgende Differentialgleichung fiir die Konzentrationsverteilung des
Depolarisators S; in der Nidhe der Elektrodenoberfliche im stationdren Zustand:

2

— ) |
ox dy oy (M
mit
0 0
T S )
dy Ox

Hierbei bedeuten:
x = Abstand, gemessen lings der Oberfliche des Festkorpers vom Anfang der
Prandtlschen Grenzschicht
y =Abstand von der Oberfliche des Festkorpers
u, v = x- bzw. y-Komponenten der Stromungsgeschwindigkeit in der Prandtlschen
Grenzschicht
C;, D; = Konzentration bzw. Diffusionskoeffizient des Depolarisators S;
Yy = Stokessche Stromfunktion
Wir nehmen ferner an, dass die Prandtlsche Grenzschicht und die Diffusions-
schicht an x =0 bzw. an x =x, beginnen, wie in Abb. 1 gezeigt ist. Dabei ldsst sich die
Randbedingung unmittelbar ausserhalb der Diffusionsschicht angeben durch

}3 Ci=C7 3)

wobei Cj die Konzentration des Depolarisators S; im Innern der Lésung ist. Ander-
seits kann die Randbedingung an der Elektrodenoberfliche folgendermassen aus-
gedriickt werden :

xX<Xxqg, y>0
X>Xxq, y—o0
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x>xo, y=0: D;(0C;/dy)=fi(x), 4)

wobei f;(x) eine beliebige Funktion von x ist.

Bei Fliissigkeiten ist im allgemeinen die Prandtlsche Zahl von der Gréssen-
ordnung 10?. Wie in der friiheren Arbeit’ gezeigt worden ist, ldsst sich damit die
Stromungskomponente « innerhalb der Diffusionsschicht durch erstes Glied der
Taylorschen Reihe in bezug auf y approximieren. Wir erhalten

u=(0u/oy),_o vy =[z(x)/u]y, (5)

wobei 7(x) die Wandschubspannung bedeutet und u die innere Reibung ist. Daher
ergibt sich aus Gl. (2)

v = | udy=[e0205° (6)
und also foigt aus Gln. (5) und (6)

u=[2t(x)/u1]*y* . 7)
Wenn man an stelle von x und y die Stromfunktion y und

= | [2e(x)/u] dx ®)

als neue unabhingige Variablen beniitzt, so kann die Differentialgleichung (1) unter
Beriicksichtigung der Gln. (6) und (7) transformiert werden in

5
(a(;j = Db w/ (/" (55}) ©)
mit den transformierten Randbedingungen :
./ii?;o} C;=C?
(10)
=0+ fi=eunvt (5

Dieses Differentialgleichungssystem ist bereits in der fritheren Arbeit® durch An-
wendung der Laplace-Transformation aufgelést worden. Nach unserem Ergebnis
lautet die Oberflachenkonzentration

Y L (P Q) ifdre
Bl =C¢ =2 pt ( Conl Jidr (11
Ch=o=C =g ), =vp )

oder unter Beriicksichtigung der Gl. (8)

1\4 r (o /

3 a4 [T / )dx
(Cily=0=C5 — (%()j) Dy * . ( T (12)

3 Jxo )] dx ‘

Gln. (11) oder (12) sind die zu erhaltende Bezmhung zwischen (C;), -, und fj(x) bei
zweidimensionalen Stromungen.

(2) Ermittelung des Ausdruckes fiir den Erzeugerstrom
Zunichst soll der Erzeugerstrom I, ermittelt werden. Wir nehmen hier an,
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dass an der Oberfliche der erzeugenden Elektrode der Stoff S, elektrochemisch in
den Stoff S, reduziert oder oxydiert wird nach dem Schema :

Sitnme=29,, (13)

wobei n; die Zahl der Elektronen bedeutet, die bei der Elektrodenreaktion aufge-
nommen bzw. angegeben werden. Darin gilt ferner das obere Vorzeichen (+) fiir
die Reduktion und das untere (—) fiir die Oxydation. Bei der Bedingung des Grenz-
stromes in bezug auf S, gilt (C,),-,=0. Aus Gl. (11) fiir S, ergibt sich damit folgende
Abelsche Integralgleichung:
t (2 —3f Iz ,
[CI gy ) gy "
Jo (t=1) ()
Diese Integralgleichung ldsst sich folgendermassen aufldsen. Ersetzt man ¢ in Gl. (14)
durch t”, multipliziert dann die beiden Seiten der erhaltenen Gleichung mit

(=17
und integriert von Null bis ¢, so erhilt man

t

(2‘[/“)_%,f1 dit'= (%)‘ 3 C(I)D,i 3 i

')

Jo

wobei folgende Rechnung zur Anwendung gelangte :

'{“Qdm*ﬁdl dr”

Jo (t"—t)? f (t—1")}
(A de” l L

= e () 2 i
.o{«u—wwr—mw( A

=r@ra | eom thar

JO

Nach Differentiation der obigen Gleichung in bezug auf t folgt
fi={@r@)} DIt . (15)

Die Stromdichte i, ist proportional zu dem Konzentrationsgradient von S,
an der Elektrodenoberfliche. Damit erhalten wir fiir die Erzeugerstromdichte i,
unter Beriicksichtigung der GI. (8)

L
3

' _ 3 G5 T
Ilzianfxz"—_mthC(l)D“‘ T ¥ (1e)
3 Fd.\}i

wobei das obere und untere Vorzeichen der Reduktions- bzw. Oxydationselek troden-
reaktion entspricht.

Die Gesamterzeugerstromstirke I, lidsst sich durch Integration iiber die
gesamte Oberfliche der erzeugenden Elektrode erhalten. Wenn sich die erzeugende
Elektrode von x, bis x, erstreckt, wie in Abb. 1 gezeigt ist, so erhalten wir

J. Electroanal. Chem., 16 (1968) 153-164



ELEKTROLYSE MIT BENACHBARTEN ELEKTRODEN 157

'.\'1. 3“x 5 X " 3
I = ..“)lld.\‘ =+ ?Tﬂ(%)anC(fDi,u [‘\ rfdxil ) (17)

< X0

(3) Ermittelung der Ausdriicke fiir den Indikatorstrom und fiir N

Im folgenden wollen wir den Ausdruck des Indikatorstromes I, ermitteln.
Wir nehmen an, dass das Reaktionsprodukt S,, das an der Oberflache der ersten
Elektrode (x,---x,) erzeugt worden ist, ferner an der Oberfliche der Indikator-
elektrode (x,---x;) in den Stoff S; (der mit den Stoff S, identisch sein mag) reduziert
oder oxydiert wird nach dem Schema :

S;+nye e S5 (18)

wobei n, die Zahl der Elektronen bedeutet, die bei der Elektrodenreaktion (18)
aufgenommen bzw. abgegeben werden. Fiir die Reduktion gilt das obere (+) und
fir die Oxydation das untere (—) Vorzeichen der Gl. (18).

Bei der Bedingung des Grenzstromes in bezug auf S, erhalten wir folgende
Bedingung fiir den Stoff S, :

XgL X<X: fo=—f; l
X <X<Xy: f,=0 ~ (19)
X< (Ca)y=0=0. [

Fiihren wir die obige Bedingung in GI. (11) fiir S, ein, so erhalten wir damit unter
Berlicksichtigung der Gl. (15)

cibt ™ dr’ (YW,
il W Al e e L o

= | Reltax (=12, &

JX0

Hierbei ist es angenommen, dass die Konzentration von S, im Innern der Losung
gleich Null ist. Das Integral auf der linken Seite der Gl. (20) ldsst sich durch Ein-
fithrung von &=t'/(t—t') als neue Integrationsvariable ermitteln. Wir erhalten

rt &£ 2
\ (i) %5 40 e ciDiG (,il_>

by (AP @ t—1ty
mit

3t (0 dé

G(0) = e

( ) 2n )y Qj(1“|‘:)
3! 140 3 204 —1

=l——t'*‘<‘)i 22

an Moy et 3% )t ® 22

Die obige Gleichung ist die Abelsche Integralgleichung, deren Losung mit Hilfe des
gleichen Rechnungsverfahrens erhalten werden kann, wie bei der Ermittelung der
Erzeugerstromdichte i, beniitzt worden ist. Fiir x > x, ergibt sich damit

J. Electroanal. Chem., 16 (1968) 153164



158 H. MATSUDA

fr = S e (3)

(3)'rE) v—t,) (=)}

Das Integral in Gl. (23) ist im Anhang (S. 163) ermittelt. Wir erhalten daraus

= {(%)‘1 F(%)} ~1CY b} (2T‘/,u)’5'

x{(z—tz)iG( 4 r>—r‘f‘G(I—1 Ll )l. (24)

}2_71 tt,—t)f

Die Indikatorstromdichte i, ist proportional zu dem Konzentrationsgradient von S,
an der Oberfldache der Indikatorelektrode. Daraus ergibt sich unter Beriicksichtigung
der Beziehungen (8) und (21)

i=+n,Ff,
— iiinzFC?Dﬁu”‘r
r(3)

X
e e
—
&
B “
Q
S
o
~
v‘
Y — "
b o
= ~ o
a
e b
o
= =
|
TS
e
b3 P
h’\
o
-
NP
)
—
= “|=
g
e |
~
>
i
S
—
9
o
-

wobei das obere und untere Vorzeichen der Reduktions- bzw. Oxydationselek troden-
reaktion entspricht. Fiir die Gesamtindikatorstromstirke I, erhalten wir

X3

N

Jx2

idx = inst ]./'2 [27/u]  *dt (26)

Setzen wir den Ausdruck (23) fiir f, in Gl. (26) ein, so erhalten wir nach Durchfiihrung
der angegebenen Integration

a

3?
rQ

L=+ n, FCYDip*

)

-
\ rdx hdx
JX0

'.\'\ N X2
72dx \ t3dx
\ J X0

Daher ergibt sich aus Gln. {17) und (27) fiir das Verhiltnis N
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N = |L/L]
" f \'-r%dx ; \.lr%dx S“ri‘dx
=232 Glt—— 4 Gl =
"’1 \ trdx \ idx \ t¥dx
\"fidx3 S.ltédx S-‘Vd\
== Gl E—— (28)
S trdx \ idx \ idx

Gl. (28) ist der allgemeine Ausdruck fiir N bei zweidimensionalen Strémungen.
BEI DREIDIMENSIONALEN ROTATIONSSYMMETRISCHEN STROMUNGEN

Wie in der fritheren Arbeit’ gezeigt worden ist, ldsst sich die Beziehung
zwischen der Konzentration und dem Konzentrationsgradient des Depolarisators
an der Elektrodenoberfliche bei den dreidimensionalen rotationssymmetrischen
Stromungen ausdriicken durch

e B Loy
(Cj)y=0_Cj — F(%) Dj 3 .o_(tti'—)%_dt (29)
mit N
t= | [2ro(x)*t(x)/u]*dx (30)

JX0

Hierbei bedeuten:
x = Abstand, gemessen lidngs der Meridiankurve des Rotationskdrpers von
dem Anfang der Prandtlschen Grenzschicht
y = Abstand von der Oberfliche des Rotationskdrpers
ro =Abstand des Punktes (x,0) an der Oberfliche des Rotationskorpers
von der Rotationsachse
Infolgedessen konnen wir mit Hilfe der ganz gleichen Rechnungsverfahren
die Ausdriicke fur die Erzeuger- und Indikatorstromdichte ermitteln, wie bei den
zweidimensionalen Stréomungen beniitzt worden ist. Die Ergebnisse lauten
(ro7)*

1
3

. 3 -
nzim'ﬂFC?Dg{N %—'x—__—% BY
3 H (ré‘z:)%dx]
N L[| rerax
i,=+ r(l) ", FC(I)D%‘#—%(,-O-E)% x ( s [rér]%d){> G L);(;—'
3 Jxz g [rdz]*dx
L e | et
- (j [réf]%d-‘(> G| = (32)

J ’ [r3<]tdx

X0

X2 L
[r3z]*dx
JX1
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Damit ergeben sich fiir die gesamte Erzeuger- und Indikatorstromstérke

X1 3% y "X . F
I, =2n| ijrodx ==+ ﬁf)n,FC?ny‘-‘ (S [rér]fdx> (33)
JXo 3 Jxo
I,=2n i,rodx
3
=+ FCIDjut
=l F(%) nj 1 iu
ARG . SARGRHRE
x <\ [rér]‘l‘dx) Gl —=——+ (s [r%r]"dx) G|
X2 [r3z]*dx “X0 \ [r3z]*dx

Jx1 Jx

= \ l[rgr]%dx \ 3[rét]%dx

() e (34)
“xo S [r37]*dx S [raz]idx
Fiir das Verhiltnis N erhalten wir daraus
N = |/l
. j [r3t]*dx . \ ‘[rgt]i‘dx \ J|:r(3)r:|%d.\'
PP G + Gl
" J [r37]*dx \ [r3c]*dx \ [r3z]*dx
S B[rét]%dx ] \'l[réf]édx S 3[r%‘r]%dx
= of 12 &)
j [raz]¥dx j [rdc]*dx s [ra<]¥dx
BEISPIELE

In den vorangehenden Abschnitten sind die allgemeinen Ausdriicke fiir N
ermittelt worden. Fiir die Strémungen, bei den die Wandschubspannung 7(x) bekannt
ist, kdnnen wir damit den Wert von N sehr leicht ausrechnen. Im folgenden wollen
wir als Beispiele einige Stromungsanordnungen behandeln.

(1) Stromungen an rotierenden Scheiben
Fiir die Stréomungen an der rotierenden Scheibe ergeben sich®
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7(x) =0.510(up)* Q? \1
ro(x) = x

(36)

wobei p die Dichte der Fliissigkeit ist und Q die Winkelgeschwindigkeit der rotieren-
den Scheibe bedeutet. Fiihren wir die obigen Beziechungen in Gl. (35) ein, so erhalten
wir nach Durchfiihrung der angegebenen Integrationen

3 3\ 2 3 3 3 3
1y, f(x3—x3\" (x{—x3} X3 —%3
N = — ( 5 3 G =3 w3 + G o ey 3
ny (\x7—Xxp X5—X3 X5—X7
3 3\3 5 3 ) o
X3 =13 xi=xa x3—%3\|
TN o3 G 3 _ -3 =3 __ .3 { (37)
X1 —Xo N3 —=Xp X32—X)

Diese Gleichung gilt fiir die konzentrische 2-fache Ringelektrode.

Bei der Ring-Scheibenelektrode ist x,=0. Damit ergibt sich unmittelbar aus
GL.(37)

W B2 %(“ “:> G( ;\'? > ES C(gz Yf)
n, X7 X5— X X3—X
3\ % 3
XINF_Txd x3—x3
. G(—- o it |1 ) 38
SRR ()

Diese Bezichung ist bereits von Albery und Bruckenstein* abgeleitet und diskutiert
worden.

(2) Kanal- und Rolirstromungen
Fiir das Poiseuillesche Profil der Kanal- und Rohrstromung ergeben sich’

t(x) = 3uU,/b (fiir Kanalstrémung) |

7(x) = 4uUy/R (fiir Rohrstromung) | (39)

wobei bedeuten:
U,, = mittlere Stromungsgeschwindigkeit
b = halber Kanalquerschnitt
R = Halbmesser des Rohrs
Daher erhalten wir nach Einsetzen der Gl. (39) in GI. (28) fiir beide Stromungen

N="2 j(-\',\_-\'z : G X1 —Xo £ {3 X3—Xy
n, 1 Xy =Xo X=X Xl—xl)
B <\z 0) G(-\‘l—xo X3~ Xay] (40)
%4 —X X3—Xg X3—X;

Fiir die Kanalanordnung, bei der die zwei ebenen Bleche mit gleicher Lange ! zur
Erzeuger- und Indikatorelektrode dienten, haben Gerischer und Mitarbeiter? die
Ubertragungsausbeute als Funktion des Elektrodenabstandes d gemessen. Bei der
Gerischerschen Anordnung lautet Gl. (40) mit n, =n,

2 1
N = —(2 3 e 41
([ 1/1]) R4l 6) (2[4/1] L] 2) )
Der Verlaufvon N in Abhdngigkeit von (d/l),der nach Gl. (41) numerisch ausgerechnet
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worden ist, ist in Abb. 2 wiedergegeben. Wenn man die experimentellen Daten nach
Gerischer und Mitarbeiter in derselben Abbildung eintrigt, so ersicht man eine
Nichtiibereinstimmung zwischen den theoretischen und experimentellen Werten,
insbesondere fiir grosseren Elektrodenabstand. Dies scheint davon zu stammen, dass
die Einlaufstorung auch an den Elektroden wirksam ist, da bei der Gerischerschen
Anordnung die Elektroden nur etwa einen 40-fachen Abstand von der Kanalein-
miindung haben.

50—

L B .
O 1 2 3
(/) —»

Abb. 2. Verlauf von N in Abhingigkeit von (d/l) bei der Gerischerschen Kanalstromung. —) berechnet
nach Gl. (41); (O) Messwerte nach Gerischer und Mitarbeiter?.

(3) Keilstromungen
Die Wandschubspannung z(x) fiir die Keilstromung ldsst sich folgendermassen
darstellen®:

(x) =ful(m+1)/2}* (up)* (U/ L)t x 3= D2 (42)

m=p/2—p).

wobei bedeuten :
x = Abstand, gemessen ldngs der Keilfliche von der Spitze
prn = Winkel zwischen den zwei Flichen des Keils
/. = Konstante, die von m abhangig ist
U = Geschwindigkeit der Grundstrémung
L = charakteristische Lange
Einsetzen der Gl. (42) in Gl. (28) liefert damit fiir N

3m+1)/4 3(m+1)/4\ 3 3(m+1)/4 3(m+1)/4

N = n, j(-\s —X2 ) <X1 —Xo )

= 3(m+1)/4 3(m+1)/4 3(m+1)/4 3(m+1)/4
ny 1 X3 —Xo 2

—X7
3I(m+ 3(m+ 3 3 / 2
+G<x3(m 1)/4_x2(m 1)/4> (x;(m+l)/4_xé(m+1) 4),
3(m+ - E 3 4
X;(m l)/4_x-;5(m+1)/4 xi‘(erl)/‘i_x?)(m-# 1)/4

mit

X

+ 14
XG<Xf(m 1)/4_x8(m+1)/4 x%(r}1+1)/4_x§(m+1)~rt)l
xg(m+1)/4_xg(m+1)/4 x%(m+1)/4_x.l\(m+l),4 ‘
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Die Fille: m=0 (f=0) und m=1 (f=1) entsprechen der linearen Strdomung lings
der ebenen Platte bzw. der zweidimensionalen Staupunktstromung.

(4) Kreiskegelstromungen
Fiir die Kreiskegelstrémung ergeben sich?”

ro(x) = x sin 0, } (44)
T(x) = for L (m' +3)/2}* (up)} (U/ L) x B = DI
wobei bedeuten:
x = Abstand, gemessen lings der Kegeloberfliche von der Spitze
0, = Winkel zwischen der Achse und einem beliebigen Generator des Kreis-
kegels
m’ = Index, dessen Wert in Abhéangigkeit von 0, durch Leuteritz und Mang-
ler'® ermittelt worden ist
1. = Konstante, die von m’ abhangig ist
Wenn man die Beziehungen (44) in Gl. (35) einsetzt und dann die angegebenen
Integrationen durchfiihrt, so erhédlt man fiir N

. , 2 ’ .
N n, (xg(m +3)/4—X;("' +3)/4)J (x?(m +3)/4_X8(m +3)/4
n X,:(m +3)/4_-\,8(m +3)/4’ x;(m +3)/4_x_;(m +3)/4
3(m'+ 3)/4 I(m' +3)/4
+G<x3 i )
I(m’+ 3)/4 _3(m'+ 3)/4
X3 — X3

j P 2 . ‘ . ‘ ;i
<_\.i:(m +3)/4_x3(m +3)/4> 3 C(X?(rrl +3)/4_x8(m +3)/4 xi(m +3)/4_X%(m +3)/4>}
~3(m'+3)/4 3(m’+ 3)/4 & 3(m’ +3)/4 3I(m'+3)/4 3(m'+3)/4 3(m'+ 3)/4

X3 —Xa X3 —Xp X3 —X1

(45)
Der Fall: m'=1 (0,=m/2) entspricht der dreidimensionalen Staupunktstromung.
ANHANG
Es ist folgendes Integral zu ermitteln:
" t dr’
F=| G(—, O,
Jo \'=t ) (t=t)
Durch Anwendung der partiellen Integration auf das obige Integral erhilt man
s” (!—I’ i dr
dp NE—tip
Fiihrt man als neue Integrationsvariable & = (¢t —1t')/(¢'—t,) ein, so erhilt man daraus

; t e E—t
F:%(t—rz)iG< ')+%ri;G<r 2>—%t

2=l 20

13

S1[2¥]
—

F=%(t—r2)%G( fu )—

t,—1t,

(—t2) /(12— 11) dﬁ

Jo Et+1,8)

=iy

t

Nach Einfithrung der neuen Integrationsvariable & =(t,/t)¢ in das Integral der
obigen Gleichung erhalten wir folgenden endgiiltigen Ausdruck :
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ZUSAMMENFASSUNG

Ein grundsitzlicher Faktor flir das Elektrolysenverfahren mit zwei eng
benachbarten Elektroden in Stréomungsanordnungen ist die Ubertragungsausbeute
N. Ein allgemeiner Ausdruck fiir N, der fiir verschiedene Stromungen gilt, wird in
exakter Weise durch Auflésen der konvektiven Diffusionsgleichung abgeleitet. Als
Beispiele der praktischen Anwendung wird die allgemeine Formel auf einige Stro-
mungen, d.h. Strémung an der rotierenden Scheibe, Kanal- und Rohrstromung und
Keil- und Kreiskegelstromung, angewandt.

SUMMARY

A fundamental factor for the electrolysis technique with two closely-spaced
electrodes in flow systems is the collection efficiency N. A general expression for N,
which is valid for various types of flow, is derived by rigorously solving the convective
diffusion equation. As examples of practical application, the general formula is
applied to several types of flow, i.e., flow due to a rotating disk, flow in a channel
and a circular pipe and flow along a wedge and a circular cone.
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INTRODUCTION

Specific rate constants of electrode reactions are strongly influenced by the
nature and concentration of the base electrolyte used. In some cases (see for example,
DerLanay?!) the concentration effect has been interpreted quantitatively by taking
into account the potential difference across the diffuse double layer (Frumkin-
theory). The effect of the nature of the supporting electrolyte has only qualitatively
been correlated to the specific adsorption of the anions, especially in the case of
halide solutions. IFor example, GIERST AND CORNELISSEN?2 measured the half-wave
potentials of the Eu3+/Eu2+ couple as a function of composition in 1 M mixtures of
perchlorate and halides. They found the reaction rate to increase in the series Cl-<
Br-<1I- in the presence of perchlorate. Specific adsorption on mercury, exhibited
by the anions, varies in the same sequence. TAMAMUSHI ¢t al.3 observed the same trend
for the Zn2+/Zn(Hg) electrode in mixtures of NaClO4 with halides. On the other hand,
BrackLeEpGE AxD Husn* ascribed the results of their experiments on the same
electrode in similar base electrolyte mixtures to a mechanism in which complexes
of Zn2+ with the added anions take part.

In this connection it seemed worthwhile to make a quantitative study of
the relation between the rate constant and the specifically adsorbed amount of
anions in mixtures of base electrolytes. We chose the Zn2+/Zn(Hg) reaction in
mixtures of KCl, KBr and KI with a total concentration of 1 M, for the following
reasons: (a) the rate constant values of the zinc reaction in the pure base electrolytes
differ greatlys; (b) the rates can easily be measured with an alternating current
method; (c) double-layer data of at least chloride and iodide are known from the
literature$.7; (d) the Zn2+/Zn(Hg) reaction mechanism has been investigated many
times; it appears that the rate-determining step is likely to be a two-electron transfers.
In addition, the presence of Zn2* ions in millimolar concentration has no detectable
effect upon the double-layer capacity in T M solution?, and it may therefore be
assumed that the double-layer structure is not significantly changed by the addition
of Zn2+,

EXPERIMENTAL

The measurements of the kinetic parameters were made using the oscilloscopic
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square-wave method developed in this laboratory!0.11, which allows the direct reading
of the activation overvoltage from the screen of an oscilloscope at the moment of
zero diffusion polarization, #o, occurring in each half period of the applied square-
wave current. The effect of the double-layer capacity is minimized by measuring at
frequencies sufficiently low to allow an accurate extrapolation to zero frequency.
Recently, we discussed the applicability and the limitations of this method!! and
in that communication it is erroneously stated that the upper limit depends on the
error in the activation overvoltage measured at low frequency (16 Hz).

However, if ksn is large, the application of much higher frequencies is per-
missible, as the effect of the double-layer capacity is smaller in this case*. The
highest frequencies at which the double-layer charging current is negligible have
been estimated earlier as a function of &sn for the oscilloscopic sine-wave method!2.
Approximately the same frequency limits will be valid for the square-wave method
and it can be calculated that both methods are now limited by the ohmic resistance
and the double-layer capacity to ksn-values of ca. 0.2 cm sec—1.

Solutions were made from analytical-grade salts dissolved in doubly-distilled
tap-water. The cell solutions consisted of mixtures of KCl, KBr, KI and KNO; with
a total concentration of 1 M, and 5 mM ZnSO.. It was necessary to acidify the
solutions (with perchloric acid) to pH 3 in order to avoid precipitation of zinc
hydroxide on the electrode. Solutions were de-aerated with nitrogen which had been
passed through vanadous sulphate solution.

Zinc amalgam was prepared electrolytically and kept in a nitrogen atmosphere.
An amalgam pool could not be used as a counter electrode—the indicator electrode
being an amalgam drop—because of spontaneous dissolution of zinc from the pool
in the acid solution. Therefore two amalgam drops served as electrodes; they were
both renewed before a new measurement. A mercury pool was placed at the bottom
of the cell in order to minimize dissolution of zinc from the discarded drops on strong
dilution.

The surface area of the electrodes was determined by the usual drop weight
method. The radius of the drops was about 0.05 cm, which allows the application of
the current—voltage relation in terms of linear diffusion. An electrode distance of
1.2-1.3 cm was adopted. With distances down to 1 c¢m, no deviations were noticed
as a result of distortion of the lines of force between the drops.

Capacitance-potential curves of mercury in mixtures of 1 M KCl and 1 M KI
were carried out using the impedance bridge described earlier?. Electrocapillary
curves of the same mixtures were recorded with the drop-time method.

The kinetic parameters of the zinc reaction in various supporting electrolytes
From the measured charge transfer resistances, 0, apparent formal rate
constants, ksn?, were calculated using RANDLES’ equation!3

ksnd = (RT [n2 F2){(Cox®)*(C rea*)B0} -1
in which Cox®*=Crea® =5-107% mole cm—3 was introduced for the bulk concentrations.
In Fig. 1, the rate constants thus obtained, have been plotted against composition
for 1 M mixtures of KCl+KI, and KNO3+ KI, with almost identical results. Similar
curves were obtained for KCl1+KBr, and KBr+ KI mixtures (Fig. 2).

* This fact was brought to our attention by Mr. D. J. IKOO1JMAN.
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Our ksn#-values are in good agreement with literature data3-5. The transfer
coefficient, 8, of the zinc reaction has frequently been found to be close to 0.3,
regardless of the nature of the base electrolyte, except for the value 0.00 in 1 M KI,
observed by BLACKLEDGE AND Husa4. However, we found f=0.32+0.08 for the
zinc reaction in 1 M KI, which is quite close to the values in the other media. In
0.5 M KCl+o.5 M KI a similar result, §=0.27 +0.06, was obtained (Fig. 4).
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Iigs. 1 and 2. Apparent rate constants, ksn?, of Zn2+/Zn(Hg) clectrode reaction as a function of »
in mixed solns. (0), (1—x) M KCl + v+ M KI; (@), (1—x) M KNOs + ¥ M KI (dashed curve);
(A), (1—x) M KBr ++ x M KI; (), (1 —x) M KCl + ¥ M KBr; (R), (1—x) M KBr 4 0.5 x M
KC1 4 o.5 ¥ M KI.
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Fig. 3. Equilibrium potentials of Zn2t/Zn(Hg) eclectrode (Czn = Czn2t = 5 mM) in (1—x) M

IKC1 - ¥ M KI solutions.

Fig. 4. Determination of the transfer coefficient, x, of Zn2+/Zn(Hg) electrode reaction, in ( 0),
1 M KI; (@), 0.5 M KCI 4+ o.5 M KI. C4n = 5 mM. The slopes arec & = 0.68 and & = 0.73,
respectively.

In order to evaluate the double-layer parameters, the equilibrium potential
of a 5 mM zinc amalgam electrode in 5 mM Zn2+ solution was measured as a function
of the molar ratio in KCl+ KI mixtures. The results are shown in Fig. 3.

Specific adsorption and da-polentials in halides at the equilibrium potential of the zinc
reaction
The double-layer parameters needed for our investigation are not directly
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available in the literature. We can use only the data on pure KCI and KI solutions
of varying ionic strength reported by GRAHAME AND PArsoNsé, from which we
obtained the specifically adsorbed quantities, gai! = —0.5 uC em~2 and g1 = —5.9
uC cm~2 in 1 M solution at the equilibrium potentials given in Fig. 3. The ¢o-
potentials are —0.046 V and —0.056 V in KCl and KI, respectively. For 1 M KBr
we applied GRAHAME’s procedure to the interfacial tension data given by DEVANATHAN
AND PERIES!4, which resulted in an approximate value for gur! = —14+0.5 uC cm—2
and ¢2 = —0.047+0.001 V.

Specific adsorption studies in mixed electrolytes have, to our knowledge,
been carried out only with mixtures of one specifically adsorbing anion (e.g., KI7?
or NH4NO;315) with fluoride, which is assumed to be not specifically adsorbed. On
this assumption, the specifically adsorbed charge is obtained by an elegant method
developed by DUTKIEWICZ AND PARrRsoNs?. These authors showed also that a plot
of the specifically adsorbed charge against the salt activity of KI at constant surface
charge density, ¢, for KIF +KI solutions is identical with the same plot for pure KI
solutions at the same ¢. This means that values of ¢i! pertaining to the mixtures
can be derived from the data available® on pure KI solutions.

When both anions of a binary electrolyte, ¢.g., KCl+KI, are subject to
specific adsorption, the separate values of gci' and ¢! can be determined, in principle,
by a combination of the procedures of GRAHAMES and DUTKIEWICZ AND PARSONS?.
However, at the potential of interest, —1.04 V vs. NCE, chloride is only slightly
adsorbed in the inner layer and, as a first approximation, the structure of the double
layer in (1 —x) M KCl+x M KI may be assumed to be identical with that of (1 —x)
M KF+x M KI. This is supported by the fact that the capacity—potential curves
for KC1+KI, measured by us for x=o0, 0.01 and 0.1, proved to be identical with the
corresponding curves in KIF + KI at potentials below —1.0 V vs. NCE.

We therefore used GRAHAME's data on pure KI solution to prepare plots of
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Tig. 5. (Curve 1), charge due to specific adsorption of anions at the cquilibrium potential of
Zn?+|Zn(Hg) clectrode (Czn = Czn2+ = 5 mM) in solns. of (1 —x) M K¥ + » M Ki; (curve 2),
analogous plot, estimated for (1—x) M KCl 4+ » M KI7; (curve 3), sum of 1 and 2 (see text).

Fig. 6. Potentials of the outer Helmholtz plane at the equilibrium potential of Zn2+/Zn(Hg)
clectrode (Czn = Czn2t = 5 mM) in mixed solns. of (r —x) M KCl 4 v M KI.
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g1t vs. the salt activity, axtar-, at some integral values of ¢ (—10 to —12 $C cm~2).
Following DUTKIEWICZ AND PARsONS?, such plots are easily transformed into plots
of ¢it vs. x, the mole fraction of KI in KF + KI mixtures, after calculation of axtar-
in 1 M solutions as a function of x (the mean activity coefficient is taken as constant).
Then, only the proper values of ¢ are needed to obtain ¢! at the equilibrium potential
of the zinc reaction as a function of x. These values were calculated from the above-
mentioned capacity—potential curves by back integration from —1.54 V vs. NCE,
where ¢ = —20 uC em~2 for both 1 M KI and 1 M KCI6. The resulting “‘specific
adsorption isotherm at the zinc equilibrium potential’”’ is shown in Fig. 5 (curve 1).
In addition, a curve is given, that represents an estimation of the variation of gai?
with x, calculated in a similar way from Grahame’s data on pure KCI solutions
(curve 2). It seems reasonable to assume that the presence of chloride in the inner
layer has only a minor effect on the total specifically adsorbed charge, except for low
values of x. The attribution of CI- might be accounted for by adding together curves
1 and 2 (curve 3), although this is a rather debatable procedure.

However, as will be shown in the discussion, Fig. 5 is sufficiently useful for
the comparison of ksn-values with ¢'. Since the specific adsorption of NO3~ is of the
same order of magnitude as that of Cl-, it may also be applicable to KNO3—KI
mixtures, in particular for x >o0.2.

Finally, the ¢o-potentials at the zinc equilibrium potential can be calculated
as a function of x in the usual way® from ¢ and ¢! (Fig. 0).

DISCUSSION

The data represented in Figs. 1 and 2 are “apparent’” rate constants, ksn?,
calculated from the measured exchange current density, 7o, by

ioankshu,IZn‘llJua‘Zn]ﬁ (I)

in which n=2, [Zn] is the concentration of zinc in the amalgam, and [Zn2*], the
concentration of the total amount of zinc ions introduced into the solution. A “‘true”
rate constant, ksn, may be defined in the usual way by introduction of the Frumkin
correction and activities instead of concentrations:

1o =nF ksnf|Zn2t]&|Zn]Bexp { — (xnF|RT) ¢} (2)

where [Zn2+]; is the true concentration of non-complexed Zn2+ present in the solution,
and the exponential term represents the Frumkin correction (z=#). In a first
approximation, the “activity factor”, f=(fzn2+)*(fzn)#, may be considered as a
constant in solutions of varying composition at constant ionic strength, and we will
therefore calculate a “‘true formal rate constant” ksn', given by

ksn' =f/t’sh = Ren?

[Zn2+] & anl

e (7 ) ®
Among the anions concerned in our investigation, NOs~ and I- are known to

show little tendency to complex formation!é, so that we may take [Zn2+]¢ ~ [Zn2f]a

for solutions of these ions. If chloride is present, however, complex formation is

appreciable!?, the dominant species being probably ZnCl+ and ZnCls~. Unfortunately,

unambiguous evaluation of the correction factor [Zn?+],/[Zn2+]; is hardly feasible,
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because the study of complex formation involves variation of the composition of
the solution, which also causes changes in other quantities. For example, SILLEN
AND LILJEQUIST!? measured the e.m.f.’s of the cell

Hg|Hg>Cla|4M NaCl||a (r —x) M NaClOs, ax M NaCl, Zn(ClO4)2|Zn(Hg)

a=30ro;

from which the stability constants of the zinc—chloride complexes can be derived if
one neglects the changes in the activity coefficients and in the liquid junction
potential. In 3 M solution they found K¢i1=0.65 and Kci1,3=1.4 for the complexes
ZnCl*+ and ZnCls-, respectively. In 0.5 M solution, only the first constant could be
obtained: Kci1,1=0.45.

The equilibrium potential measurements in KCIl+KI mixtures, described in
the present paper, are similar to SILLEN’s experiments and, again neglecting the
changes in fzn2+ and the liquid junction potential, the observed change in e.m.f. can
be interpreted as the consequence of the presence of ZnCl+ and ZnClz~ with stability
constants Kci1,1=0.5 and K¢i,3=0.08. As this is in reasonable agreement with
SILLEN’s results, it seems justified to use the e.m.f. values of Fig. 3 for the estimation
of the correction factor from

AE = E 4oy — Ey = 29.58 log[Zn2+]y/[Zn2+]; (4)

The error introduced by the approximation, will not be very serious, because the
correction itself is of minor importance compared to the large variation of ksn?
with composition in KCl+ KI mixtures. This can be seen in Fig. 7 where the effects
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Fig. 7. Formal “‘true’ rate constants of Zn2+/Zn(Hg) clectrode rcaction in (r —x) M KCl + x M
KI solns. (---), ksn® (from curve in Fig. 1) corrected only for the Frumkin effect; (—), idem, cor-
rected also for existing complexes (see text).

Fig. 8. Relation between the rate constant of Zn2*/Zn(Hg) electrode reaction and amount of
specifically adsorbed anions. White symbols, log £sn!, bDlack symbols, log £sn®, both vs. ¢! from
curve 3 in Fig. 5. Dashed line: log ksnf vs. ¢! from curve 1 in Fig. 5. (O, @), (1—x) M KCl + «x
M KI; (O.m), 1 M KCI; (A,A), 1 M KBr.
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of this correction and of the Frumkin correction are demonstrated separately. The
latter has been calculated with the aid of the ¢s-potentials given above, together
with x =0.70.

The ““true” rate constant obtained still appears to depend strongly on x. It
should be realized, however, that with the definition of Zsnf in eqn. (2), it is implicitly
assumed that the exchange reaction proceeds via the Zn2+ ion. That this assumption
is not a-priori correct, follows, for example, from the work of GERISCHER!8, in which
it was shown that in a number of cases a certain zinc complex is the reacting species,
although its concentration can be quite low compared to the dominant zinc species.

Relation between ksn' and x on the assumption of complex reactants

A model may be adopted, in which, in principle, all zinc species, ZnX,27,
take part in the electrode reaction, each with its own exchange current density,
which according to GERISCHER is given by

to,x,0 =L kx,y|Zn )8 |ZnX,> 7% X-]"8 exp| (v ~an) (F/RT) 2] (5)

where according to the absolute rate theory, kx,y is the formal exchange rate under
hypothetical standard conditions (|Zn]|X-]'=[ZnX,2"] and ¢2=0). Let Kx,, be the
formal stability constant of the »th complex, defined as

[ZnX,2)/|Zn2+] [ X -] = Kx,, (6)
Then
fow=nT fy|Z0]8[Zn2+] & X Ky, exp (v —an) (F/RT) ] 7)

In the case of KCl+ KI mixtures, this equation pertains to all possible chloride and
iodide complexes of zinc and to the aquo-zinc ion (v=0). The measured exchange
current density will be the sum of all individual 7¢,x,, values, so

1o =nF[Zn)#[Zn2+)* exp ( - % qﬁ-e,) X

= . . vI© N . o
:kaq+v;1%,.{.kl'”1‘ n ] exp (R—F ¢2)+1,§z Rety Ko [CI]r exp (ﬁ ¢2)} ®)

This expression is, in fact, a simplification, as x is assumed to be the same for all
partial exchange processes. Since, experimentally, « appears to be independent of
composition, this seems at least a good approximation.

With eqns. (z) and (3) and [I-]=x and [Cl-]=1—u, it follows that

= F
ksnf = ka,q + 24 {/\’.;,,,K'[,v,,“x” +kcip Ko (I —x)”} exp (I—ZT :2)
y=1,2,...

=A+Bx+Cx24... (9)

The curves drawn in Fig. 7 can be fitted to eqn. (9) with the following coefficients for
KCl+KI mixtures:

A=058x103, B=21x103 C(C=0.9Xx1073,

the higher-order terms being negligibly small. The same reasoning can, of course, be
applied to KNO3;+ KI mixtures if Cl is replaced by NOs. Assuming that for the
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calculation of ksuf in these mixtures the ¢ vs. x plot of IFig. 6 can be used, we calculate
for KNO3 + KI mixtures:

A =033 %103, B=2.2%10"3 €=71TIxXI16-3

In the simplest interpretation, these results imply that the dominant reactants are
Zn2%t+(aq), ZnCl+, Znl+ and Znlo.

A similar theory is supported by BLACKLEDGE AND HusH? for explaining the
relation between 7o and I- or Cl- in solutions of 2 M NaClOs+y M Nal or NaCL
The interpretation of their results leads to the same conclusion as regards the reacting
species. Note that the parameter, k., determined by these authors, is equivalent to
kx,»Kx,,* in our notation.

Although the model described seems to be confirmed by the experimental
facts, it still leaves the most interesting question unanswered, 7z.e., what makes the
rate constants of the iodide complexes so large, despite the instability of the latter?
As their concentration in the solution is extremely small, the complex formation,
preceding charge transfer, must take place at the reaction site in the double layer.
In eqns. (5)—(g) this is accounted for by the Frumkin correction terms, which imply
that the reaction site is identified with the outer Helmholtz plane and that the
reaction rate is influenced only by the structure of the diffuse double layer. However,
it seems to be equally—or even more—realistic to take into account the iodide ions
present in the non-diffuse part of the double layer.

Relation between k! and the amount of specific adsorption

TAMAMUSHI et al.3 postulate that the electrode surface can be divided into a
“naked” part (1—¢) at which the electrode reaction proceeds with a rate constant
k1, and a part, ¢}, covered with halide ions, at which the reaction proceeds with a

higher rate constant, k2. The overall rate constant is given by

ke = (1 —0)ka +0k2 (r0)
From this model we infer that ksn! should be a linear function of the specifically
adsorbed charge. A comparison of Fig. 7 and Fig. 5 shows, however, that this is not
the case. Instead, the data suggest that ks.f increases exponentially with g!.

We therefore plotted the logarithm of the ksn'-values of KCl+KI mixtures
against ¢! and obtained, in fact, a surprisingly straight line, see FFig. 8. The plot of
log ksn® in the same figure demonstrates that the corrections for existing complexes
and ¢s-potentials have only a minor effect on the slope of the line. Furthermore, it
makes little difference, whether ¢! is taken from curve 1 or curve 3 in Fig. 5. Note
that the points for 1 M KCl and 1 M KBr fit reasonably well on the lines. Also the
ksn-data for KBr + KI and KCl+ KBr mixtures (IFigs. 1 and 2) qualitatively indicate
that the increase of ksn with the amount of specific adsorption is—at least to a first
approximation—not dependent on the nature of the anion.

This result can be interpreted in a very simple way with the aid of the definition
of ken in the absolute rate theory!

KT [ —AGtanFgud] KT [ —AGHO—fnlgyd
ksn = — exp [——‘A—i _'tfm < ] = exXp [ 4*'/?11 e ] (11)
h R1 R1

where ¢n0 is the inner potential of the electrode at the standard potential of the
redox couple and AG=° is the chemical standard free energy of activation (- and —
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pertain to oxidation and reduction, respectively). As all the other symbols in eqn. (11)
represent constants, Ilig. 8 can be explained on the basis of a single exchange mech-
anism with an activation energy that decreases linearly with the specifically adsorbed

>

charge (uC cm 2), according to
AG+0 = (AG=9) 1y —205 ¢! cal mole! (12)

Although the experimental facts described in this paper, do not lead to a
definite decision between the “complex reactant model”” and the “specific adsorption
model”’, we believe that the latter is fairly plausible. ScHMIDT AND MARK! presented

«

a quantum chemical theory on the mechanism of charge transfer at an electrode, in
which the solvation sheath adjacent to the electrode plays an important part. In this
connection, it seems logical that the presence of polarizable anions like halides may
change the energy level of the activated state. In any case, there is some evidence in
the literature to support the idea that specific adsorption of anions is essential for
their accelerating effect on electrode reactions. For example, the anomalous polaro-
grams of In(I1l) in SCN - and halide solutions20.21 indicate that the rate constants
of these systems depend on the potential qualitatively in the same way as the inner-
layer charge. Morcover, the experiments of GERISCHER!?, which convincingly support
the “complex reactant”” model, do not conflict with our views, although they were
mostly performed at rather negative potentials where no significant specific adsorp-
tion of anions exists. In most cases it is observed that the reacting species is an
uncharged particle, e.g., Zn(OH)2 or Zn(COO)2, so that the low activation energy
apparently pertaining to these complexes may be due also to adsorption in the double
layer.

It may be noticed that, if our model holds, one should be very cautious in the
determination of parameters of electrode reactions requiring variations in the
experimental conditions that may be accompanied by a change in the amount of
specific adsorption (e.g., potential or temperature variation for the determination of
the transfer coefficient and the heat of activation, respectively). On the other hand,
anomalous results observed in such experiments, may supply more evidence in
favour of the model, and may eventually be used for its refinement. This will be
further investigated.
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SUMMARY

The Zn2+/Zn(Hg) electrode in binary 1 M potassium halide solutions has
been studied using the oscilloscopic method for the determination of the kinetic
parameters. The apparent standard heterogeneous rate constant, kg, is found to be
a non-linear function of the mole fraction, x, of the components of the base electrolyte.
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Taking into account the Frumkin correction and the occurrence of complex formation,
the measured kgp-values in (1—x) M KCl+x M KI are compared with the amount
of specific adsorbed anions, ¢'. A linear relation is found between log ks, and ¢!
(Fig. 8), from which it is inferred that the energy of activation decreases linearly
with ¢'. This model is preferred to the assumption of complex reactants.
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THERMODYNAMICAL RELATIONS

The thermodynamics of surface phenomena on platinum-group metals (Pt,
Rh) electrodes was considered in refs. 1-7 where some of the thermodynamical
relations derived were also confirmed by experiment. In these studies, however, use
was made of the chemical potential of the H* ion, puy+, i.e., of a quantity that cannot
be determined from experimental data in the general case. This partly limits the
applicability of the results to dilute solutions. In the present communication we want,
primarily, to eliminate this limitation.

Let us consider a solution containing a neutral salt, CA, and an acid, HA.
Let uya and pc, be the chemical potentials of HA and CA, I'y, and I'¢4 the surface
densities of these components which are understood to mean the amounts of HA and
CA to be introduced into the system for the solution composition to remain un-
changed with an increase in the interface by | cm? (I'yy,o=0), pty; and I'y, the chemical
potential and surface density of hydrogen, respectively, ¢, the electrode potential
measured against the hydrogen electrode in the same solution in equilibrium with H,
at atmospheric pressure and o the surface density of free energy. As in refs. 3-5,
I and p are expressed in electrical units.

It is evident that

Fya=Ty+; Tea=Tcv; Tp-=T'ya+Tca; T'ye=Tpa-—Tc+ (N
Subsequent conclusions are based on the equation

do=—TI'yduy—Fuadpya—Ieadiiea )
derived from Gibbs thermodynamics or, since

duy=—do, 3

do=Tydo,— I'yadpya—Feaditea 4)
It follows from eqn. (4) that
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As was shown in refs. 3-5, the change in I'; is related to the quantity of electricity, Q
imparted to the electrode from outside by the equation

AT y=—AQ (7N
provided the electrode is not accessible to any substances which, in the potential
range under consideration, can act as oxidizing or reducing agents, and molecular H,

is not evolved in the bulk of the solution in measurable quantities. Thus, eqn. (6) can
be written as:

s

(e )oser = = (T hasten (7]
Oltya /QsMca 0P, Jtyastica 0@, Juastica
oy + 0
-- (%) {5 ®
" HiasHca " Miasfca

For the practical use of eqn. (8) it is important that the effect of dissolved H, upon
tpa and pc, can be neglected. Therefore, with HA and CA constant, and ¢, (and
hence, uy) changing, puys and pc, remain constant.

Two particular cases of eqn. (8) are of especial interest.

1. Pure acid solution, [CA]=0.
In this case eqn. (8) is simplified

(o), (9
OlA 0 Q. /) + dp, i

JUTTN HA

where p;;, is the mean chemical potential of HA ions.
2. Acidified neutral salt solution in which [CA]>[HA]. In this case, p,-
remains practically constant with changing [HA], if [CA] is constant, and, hence

dupa=dpy++dpa-=duy+

where duy+ can be determined from the change in the hydrogen electrode potential
with [CA] remaining constant. Under these conditions, the introduction of the quan-
tity, g4+, is justified. In this case, it follows from eqn. (8) that

de, (s (30
((’)HH+ ) B ( (t)(pr )l- . ( (7(/)r ,) (10)

O.lca Ly +>HeA Hu+slca
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Equations (9) and (10) express the same relations as those derived earlier. It is easy to
show that eqn. (10) holds also in the case of an acid with a bivalent anion, H,A.

The situation is somewhat more complicated in the case of changing concen-
tration of CA with [HA] constant (see Appendix).

In some cases it is more convenient to refer the potential being measured to a
constant reference electrode the potential of which does not change with py,, rather
than to a hydrogen electrode in the same solution. Let us denote the potential meas-
ured against such an electrode, by ¢. If the condition [CA] > [HA] is fulfilled and pca
is constant, it is evident that

do=de, +duy+ (11)
It follows from eqns. (10) and (11) that

0L g+ ) A
P B oo (7) o
Ly +
e [ONTN ? My +>Hca e My +5H1ca

In solutions with varying concentration of HA, if the latter exceeds the applicability
limits of the laws of dilute solutions, the reference of the measured potential to an
electrode of constant potential is a problem lying beyond the scope of a thermodyna-
mical treatment. However, as was shown in ref. 8, when the potential is referred to an
imaginary reference electrode the potential of which differs from that of an electrode
reversible with respect to the cation (in our case with respect to the H™ ion) by the
quantity — 5., the thermodynamical relations of electrocapillarity theory in con-
centrated solutions are of the same form as in dilute solutions. Therefore, such an
electrode can be conditionally regarded as a constant reference electrode; in dilute
solutions this definition becomes identical with the generally accepted one. Thus, for
pure acid solutions with varying concentration we shall assume

do=de, +duis (13)

It follows from eqns. (13) and (10) that

( 9 ) _ 1_2(5“_'*) (ﬁ) (14)
ous d ‘o
s .“}j;A 0P .Ull:A

0 P
It was shown in refs. 4-7 how the dependence of I'y+ upon ¢, could be de-
termined from the experimentally-obtained values of the dependence of the potential
upon the solution acidity at constant Q and from the slope of the charging curve,
0¢,/0Q, and then compared with the experimental I'y.—¢@curve. In refs. 3-6 the
prerequisites for an experimental realization of the isoelectricity condition, i.e., 0=

constant, were also considered.
In the case when [CA]> [HA], the H™ cations can be assumed to be completely
displaced from the ionic side of the double layer by the C* cations. Under these
conditions, I'y+ can be equated with the electrode charge density, e. In this case,
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as was explained in refs. 4-5, it is assumed that the charge of the C* and A~ ions
belongs to the ionic side of the double layer and the possibility of its being partly
redistributed between the adsorbed particle and the metal is not taken into consid-
eration, whether this corresponds to the real structure of the double layer or not.
Under these assumptions, it follows from eqn. (10) that

(Zor) - () (Ge) e
TN e [ONTIN TN TN

The quantity in the left-hand side of eqn. (15) is the equilibrium value of the differential
capacity of the double layer at the electrode—solution interface. In principle, it would
be possible to obtain this value by differentiation of the experimental I'},+—¢ -curve.
This is, however, impracticable owing to the insufficiently accurate determination of
I'y+. Another possible method for determining the value of d¢/d¢p, is to make a.c.
measurements of the electrode differential capacity at high enough frequencies, at
which the pseudocapacity of the reaction

H*+é= H,,.

can be neglected. Apart from the experimental difficulties encountered in this case
(compare for example, ref. 4), one cannot be certain that the value of d¢/d¢p, thus
found is the equilibrium value of the differential capacity of the double layer, owing
to the slowness of the processes leading to the establishment of equilibrium in the ion
adsorption on the surface of the platinum-group metals*. Thus, at the present time,
the use of eqn. (15) seems to be the only possible method of determining the equi-
librium value of the differential capacity of the double layer for this kind of electrode.

In solutions without an excess of the foreign cation C*, I',;+ cannot be equated
with & since some of the H* ions, the surface density of which we shall denote by
I'li+, can take part in the formation of the ionic side of the double layer. It is evident
that

Iy+=e+Tis (16)

It follows from eqns. (9) and (16) that

( oo, ) B _2(a(e+r;“)) :(6Q) (7
ay:fA & +

Q O Hua P Hua
and from the thermodynamical theory of electrocapillarity® that at small surface
charges, i.e., near the point of zero charge (p.z.c.), in the absence of specific adsorption,
the excess amounts of cation and anion on the surface, which are opposite in sign,
are equal in their absolute value to half the charge density. Assuming that this con-
clusion can be extended to the case under consideration, we obtain

he=—Ty_=—1¢ (18)
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It follows from eqns. (17) and (18) that

G 5 30 °
) - () (2)
i it b Q0 i Hita

It is evident from a comparison of eqns. (19) and (15) that, near the p.z.c., the same
potential change with changing acidity under isoelectric conditions can beexpected
to occur in pure acid solutions as in the presence of an excess of neutral salt.

A relation can be readily derived from eqn. (17), that enables the Esin-Markov
coefficient to be determined for platinum-group electrodes. Let us substitute Iy,
as in refs. 1 and 2, by 4,,— ¢, where 4,; is the amount of atomic hydrogen adsorbed
on 1 em? of surface, expressed in electrical units. Thus, taking into consideration that
in an acid solution

N G (20)
we find
dQ=—dI'y=de—dA,,=dI'y- —dI'};. —dA, (21)

It follows from eqns. (13), (17), (20) and (21) that

( o ) OI'A- ) ; [E(All’_r.A’ +F:|.)]
OmA ) ’

= 1+2( R
lIV‘I;A oe ,UﬁA
__ [O(A,F+I‘Af—r1ﬁ.‘q
Ay—Tp-+TH0)] +
My

Q

(22)
A

At A,;=0, the condition Q=constant becomes ¢=constant and eqn. (22) can be
presented in the form

( op ) _ (nr:“) B («71‘A-) (23)
Biry & - e Ao
Ollya & (&4 ﬂ}i\ e /lﬁA

Equation (23) coincides with the thermodynamical expression for the Esin-Markov
effect known from electrocapillarity theory® '°. In contrast to mercury, however, it is
inapplicable at ¢=0, since the condition 4,,=0 is realized only in solutions of halogen
acids within a certain range of positive values of ¢,'>~7.

The above treatment can be readily extended to alkaline solutions, COH,
and alkaline solutions of a neutral salt, CA + COH (assuming as above [CA] > [COH]
and [CA]=xconstant, which justifies the introduction of the quantity ugy-). It is
evident that in alkaline solutions

Feon=Tou-; Tcir=Tca+Tcon: Ta-=Tcp; Tou-=Tci—T,- (24)

The stoichiometry of the charging of a hydrogen electrode in alkaline solution is
expressed by the reaction

H,q. +OH™ 2 H,0+¢
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Therefore, in the presence of an excess of neutral salt

e=—Toy- (25)
and in a pure alkali solution

g=—Top=+Lhy= (20)

where 'y, - is the surface density of OH ™ ions in the ionic side of the electric double
layer.
In the case of pure alkali solutions, we obtain in place of eqns. (9) and (14)

(fﬂfr ) _ _2( olﬁ‘on— ) : ( fQ ) 27)
) e ; ) N
S ) i .“(%OII e .“(i‘on
( g ) :_]_2((71“0,{7) :(17‘Q) (28)
oud 0 + %
o Q & Hcon e " uéon

where &y is the mean chemical potential of the C* and OH ™ ions, and for alkaline
neutral salt solutions the following two equations replace, respectively, eqns. (10)
and (12)*:

(AOL/)L) _ (‘IA) ;(EQ) (29)
Jlo - o, 0p,

Q. ltcon Hou--Hcon "o Hea
( ‘“’L) - (ﬂ@g) : ( 0 ) (30)
Clion - dp | “\ do, i
o Q.lcon Hon-sHcon Hou--Hcon

The potential, ¢, in alkaline solutions is referred to a reference electrode, that differs
from an electrode in the solution under consideration reversible with respect to H,
at atmospheric pressure, by the quantity ug,- in the case of alkaline solutions of
neutral salts, and by the quantity uly, in the case of pure alkali.

Finally, let us attempt to extend the above relations to the potentials at which
adsorbed hydrogen on the electrode surface is substituted by adsorbed oxygen, i.e., to
the oxygen part of the charging curve. Assuming that under these conditions the
system can still be treated as reversible (to what extent this is admissible will be shown
in the experimental part of the present paper), eqns. (2), (3) and (7) should be sub-
stituted by the following equations:

dpo=do, 30
do=—T'oduo—I'uadpna—cadrica (32)
Alo=AQ (33)

where uo and I'g are also expressed in electrical units. Since the changes of sign

* It is obvious that eqns. (10) and (12) can be used in the case of alkaline neutral salt solutions instead
of eqns. (29) and (30) as well.
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before do, in eqn. (31) compared to eqn. (3), and before AQ in eqn. (33) compared to
eqn. (7), are mutually compensating, eqn. (8), and all the relations derived from it,
remain valid. This holds also for eqns. (27)—(30) derived for alkaline solutions. Thus,
if the assumption of reversibility of the ionization reaction of adsorbed oxygen is at
least approximately justified, the experimental results can be treated alike whether
there is adsorbed hydrogen or oxygen present on the electrode surface. This is
already apparent for the reason that, taking into account the condition I'y,o=0,
oxygen adsorption can be considered as a negative hydrogen adsorption. The case
when H 4, and Oy, are present simultaneously does not require special considera-
tion, since their presence in equivalent quantities is indistinguishable thermodynamical-
ly from water chemisorption and, according to the condition I'};,o=0, should not be
taken into account. Only that fraction of I'y, that exceeds the equivalent of I'y and
vice versa is to be taken into consideration in the calculations.

EXPERIMENTAL RESULTS
Equation (14) has been experimentally verified for a 1072 N HCl solution on a

Pt/Pt electrode (the characteristics of the electrodes used and the experimental details
are given in ref. 11. In Fig. I, the dependence of (3¢/dti4)e upon ¢, for a 107> N HCI

-1.0

Fig. 1. Dependence of (d¢/duui+)e upon ¢ for 0.01 N HCI 4 KCI(1) and of (9¢/0ui;,) upon ¢r for
0.01 N HCI (2) and 0.1 N HCI (3) on a Pt/Pt electrode.
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solution (Curve 2) is compared with a similar dependence of (0¢/dpuy+)o fora 1072 N
HCIl+ N KCl solution (Curve 1), which was determined previously®'®. The transition
from experimental values of (0¢,/0uia)o to (0¢/duia)e Was made on the basis of
eqn. (13). At small ¢, the values of the derivatives for both solutions are close to
unity. The reasons for this have already been discussed®:°. In the range of ¢, 0.06—
0.16 V, curves 1 and 2 practically coincide. Since the p.z.c. of a Pt/Pt electrode in a
1072 N HCI+ N KCl lies at ¢,=0.16 V!:*:°, the potentials, 0.06-0.16 V correspond to
small negative surface charges. Therefore, the coincidence between the values of
(0/01is4)g in pure acid solutions and of (0¢/duy+ ) in those with neutral salt addition
appears to be due to the approximate validity of eqn. (18) for the case under con-
sideration.

With increasing anodic potential, the values of the derivatives decrease for
both solutions, but according to different laws. At ¢,=0.5 V in the case of a 1072 N
HCI+ N KCI solution, (0¢/0uy+), vanishes which, as was shown earlier, is the result
of the disappearance of 4. In a pure acid solution, in the range of values of ¢, at
which 4, =0, (0@/dug,)e passes through a minimum, reaching a value close to —1.
Thus, in the above range of ¢,, in an acid solution without a neutral salt addition, the
Pt/Pt electrode under isoelectric conditions behaves approximately as a reversible
chlorine electrode.

L+ (C)
075"

O.er

Pr

1 1 1 1 1 1
[oX] 0.2 0.3 0.4 0.5 0.6 lol74

0]

Fig. 2.Comparison of: (—), theoretically calcd. (by means of eqn. (9)) and ( ®), exptl. dependences of
I'a+ upon ¢r for 0.01 N HCl on a Pt/Pt electrode. /'u+ is given in coulombs for the whole electrode
surface. ( @), I'u*-value used in the determination of the integration constant.

In Fig. 2, the I'y+¢curve calculated from eqn. (9) is compared with the
experimental curve. In Fig. 2 and in Figs. 5 and 6, the experimental values of I'y.,
which were used in the determination of the integration constant, are marked with a
special symbol. A quantitative agreement between the theoretically-calculated curve
and the experimental curve is observed over the whole potential range investigated.

Equations (10) and (29) were verified for the following systems: N KCI+0.01 N
HCI’, N Na,SO,+ 0.01N H,SO, and N KCI+0.01 N KOH!? on Pt coated with Rh
black, and N KCI+0.01 N HCI on Pt coated with Ru black'?. The preparation of the
electrodes and experimental details have already been described” 213,
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In Figs. 3 and 4 are shown the experimentally-determined dependences of
(0p/0py+) upon @, for the systems investigated.

As is evident from Fig. 3, the dependence of (0¢/0uy+)e upon ¢, for the Rh
electrode in an acidified KCl solution has, on the whole, the same shape as the similar
dependence for the Pt/Pt electrode. At small ¢, the Rh electrode behaves as a rever-
sible hydrogen electrode in equilibrium with hydrogen gas at constant pressure. At

204V, (0¢/0py+)o=0, from which it can be inferred that on a Rh electrode in
acidified chloride solutions, 4, becomes zero. In contrast, in acidified sulfate and

\\k Pr
1 | 1 ol ¢ 1

1
0.2 0.4 0.6 0.8

Fig. 3. Dependence of (dp/duu+)¢ upon ¢ for: (1),0.01 N HCl + N KCl;(2), 0.01 N H2SO4 + N
Na2S0y4; (3), 0.01 N KOH + N KCl on Rh black electrode.

(0]

dg

15 (.6FH+)Q

Pr

0.5 1 | L I 1 | 1
0.2 0.4 0.6

Fig. 4. Dependence of (dp/dun+)q upon ¢r for 0.01 N HCI + N KCl on a Ru black electrode.
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alkaline chloride solutions in the potential range 0-0.8 V, the value of (0@/duy+)g re-
mains close to unity. This phenomenon can be accounted for only by the absence
in such solutions of a potential range in which 4,;=0 owing to the overlapping of the
hydrogen and oxygen adsorption regions. On the Ru electrode a similar situation
obtains in acidified chloride solutions. Thus, on Ru, even at high concentrations of
Cl~ ions, there is a continuous transition from the hydrogen adsorption region to
that of oxygen adsorption.

At @, >0.4V in acidified sulfate solutions and at ¢, >0.3 V in alkaline chloride
solutions on Rh, and at ¢, >0.35 V in an acidified chloride solution on Ru, (3¢/duy+)g

69 | Th#(uC /em?2)

40 1

20+ ‘\V
0.4 05 0.6 07 ®r
fo) 1 1 1
v vy v
vY
y
-20

Fig. 5. Comparison of the calcd. (by means of eqn. (10)) (full drawn curve) and exptl. (dots) dependen-
ces of I'u+ upon ¢ for: (1), 0.01 N HCI+ N KCl;(2),0.01 N H2SO4 -+ N Na2SO4;(3),0.01 N KOH +
N KCI on a Rh black electrode.

rH+ (<)

o 1 L 1 L — 1 [

01 0.2 0.3 0.4 05 o.e\ 0.7

Fig. 6. Comparison of : (—), calcd. (by means of eqn. (10)) and ( @), exptl. dependences of /'u+ upon
@r for 0.01 N HCIl + N KCl on a Ru black electrode. I'n+ is given in coulombs for the whole electrode
surface.
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is greater than unity. According to eqn. (12), this is possible owing to the value of
orI'y+/0¢, becoming negative, i.e., the dependence of I';+ upon ¢, must pass through
a maximum.

In Figs. Sand 6, the I' ;. —¢ -curves theoretically-calculated from eqn. (10) are
compared with the experimental curves*. The following should be noted. In the
measurements of the slow charging curves of Rh and Ru by the usual method at the
potentials of hydrogen adsorption (up to ~0.3 V) the anodic and cathodic charging
curves coincide. However, when the measurements are performed up to 0.8 V, an
appreciable hysteresis is observed. This introduces an uncertainty into the determina-
tion of the values of dQ/0¢,, which are necessary for calculations by means of eqn.
(10). The hysteresis is apparently due to slow establishment of equilibrium in oxygen
adsorption. Therefore, the charging curves were determined as follows. A certain
charge was supplied to the electrode, whereupon the polarizing circuit was opened.
After the establishment of a constant potential, the electrode was again polarized, etc.
The potentials established at open circuit were plotted against the amount of elec-
tricity passed. To distinguish these charging curves from those measured by the
conventional method, we shall call them equilibrium curves. At the potential of
hydrogen adsorption, the anodic and cathodic equilibrium charging curves coincide;
at the potentials of oxygen adsorption (up to 0.8 V) only a slight hysteresis is observed,
so that the choice of the direction of potential change in the charging curve measure-
ments has little effect upon the calculation of the I'y . —¢,-curves'?''3. The anodic
charging curve was used in the calculations presented.

It can be seen from Figs. 5 and 6, that there is a quantitative agreement between
the theoretically-calculated and experimental I'y+—¢,-curves for acid solutions. On
the Rh electrode in an alkaline solution, a quantitative agreement is observed only up
to @, ~0.3 V, which is possibly due to the difficulties in the establishment of equilib-
rium in alkaline solutions at the potentials of oxygen adsorption. However, at more
anodic potentials also, there is a great similarity between the calculated and experi-
mental curves.

According to Fig. 5, the p.z.c. of a Rh electrode in N Na,SO,+0.01 N H,SO,
solution lies at ¢,20.10 V, and in N KCI1+0.01 N HCI solution, at ¢ .20 V, i.e.,
¢, is —0.04 and —0.12 V, respectively. The value of the p.z.c. of a Rh electrode in a
sulfate solution coincides with that determined by the tracer method'’. As was
shown earlier!'1®:17 also for a Pt/Pt electrode, no p.z.c. in the usual sense is observed
with a Rh electrode in alkaline solution. After passing through a minimum, the cation
adsorption begins to increase again. At ¢,=0, a marked acid adsorption is observed
on a Ru electrode. In other words, the p.z.c. of Ru lies at a negative potential. The
abcissa axis intersects with the I';+—¢@,~curve only at ¢ ,~0.61 V. This potential can be
considered as a p.z.c. of oxidized Ru.

Figure 7 shows the differential capacity curves of a Pt/Pt and Rh black elec-
trodes in N KCI+0.01 N HCl and N Na,SO,+0.01 N H,SO, solutions, respectively.

* The values of '+ on the Rh electrode are given/cm? of truesurface which was determined from the
hydrogen section of the charging curve according to ref. 14.
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The differential capacity curves were calculated from eqn. (15). The curves obtained
have a feature in common, viz. at the potentials of hydrogen adsorption they pass
through a pronounced maximum.

C(?_iz)

300

200

100

Fig. 7. Dependence of the differential capacity of the electric double layer upon ¢ on: (1), Pt/Pt elec-
trode in 0.01 N HCl 4+ N KCI; (2), Rh black electrode in 0.01 N HaSO4 + N Na2SO.. The capa-
city values are calcd./cm? of the true surface of the electrodes.

DISCUSSION OF RESULTS

The quantitative agreement between the theoretically-calculated and experi-
mental 'y +—@ -curves justifies treating the surface of the platinum-metals electrodes in
solutions of varying composition as equilibrium systems, the state of which at
tea=constant is determined by the independent variables, py and uy, or pcon-
Especially interesting, and even somewhat surprising, is the fact that the assumption
of reversibility holds not only for potentials of hydrogen adsorption, but to some
extent also for those of oxygen adsorption, at least in acid solutions.

According to the I'y+—¢,-curves, the appearance of adsorbed oxygen on the
surface of Rh and Ru electrodes brings about a decrease in anion adsorption, as was
earlier observed on a Pt/Pt electrode!*'®17. Similar relationships appear to exist
between the cation and hydrogen adsorptions*®. Thus, the values of (0¢/0uy+)o on a

* A small maximum of cation adsorption had already been observed in ref. 1 in an approximate calcu-
lation of the adsorption curve.
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Rh electrode in a 1072 N H,SO,+ N Na,SO, solution at small ¢, are larger than
unity, which should correspond to a decrease of I'. with decreasing ¢.. With direct
adsorption measurements, however, a decrease in the cation adsorption could not be
detected with certainty. Apparently, the method of measuring the dependence of the
potential upon pH of the solution at constant Q (which gives directly the slope of the
adsorption curve) permits a more accurate determination of the shape of the ad-
sorption curve on approaching to ¢,=0. At low ¢,, however, it becomes difficult to
realize isoelectric conditions of the experiments and definite conclusions can be
drawn only when the experimental technique is further refined, in accordance with
the theory set out in ref. 5, to fit the case of the presence of dissolved H, in the solution
in measurable concentrations.

As is evident from Fig. 1, on a Pt/Pt electrode in pure acid solutions at the
potentials of the double-layer region d¢/dufi,= —1. In other words, the electrode
potential, ¢, shifts by ~58 V when the HCI concentration is changed by one order of
magnitude. Thus, the Esin-Markov effect associated with the discrete structure of the
double layer is not observed with a Pt electrode in the case of Cl~ ions. In this respect,
the Pt electrode differs from the Hg electrode. The absence of the effect of discreteness
may be assumed to be due to a strong chemisorptive interaction between the adsorbed
anions and the platinum surface, which results in the anions sharing their charges, to a
considerable degree, with the metal*. According to eqn. (40)**, the absence of any
appreciable super-equivalent adsorption of cations and anions*'!” on platinum also
points to the absence of a Esin-Markov effect. The high values of the electric double-
layer capacity of the Pt/Pt electrode at the potentials of the double-layer region
(~70-100 puF/cm?) are an indication of a strong deformation of anions upon ad-
sorption. The decrease of the capacity observed in the case of Rh in H,SO, +Na,SO,
(Fig. 7, curve 2) is caused by the appearance of oxygen.

The differential capacity curves of the electric double layer of a Pt/Pt electrode,
given in the present paper, show some interesting features. The decrease in the
capacity on approaching to ¢,=0, due to the surface coverage with adsorbed hydro-
gen, had already been observed and discussed in the literature’**. The data obtained
show that a similar phenomena is also observed on a Rh electrode. The decrease in the
capacity on lowering ¢, is preceded by a strong increase up to values of the order of
300 uF/cm? in the region of hydrogen adsorption. In the case of the Pt/Pt electrode,
the highest value of the capacity is observed near the p.z.c. of the electrode. This
coincidence seems to be accidental, however, since on a Rh electrode the maximum is
observed at potentials that are remote from the p.z.c. Thus, the capacity maximum
cannot be explained by the change in the double-layer structure with changing sign
of the surface charge. Nor can the capacity maximum be associated with the peculari-
ties of specific anion adsorption since it is also observed in the presence of weakly
adsorbable SO,2~ anions. The capacity maximum seems to be due to the displacement

* According to the theory developed by LEvicH, KiryaNov AND KryLov!8, the Esin-Markov effect
should disappear with decreasing distance between the inner Helmholtz plane and the metal surface.
** See Appendix.
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of adsorbed anions by adsorbed hydrogen, forming dipoles turned with their negative
ends towards the solution and at the same time decreasing the electric double-layer
capacity. A more complete interpretation of this phenomenon necessitates further
investigation involving a greater number of systems.

APPENDIX
Potential change under isoelectric conditions with changing concentration of neutral

salt
It follows from eqns. (4) and (7) that

(8FH) _ _(GFCA) » (34)

0 0Q,

ek PrsHHA ? HeasHua

Ge) = -GR) ()

d - \or B)

A  FRTIN ¢ Heastna Hea ProHua
_ Ol ca {00 _ (?FCA) -
h ( ¢, ) '(aq)r -\ g, e
HeasHua HeasHua HeasHua

It follows from eqns. (35) and (1) that
(a_‘f’;_) =\2 (&) (36)
opca

0
Q.4na Q Heastua
where uZ, is the mean chemical potential of CA ions.
Let us introduce in place of ¢,, the potential ¢+ measured against an electrode
reversible with respect to the C* cation. Since

Qc+tUc+ =@+ py+ +const.
and, hence, @c+ + fca =@, + pya +const., we get, according to eqn. (35)
(3 + % +
(), 55, -
(%
e (ORI HeasHua

At A3 =0,dQ0=de=dIl'y- —dI' ¢+ and eqn. (37) becomes the well known equation of
electrocapillarity theory®:

(6(pc+) _ ((’JFAA (38)
a[,ch 2 oe

HHA HeasHua

If in place of ¢+, we introduce the potential, ¢, referred to an imaginary reference
electrode, which is by uZ, more negative than the electrode reversible with respect
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to C*, and which in thermodynamical relations can serve as a constant reference
electrode at any concentrations® (see above), we obtain from eqn. (37):

(2) =—(Te) - (39)
OHCA (ONTIN

0
Q MHA’ﬂCi;\
At A,=0, eqn. (39) becomes

(), () )
OlUca O¢ + d¢

E
& Hpa HuasHca BuasHca

Equation (40) is a thermodynamical expression for the Esin—-Markov coefficient as
applied to the change in neutral salt concentration; it is similar to the relation known
from electrocapillarity theory. By means of this expression, it is possible to find the
coefficient in question from the (3¢/0uca)s i, Value at any concentrations, whereas
the relation derived earlier (eqn. (9a) in ref. 5), which can be written as:

(), (), ()
OUEA A de . de

+
Hu+ CAsHH+ HeasHu+

is applicable only to dilute solution. It can be readily shown (see footnote on p. 190)
that in the case of dilute solutions, it is possible to obtain eqn. (41) from eqn. (40).

It is more convenient, for use with experimental data, to have relations ex-
pressing the dependence of ¢, or ¢ upon u&, under isoelectric conditions, not ac
constant u, as for example, in eqn. (36), but at constant [HA]. This dependence can
be obtained from eqn. (36) using eqns. (6) or (8), i.e., by superimposing upon the
change of uc, a change of uy, to bring [HA] to its original value. Assuming [CA]>
[HA], it follows from eqns. (3) and (8) that

( 0%) _ ( Omr) g ( (?f,or) ((htm)
3 g -5
enlotHAY (N gy, \OHunlg ik \IHeN THAY
_ _2(0FC+) _(JI"W) (OyHA)
7 a, 0 + 42
2 .ugA’HHA Q H?A,#HA Hen [HA] “2)
It follows from eqns. (42) and (1) that
( 0%)
Opca 0.[HA] -
ou O+ 0 ()
T [2 *(ai?) ]( 50 ) 5 _(aﬁ?) ( ) ) 2 %)
CATHA] Hea-Hua CATHA] HcasHua
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In an experimental verification of eqn. (43), (Ouya/O1cA), A7 €an be found, for
example, from the change of e.m.f. of a cell with electrodes reversible with respect to
H* and A~ in an (HA+ CA) solution on changing [CA] at constant [HA]. Since
[CA]> [HA], u&, can be taken from the data in the literature*.

SUMMARY

A derivation of the equations relating the potential change of an hydrogen
adsorbing electrode with changing hydrogen ion activity under isoelectric conditions,
to the dependence of the hydrogen ion adsorption upon the potential has been given,
which can be applied to solutions of any concentration. Similar equations have been
derived for alkaline solutions and for an oxygen adsorbing electrode. The calculated
dependences of the hydrogen ion adsorption upon the potential have been compared
with the experimental data for the following systems: Pt in 1072 N HCI, Rh in N
Na,S0O,+10"% N H,SO,, Rhin N KCI+1072 N HCI, Rhin N KCI+ 1072 N KOH,
Ru in N KCl+ 1072 N HCI. It has been found that in the case of Cl~ ions adsorption
on Pt from HCI solutions, the Esin—-Markov effect disappears; this seems to be due to
the transfer of the charge of the adsorbed anions to the electrode surface. It has been
shown that measurements of the dependence of the potential upon the hydrogen ion
activity under isoelectric conditions in the presence of an excess of neutral salt, is a
direct method for the determination of the double-layer differential capacity of a
hydrogen adsorbing electrode.
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INTRODUCTION

Recent discussions!—3 of the measurement of adsorption of ions at the mercury—
water interface have suggested that discrepancies exist between the two principal
methods of obtaining these results: electrocapillary measurements and capacity
measurements. It has been suggested that some of the discrepancies are due to
inevitable inaccuracies in the computation of data by the different routes and that
some arise from essential differences in the quantities measured.

In order to assesss the situation, existing capacity data on NaF4, KCl5, and
K16, together with new data on KBr, are compared with electrocapillary data?-10
with particular attention to the accuracy with which the required data can be ob-
tained.

EXPERIMENTAL

Measurements of the double-layer capacity of mercury in aqueous KBr
solution were made using the bridge previously described!l. The balance point was
usually taken just after the 8th second on a drop the total life of which was 10-12
sec, but the capacity was checked over the range between the 4th and 1oth second
to ensure independence of the drop age. Similar checks were made in the frequency
range 600 c/sec—3 kc/sec. No frequency-dependence was observed and measurements
were made at I kc/sec. Reproducibility of capacities was 0.05%, within a given run
and 0.15%, from one run to another. The flow rate of Hg (normally about 0.2 mg
sec™!) was determined by collecting mercury over an accurately timed (1 kc/sec
tuning fork 4-dekatron scaler) interval, drying and weighing. It remained constant
within 0.29,. Thin-walled, tapering capillaries were drawn from 1-mm bore capillary
tubing, selected by trial and siliconed by brief exposure to dichlorodimethylsilane
vapour, followed by wet nitrogen. The tip was then recut to ensure that the solution
should wet the horizontal surface of the tip. The potential of the electrocapillary
maximum was determined by the streaming electrode method2 and was reproducible
to within 0.5 mV. All potentials were measured using a Croydon type P3 potentio-

* At present, Visiting Professor, Division of Chemistry and Chemical Engineering, California
Institute of Technology, Pasadena, Calif. g1109.
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meter and a Pye “Scalamp’” 1400 Q galvanometer. The reference electrode was a
0.1 M KCI calomel electrode joined to a reservoir containing 0.1 M KBr. This solution
was then put in contact with the working solution of KBr, forming the junction in
a tap. Both these liquid junctions were stable and potentials were reproducible to
0.1 mV. All measurements were made with the cell immersed in a water thermostat
at 25°. Mercury was purified by a wet process followed by three distillations in a
Hulett still13. Laboratory-distilled water was redistilled from dilute alkaline per-
manganate in a still with special splash traps. B.D.H. AnalaR KBr or once-recrystal-
lized salt was dissolved in this water.

RESULTS AND ANALYSIS
Measurements were made of the capacity and potential of the electrocapillary

maximum at ten concentrations of KBr from 0.005 to 5 3. The capacity curves are
shown in Fig. 1. The interfacial tension at the electrocapillary maximum was obtained

Il | 7

E(V)

Fig. 1. Capacity of a mercury electrode in contact with aq. KBr at 25°. Concn. of KBr is indicated
by each curve. Potential is measured with respect to a 0.1 M KCl calomel electrode dipping into
a soln. containing o.1 M KBr which made contact with the working soln.

by plotting the experimental values found by Gouy? and by DEVANATHAN AND
PEeRrIES® as a function of log activity, and interpolating. There are small differences
between the two sets of electrocapillary data but it is unlikely that errors exceed
0.2 dyn cm~1! at concentrations below 1 M ; at higher concentrations they may rise
to 0.5 dyn cm~1. The capacity—potential curves were integrated with the aid of a
computer (Elliott 503) using a program written in Algol but similar to that described
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TABLE 1

0.01 M KBr IN WATER AT 25°

q —E C q+ g- P2 PH-2 7
(nC om=2) (V) (nkcem=2) (uCcem-2)  (uCcm—2) (mV) (mV) (dyn cm—1)
—18 1.592 17.59 16.0 1.4 —172 —958 329.8
—10 1.475 10.05 14.0 1.5 — 105 —848 349.7
—14 1.353 10.04 i1 1.4 —158 —733 368.0
—12 1.227 15.90 10.2 1.3 —150 —0106 384.3
— 10 1.102 10.16 8.3 1.1 — 140 — 500 398.1
—8 0.982 17.04 0.5 1.0 —128 —392 408.9
—0 0.868 18.24 4.5 1.0 —III —295 416.9
—4 0.701 18.88 2.5 1.0 —86 —213 422.3
—2 0.650 19.76 +0.8 +0.8 — 40 — 149 425.4
o 0.572 29.08 0.0 0.0 o —105 426.3
+2 0.512 775 —o.I —1.8 +8 —58 425.7
4 0.463 42.74 +o.1 —4.1 —5 +4 424.3
6} 0.417 43.75 0.3 — 6.0 —23 69 422.0
8 0.371 45.09 o7 —9.0 —41 131 418.8
10 0.328 40.40 1.2 —1I1.5 —56 190 414.9
T2 0.286 51.51 T —I4.1 —09 245 410.3
14 0.250 060.00 2.2 — 167 —81 293 405.6
10 0.220 72.20 2.9 —19.4 —Q2 334 401.1
18 0.191 95.88 3.5 —22.0 — 100 371 396.3
20 0.173 130.9 4.0 —24.5 —100 395 392.9
22 0.160 165:1 4.6 — 27 —112 415 390.0
24 0.144 231.0 5.2 —29.7 —118 436 386.7
TABLE 2

0.1 M KBr IN WATER AT 25°

s C 1

q g4 q- Pe i 4
(nuC cm-2) (V) (uliem=2)  (uC cm—2) (uC cm=2) (mV) (mV) (dyn cm—1)
—18 1.543 1779 17.6 —1.3 — 121 —962 331.7
— 10 1.428 16.87 15.5 —1I1.1 —115 —853 351.4
—T4 1.307 10.24 13.3 —0.9 —108 —739 309.5
—12 1.182 16.03 X140 —0.6 — 100 —623 385.6
— 10 1.059 10.40 8.9 —0.4 —90 — 508 399.3
—8 0.940 17.57 6.9 —o0.3 — 8o — 400 409.9
—0 0.833 20.17 5.3 —o0.7 —069 —304 417.4
—4 0.745 25.87 4.2 —1.5 —61 —223 421.9
—2 0.678 33.90 3.8 —3.0 —57 —160 424.0
o 0.024 41.50 3.8 —5.1 —58 —107 424.5
+2 0.578 45-58 4.1 —74 —06o —59 424.1
4 0.530 4750 4.5 —9.8 —03 = 422.8
6 0.494 47.87 4.9 —12.2 —60 +33 420.7
8 0.452 48.20 5.4 —14.8 —70 78 417.8
10 0.411 50.29 5.9 —17.3 —74 122 414.1
12 0.373 50.50 6.5 —14.9 —79 164 404.9
14 0.341 05.56 7.0 —22.5 —81 200 405.7
16 0.312 73.86 7.6 —25.1 —84 232 401.4
18 0.285 87.43 8.2 —27.7 —87 262 396.9
20 0.205 105.7 8.8 —30.3 —Qo0 285 392.9
22 0.242 144.4 9.3 —32.9 =92 310 388.5
24 0.230  189.5 9.8 —35.4 —95 324 385.7
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previously!4 in the first routine where values of the function &éy=y+¢FE. are cal-
culated. Here y is the interfacial tension, ¢ the charge on the metal and E. the
potential of the mercury electrode with respect to an electrode reversible to the cation
(+subscripts) or anion (—subscripts). The new program further fits the pairs of
values of £. and log activity at a given value of ¢, to a power series by the method
of least-squares. The ionic surface excesses are then calculated according to the
appropriate form of the electrocapillary equation!5

(0+/RTO In as?)q= —1s = —qs[2: F

From the charge due to the cation, the program then uses Gouy—-Chapman theory!6
to calculate the outer Helmholtz potential (¢2) and the charge in the diffuse layer
due to the anion. Finally, the charge (¢-!) due to specifically adsorbed anions and
the potential drop (¢M-2) across the inner layer are computed. Some typical results
are shown in Tables 1, 2, and 3.

TABLE 3

1 M KBr IN WATER AT 25°

q £ C g g e we oy
(uC cm-2) (V) (ulF cm=-2) (uC cm-2) (uC cm-2) (mV) (mV) (dyncm-1)
—18 1.488 18.09 13.0 0.9 — 60 —909 334.0
—16 1.373 17.09 1.3 0.9 —~ 55 —859 3534
— 14 1.254 10.71 9.7 0.6 — 50 — 740 371.2
—12 1.130 1713 8.4 0.2 —46 —0632 386.7
—10 1.025 19.28 7.4 —o0.7 — 42 — 524 398.9
—8 0.931 24.10 7.0 —iRl2 40 — 432 407.4
—6 0.858 30.94 7:1 —4.3 — 41 —359 412.5
—4 0.799 37-50 7-6 —0.9 —43 —298 415.5
—2 0.750 43.10 8.4 —9.8 — 40 — 246 417.0
o 0.705 45.87 9.3 —12.8 —49 —198 417.4
+2 0.663 48.05 161 —15.8 —52 — 153 417.0
4 0.621 48.80 10.9 —18.7 — 54 — 109 415.7
6 0.581 49.56 11.7 —21.6 — 50 — 066 413.7
8 0.540 48.48 12.5 —24.5 —59 —23 410.9
10 0.499 49.03 13.3 =274 — 01 20 407.2
12 0.460 53.07 14.1 —30.2 —03 01 402.9
14 0.425 60.42 14.9 —. 331 - 05 98 398.3
16 0.394 69.34 15.0 —35.8 — 067 131 393.6
18 0.367 80.57 16.3 —38.0 — 08 160 389.1
20 0.343 94.77 17.0 —41.4 — 770 186 384.5
22 0.323 13T & Pl —44.1 —71 2006 380.5
24 0.307 132.2 18.3 —46.7 —73 224 3706.7
DISCUSSION

(a) Comparison with othev data

Direct comparison of the integrated capacity curves with the electrocapillary
curves measured by DEVANATHAN AND PERIES? is possible at o.o1, 0.1, and 1 M.
This is illustrated in Fig. 2(a), (b), and (c). Deviations between the two curves are
never greater than 1 dyn cm~! in the range +24 to —18 4C ¢cm~-2 and more often
of the order of 0.1 dyn cm~!. Thus, in this system there appears to be little doubt
that the two methods of measurement are in agreement within experimental error.
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Fig. 2. Comparison of electrocapillary curves and charge-potential curves obtained from capacity
measurements (full line) with those obtained from electrocapillary measurements of DEVANATHAN
AND PERIES? (points). The extreme negative part of the electrocapillary curve is shown on a
separate scale. (a), o.or M; (b), o.1 M; (c), 1.0 M KBr.

Similar conclusions may be drawn from a comparison of the integral of GRAHAME's
datas.¢ for 0.1 and 1 M KCl, 0.015, 0.1 and 1 M KI with electrocapillary results?—19.
Agreement in dilute solutions of weakly adsorbed electrolytes is poorer, as already
reported!4.4 for HoPO4~ and Cl-. The appearance of the diffuse-layer minimum in
the capacity curve is an indication of conditions under which disagreement may be
expected. In the case of HoaPO4~, where the disagreement is large, evidence was
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presented!4 supporting the proposal that the electrocapillary data are in error under
these conditions.
Similar results are obtained with fluoride solutions, as might be expected.
In 0.1 M solution, as shown in Fig. 3, GRAHAME’s capacity curves for NaF4, when
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Fig. 3. Comparison of electrocapillary curves and charge—potential curves obtained from capacity
measurements on 0.1 M NaF by GRAHAME (—-—) with those from clectrocapillary measure-
ments: (X ), DutkiEwicz, KF; (4), Dutkiewicz, NH4F; (0), PayNe, Nali.
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Fig. 4. Comparison of electrocapillary curves and charge—potential curves obtained from capacity
measurements on o0.0r M NaF (—.—) with those obtained from electrocapillary measurement:

(0), with an unsiliconed capillary; (x), with a siliconed capillary.
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integrated agree well with electrocapillary curves measured in Bristol using Nal
(Pavyxg), KF (Durkiewicz), and NHsF (Durkiewicz AND GARNISH) except for
small divergences on the positive branch reaching 1.6 dyn cm-! at +710 C cm~2.
However in 0.01 M NaF, the discrepancies become very large on the positive branch
although the agreement on the negative branch is excellent (Fig. 4). In the electro-
capillary measurements, “‘sticking’’ was observed at potentials (vs. NCE) > —o0.25V
and also < —1.25 V; in the former region the electrocapillary curve lies well below
the integrated capacity curve while in the latter they agree well. Use of a siliconed
capillary in the electrometer reduces the amount of “‘sticking” and confines it to
the region of potentials > —o0.1 V. As can be seen from Fig. 4, agreement with the
integrated capacity is still excellent at potentials < —o0.55 V. However, in the region
where the electrocapillary curve diverges from the integrated capacity curve, the
electrocapillary curve measured with the siliconed capillary lies markedly below
that measured with the unsiliconed capillary; the divergences reach ro dyn cm-*!
at —o.x V.

These results show that variation in the wetting properties of the glass affects
the electrocapillary curve over the region in which divergences from the integrated
capacity curve occur. This behaviour suggests that the phenomenon is related to the
“de-wetting”’ process described by Gouy?7, and may be due to a change of the contact
angle at the glass—mercury-solution contact. This is consistent with the lower
apparent interfacial tension observed with the siliconed capillary, where the contact
angle would be expected to be greater because water wets siliconed glass imperfectly.
However, it appears that when the mercury is negatively charged, the contact angle
is zero for both types of capillary.

Attempts have been made to study the drop-time curve in this system in
the hope that these curves would be less affected by changes in the contact angle.
The results were not very reproducible and showed an anomalous minimum in the
drop-time curves at potentials more positive than the maximum. On the negative
side, the correct qualitative behaviour was found but the curves were not in good
agreement with the electrocapillary curves.

Comparison of charge-potential curves derived from the two types of meas-
urement confirms that they are usually in good agreement within the errors to be
expected from graphical differentiation of electrocapillary curves. This accuracy
will depend on the spacing of experimental points; 50-mV intervals have been usual
in recent studies?.14.17. Comparison of the present results with those of DEVANATHAN
AND PERIES? (Fig. 2(a), (b), and (c)) suggests that the general trend is in good agree-
ment although a scatter of r xC cm~2 in individual points is fairly frequent. At the
far anodic end, when the charge is greater than 20 yC cm—2 and both the electro-
capillary curve and the capacity curve are very steep, the errors may be much larger
Electrocapillary curves were also differentiated using a computer following a procedure
based on an unpublished suggestion by GRAHAME. From the set of y—E points, a
new set of points, y—F, was computed where y =y +¢*E, ¢* being a constant. The
curve y—E now has a maximum at the value of E for which ¢* is the slope of the
original y—E curve. Thus, by repeating this procedure a set of values of E correspond-
ing to given values of ¢* may be found. The value of y at the maximum of the y—F
curve is, of course, the value of & corresponding to ¢* and the fact that the y—E curve
has a flat maximum shows that & may be obtained with an accuracy comparable to
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the original values of . In fact, the calculation of £ does not depend upon an accurate
differentiation of the electrocapillary curve, in contrast to the remark of DEVANATHAN
AND TiLAk?2. This procedure is thus excellent for converting from y to & but does not
produce charge—potential curves of any greater accuracy than those from graphical
differentiation.

Direct comparison of twice-differentiated electrocapillary curves with capacity
curves again confirms, qualitatively, the agreement between the two types of meas-
urement, but the inaccuracies introduced by differentiation are too great to allow
more quantitative conclusions.

The most important information obtained from capacity and electrocapillary
measurements concerns the ionic composition of the double layer. This is obtained
by the application of Gibbs adsorption equation in one form or another and necessarily
involves a differentiation step, although this may be carried out by fitting integrated
theoretical isotherms to the experimental data's and then differentiating analytically.
Such a procedure has particular advantages if the isotherm constants are independent
of charge, but there is a risk in imposing this condition on a set of data since the
surface—pressure curve is not very sensitive to variations in isotherm constants. A
more direct procedure might therefore have advantages. The computer program
described above is an attempt to solve this problem in a simple way. In fitting a
polynomial to the &,—In a. points, different degrees of polynomial were examined.
High-order polynomials produce results that are too sensitive to experimental error
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Fig. 5. Plot of charge due to specifically adsorbed Br- (g-1) vs. charge on the mercury electrode:
(—.—), present results; (X ), data of GRAHAME AND SODERBERG18 at 0.1 M KBr; data of DEvVA-
NATHAN AND PERIES? at: (0O), 1 M; (A), 0.t M; (), o.ot M KBr.
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and are consequently meaningless. The criterion adopted was that of comparing the
results of an #-th order fit, with that of an (%4 1)-th order fit. Best agreement was
obtained when z=3. Even so, the end-points produced large variations, the results
being less plausible for the 4th-than for the 3rd-order fit. 1t is, therefore, recommended
that a 3rd-order polynomial provides the most satisfactory simple route to the
differentiation of £,-In a, curves. Agreement with graphical differentiation for the
KBr system was found to be within ¢.3 uC cm~2 except at extreme concentrations
or charges. The curves of ¢g_! against ¢ can be compared directly (Fig. 5) with the
results of GRAHAME AND SODERBERG!8 at 0.1 M and of DEVANATHAN AND PERIES?®
at o.01, 0.1, and 1 M. With the former, no deviation is greater than 0.7 uC cm~2,
while with the latter discrepancies of greater than 1 4C cm~2 are found, undoubtedly
as a result of errors introduced by graphical differentiation to obtain both ¢-! and g.

As a further check, the data of GRAHAMES for aqueous KI was put through the
computer program using integration constants based on electrocapillary data?-19.
In this case, the agreement between the 3rd- and 4th-order fits was much better and
at the lower concentrations good agreement with the published data® was obtained.
The results obtained from this system are undoubtedly better, primarily because
the concentration points are more closely spaced. GRAHAME® measured capacities
at 17 concentrations between 0.015 and 1.2 M ; i.e., over 8 points/decade. The present
KBr results are based on 3 points/decade and must be correspondingly less accurate.
This must be considered as the main weakness of much recent work on the electrical
double layer!4.19 especially that based on 2 points/decade?:17.

At concentrations of the order of T M and higher, the computed KI results
differ from the published dataé owing to the effect of the thickness of the inner layer
previously discusseds. In spite of contrary assertions?, there seems good reason to
suppose that the correction for this effect is charge-dependent!4. Since no way of
measuring this effect in the presence of specific adsorption has been devised, values
of ¢-t for solutions of higher concentrations are subject to error from this cause as
well as from defects in diffuse-layer theory.

Data from the dilute solutions calculated from capacity measurements with
the aid of electrocapillary integration constants, also appear to deviate by a micro-
coulomb or two from the expected value at negative charge, as commented upon
recently®. It is possible that this may be the result of the slow transport of ions to
the double layer20.21 but a clear proof that this is the cause is at present lacking.

(b) Specific adsorption of bromide ion

Adsorption isotherms at constant charge for bromide ion are shown in Fig. 6.
The shape of the isotherm changes quite markedly with potential in a similar way
to that observed previously® with KCl. At high positive charges, the slope becomes
quite low even at amounts adsorbed of between 20 and 30 uC cm~2. This curvature
would be accentuated if a correction were applied for the thickness of the inner
layers.14 since this would increase the specifically adsorbed charge at the higher
concentrations. It is possible that, as suggested previously?, the results at low con-
centration are in error because of the inaccuracy of the diffuse-layer correction'4.
However, this inaccuracy should be less here than for KCl because bromide ion is
more strongly adsorbed and, in fact, at charges of greater than 1o uC cm-2, the
cation is positively adsorbed at all concentrations studied. The plot of potential
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across the inner layer against specifically adsorbed charge (Fig. 7) shows deviations
from linearity at the lower concentrations, but these change sign as the charge on
the metal changes, unlike the previous results for KKCl. The linearity of these plots
is supported by the fact that the straight lines through the points at moderate con-
centrations extrapolates at ¢-1=o0 to the points given by integration of the inner-
layer capacity of mercury in Nal solutions. Hence, there may be some justification
in using the straight lines of Fig. 7 to obtain corrected values of the specifically
adsorbed charge at high charge on the mercury, and low concentrations. The results
of such a correction are shown in I'ig. 6 as dotted lines. Partial capacities and the
thickness ratio derived from Fig. 7 are shown in Fig. 8.
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Fig. 6. Plot of charge due to specifically adsorbed Br- (¢-!) vs. log activity of KBr (In a). The
charge on the clectrode is indicated near each line. Dotted lines show data corrected as described
in the text.

The adsorption isotherms of Fig. 6, even when corrected in this way, remain
strongly curved like those of KCI described previously5. Similar behaviour is observed
in work on NaCNS22 and NaNj23. If the data are plotted as log {a.+2/|¢+1|} vs. ¢-1,
approximately straight lines are formed in the region of the point of zero charge
suggesting that here the data may represented by a virial isotherm. However, at
more positive charges, the lines are curved, corresponding to a decrease in the two-
dimensional second virial coefficient as the amount adsorbed increases. Typically,
this second virial coefficient decreases from goo A2 jon-! to about 400 A2 ion-!
The lower value is comparable with that obtained for iodide ion adsorbed from
aqueous solution®. The evidence now available suggests that the simple behaviour
of iodide ion observed in aqueous®, methanolic24 and formamide?25 solution is not
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typical of simple inorganic ions, but is perhaps a consequence of the exceptionally
strong adsorption of iodide.

It seems unlikely that the apparent decrease in the second virial coefficient
in the adsorption of bromide and other more weakly adsorbed anions is due to the
inadequacy of the virial adsorption isotherm itself. Other isotherms such as the
Frumkin isotherm or the Zhukovitskii-Flory—Huggins isotherm cannot describe
curvature of the isotherm such as that observed in these systems. Consideration of
the discrete nature of the charge in the inner layer26.27 suggests that the leading
term describing the interaction between adsorbed charges may be between first-
order in ¢! (as in the virial or Frumkin isotherms) for a thermally disordered layer,
and (¢-1)¢ for a rigid lattice. The behaviour described in FFig. 6 is outside this range.
Equally, it seems unlikely that the decrease is due to the decrease in the thickness
of the diffuse layer caused by the increase in bulk ionic strength, since this should
occur also with iodide solutions.

It is possible that the explanation for this effect lies in the fact that chloride
and bromide ions are further from the metal surface than iodide ion and nearer to
the outer Helmholtz plane. In the more concentrated solutions, the cations in the
outer Helmholtz plane will tend to screen the interactions between the specifically
adsorbed anions. This effect will be greater at the more positive charges and higher
concentrations, and would qualitatively account for the observed effect. A much
more complete screening was previously invoked to account for the behaviour of
the toluenesulphonate ion oriented perpendicularly to the electrode2®. In that case
the adsorbed ion behaves like a neutral molecule; the screening for a small ion like
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Fig. 9. Plot of é- (= y + ¢E ) for aq. Nal' at 25° vs. log concn. of Nal'. Points are from the
integration of GRAHAME’s capacity data?; lines caled. from diffuse-layer theory.
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bromide will be much less complete and the behaviour remains typical of ionic
adsorbates.

(¢) Specific adsorption of fluoride ion

Since GRAHAME's work, several attempts have been made29-31 to assess the
quantity of specifically adsorbed fluoride ion at a mercury electrode. The present
work has relevance to this in that it shows that greater reliance must be placed on
capacity measurements than on electrocapillary measurements in fluoride solutions
on the positive side, especially in dilute solutions. It seemed worthwhile, therefore,
to integrate GRAHAME’s data4 for NaF and to compare the concentration-dependence
with that predicted from diffuse-layer theory. Integration was done with a computer
as described above, using GRAHAME’s values for the potential of the point of zero
charge and a constant value of 42.56 uJ cm~2 for the interfacial tension at this point.
The experimental results at ¢ = +10 uC cm~2 are shown in Fig. 9, together with the
line calculated by integrating diffuse-layer theory; this has been placed in two posi-
tions, one through the point at the lowest concentration and one through that at
the highest. The latter seems more likely to be correct in view of the possible contribu-
tion of transport effects20.21 which would lead to somewhat higher &-values at low
concentration. Nevertheless, the discrepancies in either case are less than 1 dyn
cm~! and in the region above 0.1 M, the slope of the experimental curve is virtually
identical with that calculated from diffuse-layer theory. Thus, measurements of
precision not yet attained, combined with an improved theory of the diffuse layer,
would be necessary to demonstrate the existence of specific adsorption of fluoride ion.

NOTE ADDED IN PROOF

More recently Dr. S. TRASATTI, working in Bristol, has obtained more reliable
results for the drop-time curve in 0.or M NaF. On the negative branch the drop-time
curve is in excellent agreement with both the electrocapillary results and the inte-
grated capacity, while on the positive branch it agrees only with the integrated
capacity curve and this agreement is as good as that found on the negative branch.
These experiments confirm the views expressed above that results from the capillary
electrometer are not reliable in this particular region of potential and solution con-
centration. The earlier drop-time experiments reported in the text appear to be
unreliable because the capillary used for them had previously been used in non-
aqueous solutions.
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SUMMARY

The capacity of the double layer at a mercury electrode in contact with
aqueous KBr solutions was measured at 25°. These results, together with those for
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other halides, are used to investigate the relation between electrocapillary and
capacity measurements. Under most conditions there is no disagreement, but errors
can occur in electrocapillary measurements on a positively charged surface in dilute
solutions of weakly-adsorbed electrolytes, possibly due to the occurence of a finite
contact angle. To obtain accurate surface excesses it is important to make measure-
ments at closely spaced concentrations.

The adsorption isotherm of Br-, in common with several other anions, exhibits
features which do not seem to be explicable in terms of current theory. The question
of specific adsorption of F-is briefly discussed.
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INTRODUCTION

In recent years there has been considerable interest in the estimation of adsorb-
ed layers on Pt. This interest has been stimulated by a desire to correlate oxidation
rates of organic materials with their coverages. Such studies have been attempted for
MeOH! -3, HCOOH"4-7 CO8-10 and recently for hydrocarbons!!-13 and the probabil-
ity is that interest in this field will expand. The purpose of this paper is to examine
the principal experimental method that is being used.

The first serious attempt to estimate 0 ( = coverage) on Pt electrodes appears
to have been made by PaviELA!4 although his priority has been disputed (see ref. 5).
PAVELA adsorbed onto Pt electrodes from MeOH solutions and then removed the
electrodes from solution and washed them. Then he anodically stripped the adsorbate
in fresh base electrolyte. Since he had no adsorbate in solution, he had no problem with
more adsorbate diffusing to the electrode during the stripping and hence he could strip
the adsorbate slowly. Because of this, he did not push the oxidation of the adsorbate
into the region of electrode oxidation and no correction for such oxidation was neces-
sary. This method has been used extensively by the Russian school?.5.15. It has the
major advantage of eliminating electrode oxidation corrections but has the major dis-
advantages that it is tedious and not responsive to the presence of labile adsorbates
likely to be lost on washing.

Attempts have therefore been made to develop i situ anodic stripping tech-
niques for use particularly with smooth Pt electrodes. The usual approach is to strip the
adsorbate rapidly enough to avoid serious problems with diffusional processes. This
invariably pushes the adsorbate oxidation into the region of electrode oxidation*.
Electrode oxidation is allowed for by assuming that it is identical as for the base elec-
trolyte at the same stripping current density (or same sweep rate for a linear anodic
sweep). This approach was pioneered by BREITER AND GILMAN3 and has been used
extensively since (e.g. refs. 4, 8, 11-13 and others).

The application of the method is as follows: In the presence of the adsorbate
the total charge passed to Os-evolution, Qa, is

QA = Q:\(ls. 1= Qvluct.A + Q&IIA + anln, . (I)
* The oxidation of most organic molecules tends to “passivate’ intheregionof electrode oxidation,
probably because fresh material will not adsorb in this region. As a result, the contribution of charge
from material in solution during stripping is usually inconsequential—even slower than diffusion.
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Here, Qaas is the (required) charge to oxidize the adsorbate, Qeciect.A the charge to
oxidize the electrode in presence of the adsorbate, Qa4 the double-layer charge passed
in presence of the adsorbate, and Qsoin. the charge passed in oxidizing material from
solution during the stripping. In the base electrolyte, with no adsorbate present, the
charge Qg is

N OB =Qelect.B + QuiB. (2)
QA —QB = Qads. + (Qelec(.A —Qelect.B) e (leA - leB) + anln. . (3)

The double-layer term is usually assumed to be negligible* and Qso1n. is small or can
be eliminated. Then

The

QA—QB =Qads.+AQelect.- (4)
The assumption is usually made that AQeiect. is zero and that
QA—QB=Qads.- (5)

The justification for this is that Qa — Qg is frequently found to be independent of the
stripping rate over a wide range, although Qeiect, B itself changes substantially with
stripping rate.

The completeness of elimination of electrode oxidation was questioned earlier?
and a technique was evolved to test for it. In this technique, the adsorbate was partial-
ly stripped with an anodic galvanostatic pulse, 7. (charge density passed =(4), and the
efficiency of stripping was tested by applying a rapid cathodic pulse, 7.. During i,
two quantities could be measured, Qo and Qu. Qo is the charge to reduce any oxide form-
ed during 7, and it was assumed that (Qa—(Q,) was used in oxidizing the adsorbate.
Qmu is the charge to deposit H-atoms on the bare part of the surface. When divided by
the maximum charge to deposit H-atoms on the clean surface (Qumax), this gives fu¢,
the fraction of the surface available for H-atom deposition. It was argued that when
Owe is equal to 1, the surface must be clean and hence the extrapolation of (Qa—Q,) to
Ouc=1 gives Qaas..

In the earlier study? for HCOOHaas., quite good agreement was found using
this method (Qaas, =285 uC/real cm?2) with BREITER's value4a (260 uC/r. cm?) derived
from eqn. (5). Only indifferent agreement was found for® CO with GILMAN’s value8.17,
however. The most important difference between the HCOOH? and?® CO studies was
that in the former Q, was negligible but in the latter it constituted a large part of Qo **.
BREITER!® has argued that serious errors can arise because the charge in oxidizing
Pt, Qeiect., is greater than the charge in reducing the thus-formed oxide!?.20, In reply?2!,
it was pointed out that this Qeiect./Qo ratio of greater than unity probably arose from
impurities in thesolutionin the cases considered*** and that it was thereforereasonable
to assume it as equal to 1}. Also, the data of ref. g seemed to show that Qcicet./Qo is
just one. GILMAN!? has raised a more serious objection. He pointed out that while

* A recent discussion!é shows this to be a justifiable assumption.

**WARNER AND SCHULDINER!® have used a somewhat different method to allow for Qeiect.A. They
assume that at high 7. the adsorbate (CO) is oxidized before any electrode oxidation occurs at all.
This result, that Qo is large during the stvipping itself, shows that their assumption is not correct.
*** Recently, BAGOTSKII et al.22 have reported a slow irreversible oxidation of Pt which could lead
to Qelect-/Qo > 1. Similarly, SCHULDINER AND WARNER23 report a similar phenomenon, ““dermasorb-
ed oxygen”’. Such effects are unlikely to lead to Qeiect./Qo substantially greater than 1 in the experi-
ments of refs. 7 and 9, however, because the time-scale of the experiments was much too fast.

t Other studies 24,25, particularly ref. 25, have shown that with care, Qetect./Qo is I.
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Qetect./Qo 18 1, the reduction of Pt oxide is slow and can easily be pushed into the H-atom
deposition region. It is clear that this would be disastrous for use of the current-reversal
method since it would lead to over-estimation of (Qa—(Q,) and under-estimation of
Qn°*. The net effect would be to over-estimate Qaas. which is the direction of disagree-
ment with GILMAN’s earlier data® for CO.

Because of its simplicity, the direct method is becoming more widely used, and
a test of its validity does seem desirable. It is clear from the above, however, that there
is considerable controversy about the “‘current-reversal’” method developed earlier?.®
and about its suitability to test eqn. (5), the basic equation of the “direct” method of
allowing for electrode oxidation. In this work it was thought to use the current-reversal
method in circumstances where there could be no controversy about the correction
Qo, in order to test eqn. (5). One possible way to do this is to employ small values of 7,
for stripping purposes. Then, electrode oxidation during stripping can be minimized.
The difficulty with this is that there is then a considerable problem with most adsor-
bates as Qson., the oxidation of material from solution during stripping, is not negligible.
To overcome this, we have worked with a system where only the adsorbed material is
electro-active and the original ‘‘fuel” is inert. Then the adsorbate can be stripped as
slowly as is necessary to avoid electrode oxidation without problems from Qso1n..

A system suitable for such a study is “‘reduced COs’”’ — an adsorbed species first
reported by GINER26, The reduced CO: can be formed at low potentials, e.g., below 0.35
V vs. R.H.E., and re-oxidized at reasonable rates (~ 100 yA/r. cm?2) before electrode
oxidation. Abovethe potential region whereit is reductively adsorbed, COzis completely
inert. It is therefore the perfect system for analyzing the validity of the “‘direct”
method since, ideally, we can arrange (Qa—Q.) to be equal to Qa (Qo=0). In addition,
by working at higher values of 7., where (), is not zero, we can decide how to allow for
Qerect, When using the current-reversal method and decide on its range of validity.

We have thus reduced COs on smooth Pt electrodes from 1 M H>SO4 solutions
at 40° and have studied the adsorbate with the current-reversal technique and with the
“direct” method. The major result of this work is to demonstrate that eqn. (5) does
give an accurate estimate of electrode oxidation during anodic stripping. However,
the direct method is not as precise in use as the current-reversal technique, particular-
ly for small amounts of adsorbate. In addition, it is shown that the current-reversal
method experiences some difficulty at high values of 74, when Qo >0, but with care
quite large amounts of Qo can be accurately allowed for.

EXPERIMENTAL

The electrochemical cell was a Pyrex tube, capacity ~ 100 ml, with two side com-
partments for reference and counter electrodes. The inlet of the cell was arranged so
that purified solution could be admitted via Teflon-barrelled taps and could be dis-
carded after use. Before passage through the cell, gases were pre-saturated with elec-
trolyte; they were vented out via bubblers. The cell was thermostatted in an air oven
at 40+0.5°.

Electrolyte purification was carried out in a separate (~1 1) chamber at 60°. The
*@u¢ is underestimated because this oxide increases the ‘“double-layer’’ capacity which is subtract-
ed from Que¢. This effect is larger than the increase in Qu¢ from oxide reduction actually in the H-

atom region. Alone, the latter is small and causes an increase in fuc.
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principle of the purification technique was controlled-potential adsorption. Adsorption
of possible impurities in the solution was carried out on a Teflon-bonded Pt fuel cell
electrode held at 0.3 V vs. R.H.E. In addition, a platinized-Pt wire in the solution
was held at 1.1 V to oxidize any impurities that do not adsorb. Potentials were fixed
against a He-charged Pd foil with high current capacity potentiometers. The solution
was vigorously stirred during the electrolysis (minimum of 20 h) with a magnetic
stirrer.

The critevion of purity was that in the working cell at 40°, without stirring,
there was no change (< 1o 4C/r. cm?) in charge to oxidize the electrode at ~ 100 mA/r.
cm? in 600 sec. Similarly, there was no change in Qumax (< 29%,).

The electrolyte was prepared by diluting reagent-grade H2SO4 (Allied Chemical)
with quadruply-distilled HoO. N2 was “pre-purified grade” (Matheson) and was passed
through liquid Nz traps before use. COz was Coleman “‘instrument grade’ (99.99 vol.%,,
Matheson) and was pre-saturated with electrolyte before use.

The reference electrode was the “‘polarized Ha-electrode” described by GINER?7.
Data are referred to the reversible hydrogen electrode in the working solution (R.H.E.).

The working electrode was a Pt foil (99.9%,, Engelhard) of about 1 cm?2 geometric
area. It was annealed in an oxidizing gas flame between each experiment. Results are
given in terms of real area (r.cm?2); defined as corresponding to 210 uC of charge for
galvanostatic cathodic H-atom deposition™.

The potential of the working electrode was changed in rapid sequence to clean it
and to allow adsorption at fixed potential. This was done by modulating the input of a
potentiostat, and was described in detail recently!3c. As before?.?, current reversal
was accomplished by switching galvanostatic circuits with Hg-wetted relays. The
circuitry to allow automatic switching of these relays has been described in ref 28.

Otherwise, the techniques are as described previously®.?.13¢,

RESULTS AND DISCUSSION
Divect charging method of estimating reduced CO2

Typical anodic charging curves are shown in IFig. 1. Curve A was taken after
allowing adsorption for 100 sec at 0.05 V. The background curve B was similar to that
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Fig. 1. Anodic charging curves on smooth Pt taken at 67 mA/r. cm2. A taken after adsorbing reduc-
ed COs for 100 sec at 0.05 V. B is similar to the curve found under Ny (potentials include i 22).

* The use of this method has been discussed in detail in ref. 7.
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found under N3 at the same current density. It was taken in the presence of COs, the
oxide from the electrode cleaning stage having been reduced for 1 sec at 0.30 V. This
treatment allows insignificant (< 10-3 monolayers) adsorption. It can be seen that the
curves coincide in the Oz-evolution region and, indeed, are parallel well before this.
The method of estimating the charges, Q4 and Qu, is indicated in the figure. The major
experimental uncertainty is in the location of point X.
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Figs. 2-3. Variation of Qa, Qs and (Qa—Qn) with ¢a for COz adsorbed (2) for 20 sec at o.10 V; (3)

for 100 sec at 0.20 V.

J. Electroanal. Chem., 16 (1968) 207—218



212 S. B. BRUMMER, K. CAHILL

Typical examples of the variation of Q4 and Qy; with 74 are shown in Figs. 2 and
3 for adsorption at 0.10 V for 20 sec and 0.20 V for 100 sec, respectively. We see that
both Q-values decrease with increase in 7, but that their difference isindependent of 7,
over a wide range. The values for this difference are 153 +9 (mean deviation) and 226
+12 pC/r. cm? for the two cases.

Adsorbate estimation by curvent revevsal without electrode oxidation

A typical chronopotentiogram for the current-reversal method is shown in Fig.
4. Here 75 is ~100 gA/r. cm? and 7c is~200 mA/cm?2. As indicated, the principle of the
method is to use the hydrogen charging curve to determine the efficiency of the anodic
current in oxidizing the adsorbate. It is considered that when Ouc=1 (i.c., Qu=0Qumax)
the electrode is clean. Then, where no electrode oxidation or other reaction from solu-
tion occurs during passage of 7a, the anodic-charge to fuc=1 is the charge to oxidize
the adsorbate originally present.

L1 ]
0.9
O -

(Vvs.RH.E)

0.5

03

0.1 :

100 pc/cm

=0.1

POTENTIAL

Fig. 4. Typical current-reversal chronopotentiogram taken after adsorbing COsz for 20 sec at o.10 V.
ia, 100 uAfr.cm?2; ic, 200 MA/r. cm?2,
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Fig. 5. Variation of electrode cleanliness (0u®) with charge passed during low current density (100
pAjr. em2) anodic part of current-reversal procedure (Qa). (0), Adsorption for 20 sec at o.10 V;
(+), adsorption for 100 sec at 0.20 V.

Figure 5 shows the results for the application of this method to the two adsorp-
tion situations investigated in the previous section. We see that apart from a small
inflexion near the beginning of the anodic wave (Qa—>0) Ou® increases linearly with
Qa. Eventually 6u¢ becomes unity. At the current density used, there is no electrode
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oxidation up to this point. Then the value of Q. for Ouc—1 should be the charge to
oxidize the adsorbate. The appropriate values for adsorption for 20 sec at 0.10 V and
100 sec at 0.20V are 164+ 5 and 216 +5 uC/r. cm?2, respectively.

These values are in good agreement (+ 7%, and —59%,, respectively) with the
results of the direct charging method. Since the current-reversal technique involves no
electrode oxidation, this agreement can be taken as good evidence that the assumptions
of eqn.(5) are correct. In short, the amount of electrode oxidation that occurs during
the transient anodic galvanostatic oxidation of adsorbed COsz is the same as the oxida-
tion of the clean electrode at the same current density.

Since both methods yield the same result for Qaas., we may ask which method
is to be preferred in practice. The direct method has the advantage of rapid applica-
tion, only two determinations (Qa and () being required to analyze a given amount
of adsorbate. Its disadvantage is the large correction for Qeiect. (see Figs. 2 and 3).
Thus even at 100 mA/r. cm2, Qeiect. 15 600 uC/r. cm2. In the present system, this correc-
tion imposes a measurement uncertainty of not less than 10 4C/r. cm? even at low
coverages. The current-reversal technique has the disadvantage of being much more
tedious, at least 8 points being required to derive a statistically meaningful Qa—0u¢
line. Also, the method cannot be used when there is significant electrochemical
reaction of the “fuel” in the relatively low stripping potential region. At least it cannot
where 7, is low, as it is here. The method does have the advantage of great precision,
however, since no corrections need be made for electrode oxidation. The uncertainty
in routine use of the method is no more than 5 4C/r. cm?2 and can readily be improvec*.
This method, then, is particularly applicable for examining small coverages or any
coverage where high precision is required. It has the additional advantage that from
the slope of the Q o—0n¢ line, information on the oxidation state and on the homogenei-
ty of the adsorbate can also be obtained?.

Adsorbate estimation with curvent reversal allowing electrode oxidation

A major disadvantage of the current-reversal technique, as described above,
is its sensitivity to anodic faradaic reactions of the fuel during adsorbate stripping.
This could be overcome if the anodic pulse 7, could be made larger so that the period
of anodic stripping, Ta, were shorter. The difficulty, as discussed in the introduction, is
that Qelect. is not then zero and there is considerable controversy as to whether the
cathodically-found oxide, Qo, is equal to Qeieet,27-25.To investigate the limits of the
current-reversal method where (), is not zero, we have again applied it to reduced-CO2
oxidation. This system is particularly suitable since no complications from Qson. can
arise.

Figure 6 shows the kind of chronopotentiogram obtained when Qs is significant.
This was taken after adsorption for 100 sec at 0.05 V, the anodic current density is 20
mA/r. cm? and the cathodic current density, 147 mA/r. cm?. The lettering of the signifi-
cant points in this figure is similar to that in Fig. 2 of ref. 9. In that earlier work, Qo
was calculated by extending the line FG to the potential H. However, the slope of the
line HI suggests that some oxide reduction is still occurring in this region. Therefore
the previous estimates? of (), were probably too low. However, there is another prob-
lem, probably more serious. Qu was previously estimated by extrapolating HI to the
potential of K. But, if some oxide reduction is going on in the region HI, this will give

* The most important factor is careful calibration of the oscilloscope screen.
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too low a value of Qu. The net effect will be to overstate (Q.—(Qo) and to understate
fuc. A systematic disagreement will then be found between this technique and the
direct method. This is probably the reason for the previous disagreement? with
GI1LMAN’s results for CO8.17,

200 pc/cm?
—

POTENTIAL (V vs. RHE)

Ql=—qy —

Fig. 6. Typical cathodic part of the current-reversal chrono-potentiogram taken after high anodic
current density (10-20 mA/r. cm2) when electrode oxidation is significant. Cathodic current density,
~ 150 mA/r. cm2 (potentials are i R-free).

The question then is how to allow for capacitative effects during oxidereduction
and H-atom deposition. If we could do this, we could compare (Q » — Qo) vs. ¢, with the
Q-0 plots obtained with low 7., when (), is zero. Then we could investigate how much
Qelect. We can allow before some oxide reduction is pushed into the H-atom region and
this is the limit of the method. The following experiment was done to find the relation-
ship between the double-layer capacity and the coverage: COz was adsorbed for various
times at 0.10 V and its coverage was estimated with cathodic H-atom charging. Before
H-atom deposition was applied, the potential was raised to 0.50 V for 10 msec to elim-
inate the adsorbed H present at 0.10 V. Similarly, the double-layer capacity was in-
vestigated as a function of adsorption time with anodic galvanostatic pulsesfromo.10V
or with cathodic pulses after the 0.50-V step, there was no difference. The capacity
decreased linearly from 42 uF/r. cm?* for 6 =o0, to 32 uF/r. cm? for 6 ~o0.7. Then, to
allow for capacitance effects for a given current-reversal transient, a preliminary estim-
ate was made of fg and the corresponding value of Ca1 was obtained from the results
of the above experiment. A line PQ was constructed at point I of Fig. 6 with a slope,
dE/dr, of ic/Ca1. This allowed a better value of 0u to be determined and further itera-
tion of Cq41. However, it was rarely necessary to iterate Ca1 more than once.

This method of allowing for double-layer charging is accurate in the H-atom
region but could lead to small errors in the oxide region because no account was taken
of the variation Cq1 with oxide coverage per se. However, the slope of FG was usually
close enough to that of PG to suggest that this error was not greater than 1o 4C/r. cm?2.

Figures 7 and 8 show the results obtained for adsorption for 20 sec at 0.1o0 V
and 100 sec at 0.05 V, respectively. The crosses represent the results obtained with the
low current density, current-reversal method. The lines are drawn through the crosses.
The dark circles show the total anodic charge, including Qeiect., passed at high current
densities (12 mA/r.cm? in Fig. 7, 21 mA/r. cm? in Fig. 8). We see a systematic and
large deviation. The open circles represent these data points corrected by subtraction
of Qo, determined as shown in Fig. 6. For adsorption at 0.10 V, the low current density

* This value is in excellent agreement with the figure of 40 uF/r. cm? reported by SCHULDINER
AND ROE?.
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method gives 164+5 uC/r. cm?2 for Qaas., the open circles yield 152 +7. At 0.05 V,
the values are 188+ 5 and 182 +5 uC/r. cm?, respectively.

It is evident that the compensation for Qeiect. by subtracting Qo from Q, is very
good. In Fig. 8, for example, we can subtract up to 170 uC/r. cm?2 of oxide with an
overall error of less than 6 uC/r. cm2. The current-reversal technique can then be used
with sufficiently high current densities to allow elimination of solution effects.

The limits of the current-reversal method used in this way can be gauged from
Figs. 7 and 8. Thus, there is a small difference between the crosses and the open cir-
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Fig. 7. Variation of electrode cleanliness (6u¢) with total anodic charge Qa., (@) and with charge
corrected for electrode oxidation ( 0). Adsorption of COs, 20sec ato.10V; ¢a, 12 mA/r.cm2; ic, 147
mA/r. cm2. The crosses show the previous data with 7,=100 gA/r. cm? when electrode oxidation is
negligible. The line is drawn through the crosses.
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Fig. 8. Variation of electrode cleanliness (0i¢) with total anodic charge, Q. ( @) and with charge
corrected for electrode oxidation (0). Adsorption of COsz 100 sec at 0.05 V; ia, 21 mA/r. cm?;
ic, 147 mA/r. cm2. The crosses show data with ¢, = 78 A/r. cm?2 where electrode oxidation is negli-
gible. The line is drawn through the crosses.
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cles. This difference is within experimental error but is quite systematic, which suggests
that it is significant. It may arise either from slight over-compensation for , or from
some oxide reduction being pushed into the H-atom region. In the present case, the
former seems more likely from an examination of the variation of the deviations with
Qo. It probably arises from the over-simplified capacity correction made. At this junc-
ture, a more elaborate correction does not seem worthwhile. We can conclude that
whilst there may be small errors in allowing for Qeiect. by assuming it equal to o, they
do not significantly lower the accuracy of the estimation of Qaas., particularly when
compared with the direct charging method.

CONCLUSIONS

(1) The “direct” method of analyzing adsorbed layers on smooth Pt electrodes
has been compared with the ‘““‘current-reversal’”’ technique using ‘‘reduced CO2”" as a
model system.

(2) The charge passed to Oz-evolution during an anodic galvanostatic transient
increases with decrease in current density, 74, both in the presence ((Qa) and absence
(Os) of an adsorbate. The difference between these two charges (Qa—Qu) at a given
current density is independent of 7.. This suggests the complete elimination of electrode
oxidation effects and accurate estimation of the adsorbate charge, ()aas..

(3) Current reversal with low 7, to oxidize the adsorbate, and high 7c to estimate
the “end-point” of total electrode cleanliness from the adsorbate, is an independent
method of adsorbate analysis because no electrode oxidation occurs. Use of this
method with 74~ 100 gA/r. cm?2 shows that Qaas. is equal to (Qa—(Q;) and that the di-
rect method is appropriate for adsorbate analysis, The current-reversal technique is
more tedious but more accurate than the direct method.

(4) The current-reversal technique was also investigated for higher values of
7a (I0-20 mA/r. cm?2) where electrode oxidation occurs before reversal. By using
appropriate capacity data, good elimination of electrode oxidation may be made by
direct subtraction of the charge found for oxide reduction. The agreement with the
current-reversal method without electrode oxidation is within experimental error but
there is apparently a small systematic over-correction for electrode oxidation. This is
not sufficient to vitiate estimates of Qaas. and allows use of the current-reversal tech-
nique in the presence of complicating effects from solution reactions during the anodic
stripping.

(5) The current-reversal technique is likely to find application where very ac-
curate values of Qaas. are required, where 0 is small, and to give information on the
structure of the adsorbate.
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SUMMARY

“Reduced CO;"” adsorbed on smooth Pt electrodes from 1 M HsSO4 solutions at
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40° has been used as a model system to investigate the anodic charging methods of
estimating adsorbates. Three methods have been compared: the usual “direct” meth-
od and two variations of the previously-developed current-reversal method.

In the direct method, the charge passed to Oz-evolution during an anodic gal-
vanostatic transient increases with decrease of the current density, 7., both in the
presence of adsorbate (Qa) and for the background electrolyte (Qg). As is often found,
the difference (Qa —Qu) is independent of 7, (1-500 mA/r. em?). This suggests complete
elimination of electrode oxidation effects and correct estimation of the adsorbate,
Qzuls‘

Current reversal, with low 7, to oxidize the adsorbate, and high 7. to estimate
‘end point’” of total electrode cleanliness from the adsorbate, is an independent

‘

the
method of adsorbate analysis because no electrode oxidation occurs. Use of this method
with 7>~ 100 A /r. cm?2 shows that Q.as is equal to (Qa —(13) and that the direct meth-
od is appropriate for adsorbate analysis. The current-reversal technique is more tedious
but more accurate than the direct method.

The current-reversal technique was also investigated for higher values of 7,
(ro—zomA /r.cm2) where electrode oxidation occurs beforereversal. By using appropriate
capacity data, good elimination of electrode oxidation may be made by direct sub-
traction of the charge found for oxide reduction. The agreement with the current-rever-
sal method without electrode oxidation is within experimental error but there is
apparently a small systematic over-correction for electrode oxidation. Thisis not suffi-
cient tovitiateestimates of Q.as, and allows use of the current-reversal technique in the
presence of complicating effects from solution reactions during the anodic stripping.

The useful ranges of experimental application of these different methods for
estimating adsorbate coverage are discussed.

REFERENCES

1 J. GINER, Electrochim. Acta, 9 (19064) 63.

2 O. A. PeTRY, B. 1. PopLovcHENKO, A. N. FRUMKIN AND HirA LaL, J. Electroanal. Chem., 10
(1905) 253.

3 M. W. BREITER AND S. GILMAN, [. IZlectrochem. Soc., 109 (1962) 622; M. W. BREITER, Electro-
chim. Acta, 8 (1963) 973; 9 (1064) 927; . Phys. Chem., 69 (1905) 3377.

4 (a) M. W. BREITER, Llectrochim. Acta, 8 (1963) 447; (b) ibid., 8 (1903) 457; (c) ibid., 10 (1965)

503.

B. 1. PoprovcHeNko, O. A. PETRY, A. N. FRUMKIN AND Hira LAL, [. Electroanal. Chem., 11

5
(1900) 12.

6 S. B. BRUMMER AND A. C. MAKRIDES, [. Phys. Chem., 48 (1904) 1448.

7 S. B. BRUMMER, [. Phys. Chem., 69 (1905) 502.

8 S. GILMAN, [. Phys. Chem., 67 (1963) 1898; 68 (19064) 70.

9 S. B. BRUMMER AND J. 1. ForD, J. Phys. Chem., 69 (1905) 1355.

10 T. B. WARNER AND S. SCHULDINER, /. Electrochem. Soc., 111 (1904) 992.

11 S. GiLman, Trans. araday Soc., 61 (1905) 2540, 25062; 62 (1960) 4006, 481.

12 L. W. Niepracu, J. Electrochem. Soc., 111 (1964) 1309; 113 (1906) 645; .. W. NIEDRACH,
S. GiLman, . WEINSTOCK, ibid., 112 (1965) 1101. I.. W. NiEDRACH AND M. TOCHNER, tbid.,

114 (1967) 17.

13 (a) S. B. BrummER, J. [. Forp AND M. J. TURNER, . Phys. Chem., 69 (1965) 3424; (b)
S. B. BRUMMER AND M. J. TURNER, Hydrocarbon [Fuel Cell Technology, edited by B. S. BAKER,
Academic Press, New York, 1905, p. 409; (¢) S. B. BRUMMER aND M. J. TURNER, [. Phys.
Chem., 71 (1907) 2825; (d) S. B. BRUMMER AND M. J. TURNER, submitted to J. Phys. Chem.
t T. O. PavieLa, Ann. Acad. Sci. Fennicae, Ser. A, (1954) 59.
5 V. S. Bacorskit aAND Yu. B. VasiLieyv, Fuel Cells, Theiv Electrochemical Kinetics, Consultants

Burcau, New York, 19006, p. 77 ¢l seq.
16 S. B. BRUMMER, /. Phys. Chem., 71 (1907) 2838.

J. Electroanal. Chem., 16 (1968) 207-218



218 S. B. BRUMMER, K. CAHILL

17
18
19
20
21
22

23
24
25
20
27
28

29

S. GILMAN, J. Phys. Chem., 70 (19606) 2886.

M. W. BREITER, J. Electrochem. Sac. 112 (1900) 1244.

K. J. VETTER AND D. BERNDT, Z. Electrochem., 62 (1958) 378.

S. W. FELDBERG, C. G. ENKE AND C. E. BRICKER, J. Electrochem. Soc., 110 (1903) 826.

S. B. BRUMMER, J. Electrochem. Soc., 113 (1900) O41.

V. I. LUK'YANYCHEVA AND V. S. Bacorski, Dokl. Akad. Nauk SSSR, 155 (1904) 1060;
V. I. LUK’'YANYCHEVA, V. [. TIKHOMIROVA AND V. S. BaGcorskii, Elektrokhimiya, 1 (1905) 262.
S. SCHULDINER AND T. B. WARNER, [. Electrochem. Soc., 112 (1905) 212.

W. BoLp AND M. BREITER, Electrochim. Acta, 5 (1901) 145.

S. GILMAN, Electrochim. Acta, 9 (1904) 1025.

J. GINER, Electrochim. Acta, 8 (1963) 857.

J. GINER, J. Electrochem. Soc., 111 (1904) 370.

Tyco Laboratories, Inc. report to U. S. Army Iingineer Rescarch and Development Laboratories,
Fort Belvoir, Va., on Contract DA 44-009-AMC-410(T), April, 1905.

S. SCHULDINER AND R. M. Rog, [. Electvochem. Soc., 110 (1903) 332.

J. Electroanal. Chem., 16 (1968) 207-218



ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 219
Ilsevier Sequoia S.A., Lausanne — Printed in The Netherlands

THE ADSORPTION OF SULPHIDE IONS AT A MERCURY ELECTRODE

R. D. ARMSTRONG, D. F. PORTER anp H. R. THIRSK

Department of Physical Chemistry, University of Newcastle upon Tyne, Newcastle upon Tyne, 1
(England )

(Received April 28th, 1967)

NOTATION

C Concentration of species S; (mole cm™?)

G Concentration of species S, (mole cm™3)

Co Concentration of species S; as x— co (mole cm™?3)

Cs Concentration of species S, as x— oo (mole cm™3)

Cy Series equivalent electrode capacity in base solution (uF cm™?)
! Differential capacity of the inner layer (uF cm™?2)

C, Parallel equivalent electrode capacity (uF cm™2)

Cop Parallel equivalent electrode capacity as w— oo (uF cm™2)

6 = €y~ Cyp (UF cm™2)

C. Measured series capacity (uF cm™2)

C,(f—0) Series equivalent electrode capacity at low frequencies (uF cm ™~ 2)
D Diffusion coefficient of species S; (cm? sec™!)

D’ Diffusion coefficient of species S, (cm? sec™!)

E Electrode potential (volts relative to Hg/HgO in 1| M NaOH solution)
f Frequency (c/sec)

F Faraday

i Current density (A cm™2)

J Y=

k, k' First-order homogeneous rate constants (sec™ ')

ki, First-order heterogeneous rate constant (cm sec” ')

P Amplitude of sinusoidal perturbation (V)

m Charge in metal electrode (uC cm™?)

q, Specifically adsorbed charge (uC cm™2)

R, Parallel equivalent electrode resistance (Q cm?)

R, Measured series resistance (Q cm?)

R, Series equivalent solution resistance (Q)

t Time (sec)

14 Rate of interfacial reaction (mole cm™2 sec™!)

X Distance into solution from electrode (cm)
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Z Electrode impedance (Q c¢cm?)

I Concentration of ions adsorbed on electrode (mole cm ~?)
tan o Loss tangent (=wC,[R,— R_,])

tan 6*  Loss tangent (=[wC *R]"")

I Reaction zone thickness (cm)

% Life time of species S, (sec)

- Potential of metal electrode relative to bulk solution (V)

P> Potential of metal electrode relative to outer Helmholtz plane (V)
bo D.c. component of ¢ (V)

ol Potential of inner Helmholtz plane relative to bulk solution (V)
o) Angular frequency (sec™ ')

w* Angular frequency at (tan 6*) '=1 (sec™ ")

INTRODUCTION

The electrocapillary curve for mercury in 0.5 M K,S solution, reported by
Gouy', shows a very sharp maximum at a negative potential (—0.81 V on Hg/HgO).
This behaviour has previously been interpreted in terms of the strong specific ad-
sorption of S?~ or HS™ ions2. A recent investigation® showed that in the potential
region in question, mercury dissolves as the complex ion HgS,?~ and no evidence for
specific anion adsorption was found in 0.5 M Na,S solution at potentials < —0.86 V
(Hg/HgO). The question was also raised as to what extent the shape of the electro-
capillary curve at potentials > —0.86 V was attributable to the faradaic dissolution
process and it appeared that the latter was insufficient to account for the sharp
maximum.

It seems likely, therefore, that specific anion adsorption occurs to some extent
and it is desirable to measure the differential capacity of the electrode in a solution in
which the dissolution reaction is unimportant, to eliminate the contribution of the
faradaic pseudocapacity. Since the dissolving species is* HgS,?~, the sulphide ion
concentration must be reduced in order to allow an investigation of the double layer,
Hg/S?~, HS ™. In the present work, this was achieved by using a solution of NaHS,
the pH of which was controlled by a carbonate-bicarbonate buffer.

EXPERIMENTAL

Electrode impedance measurements have been made with both a potentiostat
(at frequencies of 15-2000 c/sec) and an a.c. bridge (at frequencies of 0.2-50 kc/sec),
in the manner described previously®*
made using a conventional three-electrode polarographic cell and dropping mercury
electrode. In all cases potentials were measured with respect to a Hg/HgO reference
electrode in 1 M NaOH solution.

The electrolyte used in this work was 0.5 M Na,S+1 M NaHCOj; solution,
which is self-buffered at a pH that is approximately the pK of the aqueous carbonate—-

. In addition, drop-time measurements were
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bicarbonate system and which was measured as ~9.5. If a value of 1-10~'* mole
7" is assumed® for the dissociation constant, K,5-, the ionic concentrations of the
sulphide species present are [HS™]=0.5 M and [S? ]=1.5x 10"> M. The reversible
potential for black HgS in this solution was measured as —0.692 V (Hg/HgO) and
at this potential the thermodynamic concentration of HgS,*>~ was calculated as 8.7 x
107% M, assuming® an equilibrium constant of 1-10°* mole™? 1% for the reaction,
Hg?" +2 8% HgS,> .

A solution of 0.5 M NaOH+1 M NaHCO;, having the same pH as the
buffered sulphide solution, was used as a “‘base” electrolyte to obtain impedance and
drop-time measurements in the absence of effects due to adsorption, dissolution or
solid film formation involving sulphur species.

All solutions were prepared in an atmosphere of purified nitrogen from de-
oxygenated triply-distilled water. AnalaR-grade reagents were used throughout and
mercury was purified by chemical cleaning followed by two vacuum distillations.
Measurements were made at room temperature, 24+1°.

RESULTS

Drop-time measurements

In order to investigate the form of the electrocapillary curve, drop-time measu-
rements were made in both the buffered sulphide solution and the base solution.
Figure | shows the resultant curves and compares them with Gouy’sresultin 0.5 M K,S
solution, plotted on the same potential scale. The same general features are
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Fig. i. Electrocapillary curves for mercury in sulphide solns. (A), drop-time measurements in 0.5 M
NaOH 1 M NaHCO3; (B), drop-time measurements in 0.5 M Na2S -+ 1 M NaHCO3; (C), surface
tension measurements in 0.5 M K2S by Gouy!.
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observed, with the e.c.m. in the buffered solution displaced ~0.11 V positive to the
e.c.m. in the alkaline solution. Since the concentration of HS ™ ion is slightly higher in
the solution of lower pH and that of the S*~ ion is reduced from 0.38 M in 0.5 M K,S
solution to 1.5x 107> M at the lower pH, any adsorption effects must be due to S2~
ions rather than HS™ ions.

Drop-times at potentials > —0.68 V (Hg/HgO) were irreproducible and could
not be measured owing to the presence of a solid phase on the electrode. Subsequent
measurements® have shown this phase to be HgS formed initially by the growth of
two successive monomolecular layers.

Impedance measurements

The frequency-dependence of the electrode impedance in the buffered solution
was measured using the a.c. bridge at fixed potentials in the potential region where the
electrocapillary curve deviated from that of the base electrolyte, and the results are
shown in Figs. 2 and 3. At more negative potentials, the electrode impedance was
identical with that of the base solution and showed no frequency dispersion.

1500

1000+

Cs (UF cm?)

NI

o1 02 os 1 2 5 10 20 50
f (kc/sec)

Fig. 2. Frequency-dependence of the electrode capacity, Cs, at fixed potentials in 0.5 M NasS + 1 M
NaHCOs; soln. (A), — 0.71; (B), — 0.72; (C), — 0.73; (D), — 0.74 V (Hg/HgO).
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=W G[R-R,))

tan d (

5
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Fig. 3. Frequency-dependence of the loss tangent, tan ¢, at fixed potentials in 0.5 M NasS + 1 M
NaHCO3 soln. (@), — 0.71; (A), — 0.72; (M), — 0.73; ('¥), — 0.74 V (Hg/HgO).
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Fig. 4. Potential-dependence of Cs(f—>0) in: (0, @); 0.5 M NasS + 1| M NaHCOs; (), 0.5 M
NaOH +{ 1 M NaHCOs3. Open points, potentiostatic measurements; solid points, a.c. bridge meas-
urements.
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The capacity—frequency relationship at each potential (Fig. 2) showed that the
capacity, C,, was frequency independent at low frequencies (< | kc/sec). At higher
frequencies, the capacity decreased, showing an inflection at ~7 kc/sec and a corre-
sponding maximum was observed in the frequency-dependence of the loss tangent,
tan 6 (=wC [ R,— R,] where w is the angular frequency, C,
the measured capacity and measured resistance and R, is the solution resistance)
(Fig. 3). These features are characteristic of a relaxation process of some nature and
will be discussed in the next section.

Instrumental limitations prevented the determination of the capacity at fre-
quencies where the relaxation was complete. However, a series of low frequency
capacities, C(f—0), prior to relaxation, were obtained.

Figure 4 shows the potential dependence of C (f—0) both for the base solution
and the buffered sulphide solution. For the latter, it is a composite graph of points
obtained by different techniques. The negative section up to the rising side of the peak
was obtained from a.c. bridge measurements described above. For the capacity peak,
very accurate control of potential was required since (i) the potential-dependence in this
region is very high indeed and (ii) the HgS monolayer grows in the surface with some
irreversibility if the potential is allowed to drift too positive. These measurements
were therefore made using the potentiostatic method with low amplitude a.c. signals
(1 or 2 mV) at low frequencies (down to 15 c/sec).

The impedance was purely capacitative (phase angle = —90°) at low frequencies
at all potentials in the adsorption region, except in the potential region of the highest
capacities where a small resistive component was found and was attributed to the
solution resistance between the end of the Luggin probe and the working electrode.
This becomes comparable with the electrode impedance, even at the lowest frequen-
cies, when the electrode admittance is high.

On the anodic side of the peak, the capacity decreased rapidly and reversibly
to a short plateau and then fell discontinuously to a much lower value. This dis-
continuity, which corresponded to the growth of the first HgS monolayer, exhibited a
hysteresis with potential and was followed by a second discontinuity at ~ 15 mV more
positive, corresponding to the growth of a second monolayer.

The double-layer capacities in the solid phase monolayer regions were obtained
potentiostatically and are approximate only, as in these potential regions the impe-
dance showed a genuine faradaic pseudocapacity, since the double layer capacitance
was no longer so high as to render the faradaic admittance negligible. In fact, these
points were obtained at a frequency of | kc/sec, to minimise the effect of the pseudo-
capacity.

Integration of the low frequency capacity—potential relationship yields the
charge on the metal electrode, ¢,,. Figure 5 shows the potential dependence of g¢,,
for this system, values of g,, being calculated on the assumption that there is no specific
adsorption® at —0.90 V (Hg/HgO) and that the value of g,, at this potential is — 12.1
uC cm~?, as found for the base solution by integration of the capacity from the
potential of the e.c.m. in this solution up to —0.90 V (Hg/HgO). The results in Fig. 5

and R, are, respectively,
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show that ¢,,=0 at a potential of —0.72 V (Hg/HgO), in fair agreement with the
potential of the e.c.m. in Fig. | (potentials in this system are subject to rather large
errors of correlation between experiments, owing to poor reproducibility of the liquid
junction with 1 M NaOH, since this has a calculated potential of —20 mV).
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Fig. 5. Potential-dependence of the charge on the electrode, g, in 0.5 M NasS + | M NaHCO3
soln.

DISCUSSION

Thermodynamic double-layer capacity

The maxima obtained in the electrocapillary curves by Gouy' and ourselves
can ke attributed to the adsorption of S*~ ions at the mercury electrode. Although it
is not possible to obtain the thermodynamically-equivalent double-layer capacities,
C(f=0), in the alkaline (pH ~ 13) sulphide solution, at potentials around the e.c.m.,
such measurements have been obtained at pH ~9.5, as described above. That these
are the thermodynamic double-layer values is confirmed by the following observa-
tions: (i) the potential of the e.c.m. obtained from drop-time measurements coincides,
within experimental error with that obtained by integration of C,(f—0); (ii) the
frequency-dependence of C, and tan § shows the absence of a faradaic pseudocapacity
which would otherwise cause both these quantities to increase monotonically with
decreasing frequency; (iii) the calculated thermodynamic equilibrium concentration
of the HgS,? ion is only ~5-107° M at a potential of —0.70 V (Hg/HgO); (iv) a
pseudocapacity is observed at low frequencies only when the HgS monolayer is
present on the electrode surface, since this reduces the double-layer capacity to a
value at which its impedance is comparable with the faradaic impedance.

As Gouy pointed out, the very sharp maximum in the electrocapillary curve
leads to a very high double-layer capacity (~ 15,000 uF cm™?2).
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Concentration-dependence of the potential region of adsorption

It has been observed in a number of systems’ that a region of strong adsorption
immediately precedes the potential at which a solid phase forms on the electrode. If
this feature is to be invariant with changes in concentration of the electroactive
anion, the potential region of adsorption must show the same concentration-de-
pendence as the reversible potential of the solid phase, i.e., 60/n mV decade™',
where n=ionic charge.

In the case of the S~ ion, the e.c.m. lies in this region and thus shows a
dependence of ~ 430 mV decade™! decrease in concentration (comparing the results
of Gouy! with our own). (The complete concentration-dependence of the electrode
impedance was not attempted since the limited accuracy of measurement of such large
capacities results in very large errors after the processes of graphical integration with
respect to potential, followed by differentiation with respect to concentration. However
it is worthwhile making a comparison with the results of Gouy' to obtain the approx-
imate concentration-dependence.) This is contrary to the usual experimental finding
that the potential of the e.c.m. shows a greater concentration-dependence than might
be expected (the Esin and Markov?® effect), and the observed dependence appears to
correspond to that of adsorbed ions behaving as a uniform (“smeared out’’) sheet of
charge. This may arise when the specifically adsorbed charge is appreciably near that
associated with saturation coverage, since the linear potential gradient model of the
double layer is then no longer appropriate®-'°.

Throughout the present work, the double layer is treated on the basis of the
model proposed by BARLOW AND MACDONALD'! in which both the metal electrode
and the solution behave as perfect conductors (i.e., the effects of the diffuse double
layer have been neglected). However, the deviation from the constant field approxima-
tion calculated by these authors is insufficient in this case to account for the shift in
the potential of the e.c.m. This may be due to the error in the potential measurements
of Gouy as a result of concentration changes at the electrode surface occurring with
the copious dissolution reaction®. Alternatively, the hexagonal array of adsorbed ions
used in the model of BARLOW AND MACDONALD may be inappropriate in the present
case.

Potential-dependence of the adsorption

The most important feature of the capacity—potential relationship is perhaps
the observation of a maximum. This feature is frequently observed in the adsorption of
organic substances'? at a mercury electrode, but not in the adsorption of an inorganic
anion. It has previously been observed® that when inorganic anions are specifically
adsorbed, both the charge on the electrode, ¢, and, the capacity of the inner layer,
dq,,/d¢,,_, (Where ¢,, _, is the potential of the metal electrode relative to the potential of
the diffuse layer), increase without limit as ¢,, _ , increases anodically. This cannot be the
case if adsorption is restricted to a monolayer, as is demonstrated below.

Let

qmzf(q1:¢m—2) (l)
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where ¢q, is the specifically adsorbed charge and ¢, _, is the potential of the metal
electrode with respect to that at the outer Helmholtz plane.

Then
0q aq

dg,, = (‘_'") da, + (_"';) de,, 2

1 (‘3(11 Pm-2 — ad’m—z 1114) g ( )

and

~i dqm (Oq ) ( dql ) ( aq )

C' = — m + _ m 3)
d(pm—Z aql bm—-2 d¢m—2 U¢m-—2 q1 (

where C' is the differential inner-layer capacity.
Since (09,,/0¢,,-,),, ~constant and, to a good approximation, may be equated
with the capacity of the base electrolyte, C,,

» 0q dqg,
i +(‘ ) ( 4
° Oql P -2 d(bm—l ( )

The partial derivative (0¢,,/0q,),,, _, [which is not to be confused with (dg,,/0q,),]
can be written as

( 0‘[:11 ) /( 0‘]1 )
O(pm—Z q1 ‘7(/’:,,—2 qm

and since these quantities can be experimentally determined, values of (04m/0q1)y,, _,
are known for a number of systems and are tabulated in Table 1.

TABLE 1

VALUES OF (04 /0¢1)¢,,_, FOR SEVERAL ANIONS

Anion (0qm/9q1) ¢y » Range of gm Authors
(nC em-2)

I- (aq.) 0.40-10.02 6to | 18 GRAHAME!'3
I- (in formamide) 0.40 — 0.65 7 -+ 20 PAYNE!4
Cl- 0.16 -+ 0.02 Oto - 18 GRAHAME AND PARSONS!?
NO3- 0.24 + 0.02 0to | 18 PAYNE!®
Benzene-m-

disulphonate ~0.25 8to | 16 PARRY AND PARSONS!?

H2PO4-

0.15 4+ 0.04 + 4to -+ 18 PARSONS AND ZOBEL!?

If g, has a finite limit (corresponding to monolayer coverage), and if
(09m/9q1)y,, _,1s ~constant, C, will notincrease indefinitely with anodic potential but will
show a maximum near the maximum in (dg,/d¢,,_,) which we would expect to be
associated with approximately'® half-coverage of the electrode with adsorbed anions.
Therefore, the failure to observe capacity maxima associated with inorganic anion
adsorption™® (as opposed to maxima associated with C,) in other systems is probably

* Maxima have been observed in the case of organic anions, e.g., benzene-m-disulphonate!©.
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due to the restriction of the investigations to low coverages, which is unavoidable in a
number of cases since solid phases are formed before the maximum can be attained
(e.g., in the adsorption of phosphate anions'®).

The specifically adsorbed charge, ¢,, may be approximately evaluated if we
neglect the potential drop in the diffuse double layer, as follows:

q1 bm dq
q, = | dq, = 1 )d Do
b fO 1 J‘*o@ (d(/)m (/
= [ (&) (e, -ci)as, (5)
— qu G \N(S—0)

where ¢,, is the potential of the metal electrode relative to the bulk solution.

If (0¢,/0q,,),,, is independent of ¢,, (for experimental evidence of this assump-
tion see Table 1),

) [ (e, -6)
= C# —C d m (6)
i ( OGm /g d - \(r>0) ») 44

Thus, a charge which is proportional to the adsorbed charge may be obtained
by evaluating the integral of eqn. (6), and this is shown for the present work in Fig. 6
as a function of the electrode potential, E.

The value of (dg,/0q,,),, must now be considered. For the infinite imaging
treatment of the compact double layer'', with the constant field approximation
(neglect of the discrete ion potential) and assuming a constant dielectric constant, this
quantity has the value (x, —x,)/x, where x; and x, are the distances from the electrode
surface to the inner and outer Helmholtz planes, respectively. Then, in the present
case, for x,=1.84 A, x,=4 A, this would lead to a saturation coverage of adsorbed
charge of ~295 uC cm ™2, which compares with a value of ~270 uC cm ™2, calculated
for a hexagonal close packed array of spheres of radius 1.84 A.
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Fig. 6. Potential-dependence of jfw (Cs(f—+0) — Cy) dE in 0.5 M NasS + 1 M NaHCO3 soln.
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The potential-dependence of the adsorption isotherm would be ideally tested
by investigating the dependence of ¢, on ¢,, the micropotential at an anion adsorp-
tion site. Unfortunately, the electrode potential, E, must be used instead of ¢,
since the latter is not known. This will only give a good approximation if (a) there is a
constant field in the inner layer and (b) there is a relatively small potential drop in the
diffuse layer.

The potential-dependence of ¢, is plotted semi-logarithmically in Fig. 7 ana
shows an approximate linear dependence at low values of ¢, of ~30 mV decade™".
Since in the constant field approximation (A¢, = {(x, — x,)/x, }AE) a slope of ~55mV
decade ™! would be anticipated, the experimentally obtained value is a measure of the
many partially justified assumptions that have been made.
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Fig. 7. Potential-dependence of the estimated adsorbed charge, g1, in 0.5 M Naz2S + 1 M NaHCO3
soln. Dashed line is drawn to slope of (30 mV)-1.
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Fig. 8. Potential-dependence of ¢ for various anions, as published by MoTt and WATTs-TOBIN?.
Concn. 0.1 M except for S2- (1.5 < 105 M). Vertical lines indicate point of zero charge.
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Comparison of sulphide with other adsorbed anions

Unfortunately it is not possible to compare the adsorption of sulphide ions in
the present experiments directly with corresponding data for other ions. MOTT AND
Wartts-ToBiN® have published a plot of ¢, against £ for a number of anions adsorbed
at a mercury electrode from 0.1 M solutions. This is reproduced in Fig. 8 together
with the present results for sulphide ions where the bulk concentration is only ~ 1.5 x
1075 M.

Hence, whilst a direct comparison is not afforded, it is clear that sulphide ions
are adsorbed more at more negative potentials than any other anions previously
investigated. Such behaviour is presumably associated with the small size and double
charge of the sulphide ion, although one might expect these properties to hinder the
adsorption process insofar as they give rise to strong ionic hydration'®-?°, (ConwaAY
AND BockRris?! have reported a primary hydration number of 8 for S27).

The two other strongly hydrated, doubly charged anions for which data are
shown in Fig. 8, i.e., carbonate and sulphate, are considerably larger and the charge
on these ions is likely to be of a more distributed nature than in the case of the S~
ion. These factors will affect the degree to which adsorbed ions interact with one an-
other and may constitute the explanation for the attainment of such a high coverage in
the case of S*~ ions.

Relaxation process

It was observed earlier that the capacity of the mercury electrode in the buffered
sulphide solution at fixed potentials shows a frequency-dependence (Fig. 2) which, in
the region prior to the formation of a monolayer of solid HgS, is not attributable to a
faradaic process and shows features characteristic of a relaxation process. We may
define the relaxation frequency as that at which the maximum occurs in the loss
tangent, tan J, (Fig. 3) by analogy with similar observations in Debye relaxation
phenomena. In this case, the maximum is at ~7+2 kc/sec corresponding to a
relaxation time of ~25+7 usec, and it appears to be independent of electrode potential
within the limits of experimental error. The inflections in the plots of C, vs. log f
occur in the same frequency range as the maximum in tan 9.

In an attempt to determine the nature of the process responsible for these
observations, the experimental data were treated by the method of LORENZ AND
MOckEL?? by plotting (tan 6*)™! as a function of w ™ * at fixed potentials, and an
example is shown in Fig. 9. The quantity, tan 6%, is given by

tan 6* =(wCi R,)™"
with

where C, is the parallel equivalent electrode capacity, ,,C, the value of C, as f— o
(i.e., the parallel equivalent capacity after relaxation) and R, the parallel equivalent
electrode resistance. The value of ,,C, was estimated from the graph of C; vs. log fat
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approximately 25 uF cm ™2 (it was found that (tan 6*)~! was not a sensitive function
of ,C, in the potential region of high adsorption).

The present results are unfortunately subject to instrumental limitations at
high frequencies, which give rise to errors in the determination of the solution

f (kc/sec)
100 10 3 1 05 0.3
T T T T T T
ak
3k
x5 ok
{ =
3
1k
O 1 1 1 1 1
¢) 5 10 15 20 25
10%w " (seclk)
Fig. 9. Experimental dependence of (tan 0*)'onw*at £ = — 0.71 V (Hg/HgO) in 0.5 M NasS +

I M NaHCO3 soln.

resistance, R,,. Since (tan 6*)”' is extremely sensitive to this quantity at high fre-
quencies, the graph cannot be reliably plotted at values of w~* <0.005 sec*. An error
bar is shown for each experimental value and indicates the error in (tan 6*)~! due to
the uncertainty in R,. The true value of R, is considered to lie between the value of
R, measured at high frequencies (50 kc/sec) at potentials negative to the adsorption
region, and the value of R, at w= oo, extrapolated from a graph of R, vs. w2, after
the method suggested by LorENZ?3.

LORENZ AND MOCKEL?? have shown that the dependence of (tan 6*)~' on
™ * is characteristic of the slow step involved in the overall process of adsorption at
the electrode and have obtained curves for the case of pure diffusion-control of the
adsorbing species and the case of diffusion coupled with a slow adsorption step. An
example is shown in the Appendix (Fig. A2), where the treatment is further extended
for the case of diffusion coupled with a slow homogeneous reaction in solution, and the
dependence of (tan %) ™' on w™? in this case is shown in Fig. Al.

The manner in which sulphide ions are adsorbed at the electrode most probably
follows one of the following two schemes:

HS™ —S?*” +H"

2= 2 =
S T S;lds

J. Electroanal. Chem., 16 (1968) 219-238



232 R. D. ARMSTRONG, D. F. PORTER, H. R. THIRSK

HS™ = H" +82%_ i

Owing to the appreciable buffer capacity of the carbonate-bicarbonate system
and the low concentration of sulphide ion, the hydrogen ion concentration is, to a
good approximation, constant and the first reaction in scheme I may be regarded as
pseudo-first-order in S2~.

The results of Fig. 9 indicate that the slow step of the adsorption process is not
solely a diffusion process, since this would require a straight line?? with intercept
(tan 6*) " '=1 atw ™ *=0. The fact that (tan 5*) ! falls below unity indicates that one
of the processes in either scheme I or scheme Il is the slow step. It is considered un-
likely that the heterogeneous adsorption step of scheme L is the slow step, in view of the
results obtained by LorRENZ?* for the adsorption of 17, Br~, SCN~ and Nj ions at a
mercury electrode.

It is shown in the Appendix, that if the homogeneous step of scheme 1 is to be
rate-determining, then the plot of (tan 5*) ™! vs.w ™~ * should show a minimum, whereas
scheme 11 would lead to values of (tan 6*)~' increasing monotonically with w™*. In
view of the experimental error, it cannot be reasonably ascertained whether or not a
minimum is present and the data were therefore analysed for both cases in the manner
described in the Appendix, i.e., by estimating d(tan 6*) '/d(w™?*) as w—0 and the
frequency, w*, at which (tan 6*) ' =1.

Hence, approximate values have been calculated for the pseudo-first-order
homogeneous rate constant, &, (scheme 1) and, assuming a Langmuir isotherm to be
obeyed, for the interfacial reaction rate, V (scheme Il). It was found that k~10'3
sec”!; such a high value is in serious disagreement with the value that would be
expected on the basis of the results of EIGEN ef a/.?®, from which the rate constant for
such a proton recombination process is ~10'® mole™! sec™!. Thus, in the sulphide
solution of pH ~9.5, the pseudo-first-order rate constant, k, for the conversion of S?~
to HS ™ is ~0.3 sec™ ! and we should therefore expect the relaxation to occur at about
the same angular frequency, which is considerably lower than the observed value of
~4-10° sec™!. It appears unlikely, therefore, that reaction scheme 1 is responsible for
the observed phenomena.

If the data for the heterogeneous case (scheme II) are treated, the calculated
value of Vis ~10~* mole cm ™2 sec™ ! and it seems likely therefore that the reaction is
a heterogeneous one and that the relaxation effects observed are attributable to a
process of dissociative adsorption in which HS™ ions are simultaneously dissociated
at the electrode and adsorbed as S?~ ions.
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APPENDIX. ADSORPTION AT AN ELECTRODE COUPLED WITH A HOMOGENEOUS REACTION
IN SOLUTION

In this Appendix, we derive the impedance of an electrode at which a species
S, (concentration C,) is adsorbed when this species S; undergoes a homogeneous
reaction with a species S, (concentration C).

S, &8, (A1)

k

We shall treat the case where S, at the electrode surface (x=0) is always in
equilibrium with the adsorbed material and where Cg > C,,. The derivation is similar
to that used by LORENZ AND MOCKEL??,

On subjecting the electrode potential to a sinusoidal perturbation

b =do+ P exp (jor) (A2)
the diffusion equation for S, is

oC -D 02(2‘

ot 0x

+k'C'—kC (A3)

with the boundary conditions

C-C,, X— 00 (A4)

dr oC or ) oC ) or d¢
= =Dl== =|—) |— — ] ==
dt (0,\- )xzo (OC(, (,,( ot Je—o & (04) )CG dt G

With the assumption that C’(x, t)=C,, since Cy> C, the solution of (A3)
with (A4) and (AS) is

. H %
C=Cy+C, exp(jwr) exp [— ( l\ -[+-)_/w ) x] (A6)
where

01") P

0P /e, - )
Co == or (AT)

D%(k +ju))'7 + (T—) jw
JdCo /g

Thus we find

dI'  NjwD*(a+fj) exp(jwi)

dt D*(a+fj)+jiMw
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or (ar‘)
M=(—), N=(=—) P,
(065)¢ o).,

o = (K +0’) —— Zw %1 »
24k 4+ 0’ —k )k + o)

where

and
4 (K> + o) —k
B = (kz‘f‘wz)i ] 51 1.2 2\%
25 (k" +w”—k l/k +w)?
f (kélsec)
100 10 3 1 (015 0.3
T T T - T T
4—
3

k- 4x10%ec’)

(0]

1 1
9 5

10%w -2 (sec'lz)

Fig. Al. Predicted dependence of (tan 6*)~! on w* for the case of adsorption coupled with a homo-

geneous reaction. Curves obtained from eqns. (Al14), (A15) and (A17) with the conditions: D —
D’ = 1075 cm2 sec!, (01"/0Co) = 104 cm, Cy/Co = 10.

The interfacial impedance is measured as a parallel combination, C, and R,,.
Thus the admittance

1 . 1 i
Z =% F 7= FexpGan e

Now

;= 94, _(64.,. 49 _ {94, } 4T
“ode N ogp )rodi or ), dt
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Therefore

L _ i . aq,, 4 dq,\ dI” - 1
Z ~ Pexplon 7 0(/)_)p or ), dt  Pexp(jor)
; aq dr 1
— C Ky 178 (s S N All
JOoCp + ( or )4, dt  Pexp(jwr) ( )

where

_ aq,,
=Co = ( 3% )

is the infinite frequency capacity.

f (kc /sec)
1

0.3
T T T
V=7x10
mole cm?sec’
[e) 1 1 1 1
0] 5 10 15 20 25

10°w ™2 (sec'?)

Fig. A2. Predicted dependence of (tan d*) ! on w~* for the case of adsorption coupled with a slow
heterogeneous reaction. Curves obtained from eqn. (28) of LORENZ AND MOCKEL?2, using the same
conditions as for Fig. Al, with Cy" = 10-2 M and the assumption that a Langmuir isotherm is
obeyed.

This leads to

2 5 2 it 22
sz(azp) (OF) [(oc +p )D+2M2[)’wID +Mw] (A12)
ar /., \oq,, /¢ aMw* D*
) -~ 2 n2 4
Co=C, + ((f[',") (01") [ . (ot2+b )D+MB:0D i 2] (AL3)
or Jy\ ¢ Jco L(a®+p°)D+2MPBwD*+ M w

Following LORENZ AND MOCKEL??, we evaluate the phase angle remaining
after the subtraction of the infinite frequency capacity,
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ke 1
RN DT e
an ¢ @R C,—oC,)
Thus
o aMw
tan 07 = > )
D*o"+MpBw+D*p~

In the limit w >k

1 (21))5 1
=1 & | =] s—

tan o™
and when w < k
1/tan 6* =( Dk )*/Mw

For k— o0, eqn. (A14) is no longer applicable and

1/tan 6*=1+2D'/w)*/M’

M _(Of ) _((71‘) dc, _((7[') Cy
0Cq /g 0Cqo /¢ 0Cy 9Co /¢ Ch

and for all cases in the limit w—0,

where

d(tan 6")"'  (2D)* G,

dw % ar') Co
((7C0 5

*. PORTER, H. R

. THIRSK

(A14)

(A15)

(A16)

(A7)

(A18)

With the use of these relationships, the curve (tan 6*)™' vs. @~ * may be
constructed (Fig. Al). This should be compared with that expected for a slow hetero-

geneous reaction (Fig. A2).

Finally, it is interesting to note the connection between a fast homogeneous
reaction and a heterogeneous reaction. If reaction (A1) occurs in a reaction zone of

thickness y, then the rate of the reaction (V" moles cm ™2 sec™ ') is given by

V=K' Chu

Now the thickness, u, may be evaluated from the Einstein relation

n=(Dv)* =(D/k)*
Hence
V=k'Co(D/k)*=Co(k D)*

The equivalent heterogeneous rate constant, Ak, would lead to a rate

V =: kh C(,)
so that

J. Electroanal. Chem., 16 (1968) 219-238

(A19)

(A20)



ADSORPTION OF S2- AT Hg ELECTRODE 237

ky=1{(kD)*/Cq}Cy (A21)

In the analysis of a (tan 6*) ! vs. w ™ * curve, we evaluate the rate constants by
observing the angular frequency,w*, at which (tan 6*)~'=1. Interpreting this as due
to a heterogeneous reaction we obtain (assuming a Langmuir isotherm to be obeyed)

* Kk h K h

@ = ((7F ) - ( 0 l‘) Co (A22)
0Co /o 0Co/y Co

whereas interpreting this as a homogeneous reaction

ol
o* ~ (I\’D)i/((—‘) (A23)
( 0Cy ¢

\

so that the rate constants derived on either interpretation have the equivalence
expressed in eqn. (A2l).

SUMMARY

The impedance of a mercury electrode in sulphide ion solution of pH 9.5 has
been studied using a.c. impedance techniques. Sulphide ions are very strongly speci-
fically adsorbed at the electrode over a short potential range in the region of the e.c.m.,
leading to very high double-layer capacities. The potential-dependence of the capacity
exhibits a maximum, followed at more anodic potentials by a discontinuity corre-
sponding to the formation of a solid phase monolayer of HgS on the electrode. The
frequency-dependence of the impedance in the potential region of adsorption indicates
a relaxation process at a frequency of ~7 kc¢/sec, and this is attributed to the slow
dissociative adsorption of the HS™ species according to the reaction scheme HS =
H"+S%".
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INTRODUCTION

Two dissimilar phases or two dissimilar substances are frequently observed
to acquire electrostatic charges of equal magnitude but of opposite sign after contact
and subsequent separation. When the phases brought into contact are a solid and a
liquid, then small charge densities in low-conductivity liquids can result in high
values of the electric field. When the separated charges in the liquid are convected
away by a fluid motion, then a rate of transport of charge occurs. This has been
called a streaming current.

The charges occurring upon insulating surfaces have been postulated as the
origin of the dust patterns found to result from the flow of gases. These patterns
can be related to the nature of the flow at the surface and in particular to the value
of the skin friction!. This suggests that the charging is related to the skin friction of
the gas flow.

Experimental and analytical studies have been made of the special case of
the streaming current developed in liquids flowing through circular pipes2:3. These
studies have helped to distinguish some of the variables that control the phenomena.

The principles of dimensional analysis have been applied to determine the
non-dimensional groups that arise in a general description of the occurrence of a
streaming current4.5. One of these non-dimensional groups, for the specific case of
turbulent flow through circular pipes, is the length—diameter ratio of the pipe. The
effect of this group, which has been experimentally determined, has already been
describeds®.

This paper describes an experiment to determine the effects of three more
non-dimensional groups that form independent variables.

2. DIMENSIONLESS GROUPS GOVERNING THE ELECTROSTATIC STREAMING CURRENT

The following three dimensionless groups of variables that arise in the stream-
ing current phenomena have been derived4.5;
(a) a streaming current group:

is2/(ou® el2) (1)

* Now at Central Electricity Generating Board, Leeds.
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where 75 is the streaming current,
l is a typical length,
U is a reference fluid velocity,
¢ 1s the dielectric coefficient,
and o is the fluid density
(b) a conductivity group:
(eU)/(2) (2)
where A is the liquid electric conductivity.
(c) a Reynolds number group:

Re= (eUl)[u (3)
where u is the liquid viscosity.

For turbulent flow in a pipe, it has been shown® that the effect of pipe length
upon the streaming current can be expressed as

is = too T—exp {— (Jz—J1,) }] (4)
where 7, is the current corresponding to L = oo

L is the pipe length,

Ly is the pipe length entry correction,

Jr = (AL)/(ie) (5)

Tro = (ALo) (@)

and # is the mass flow rate mean velocity in the pipe.

Using @ as the reference velocity and the pipe diameter, d, as the reference
length, the above non-dimensional groups can be written as

i?fouted?,  eu/Ad, oudu (6)
By cross-multiplication these groups can be rearranged to give,

1o0?[AdP0i® = fleuAod?,  oid/u] (7)
and it becomes easier to perform experiments in which the effect of each of the
independent groups is separately assessed, because the group, (eu/Apd?), is a constant
for a particular liquid in a particular pipe.

An experimental investigation of this relation is now described.

3. EXPERIMENTAL METHOD

The apparatus used in these experiments consisted of a reservoir from which
the liquid was allowed to flow through a capillary tube before discharging into an
insulated receiver. The reservoir, capillary tube, and receiver were all of stainless
steel. The head of liquid was controlled by rotating the reservoir and capillary tube
about an axis through the lower end of the tube (Ifig. 1).

The reservoir and capillary tube were electrically earthed and the current
flowing into the receiver was measured by allowing it to discharge to earth through
a very high resistance and measuring the potential across the resistance with a
Trub: Tauber electrostatic voltmeter (range, o150 V). Resistances in the range 10%—
1013 Q were used to enable the measurements to cover a range of streaming current
from 10-7 A to 1012 A,
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The flow rate was calibrated against the head of liquid by weighing the liquid
discharged in a known time. The coefficient of skin friction, determined from the
energy loss in flowing through the tube, is compared in Fig. 2, with the theoretical
value for laminar flow and with the well established experimental Blasius relation
for low Reynolds number turbulent flow in smooth pipes. The latter is
Cy=ARs0-25
where A has the value 0.3164.
The agreement is seen to be satisfactory.

(8)

[T1 1]

L O Y Y .

Ilig. 1. General arrangement of the apparatus. Liquid flow charging apparatus: (a), reservoir;
(b), polythene plug; (c), stainless-steel tube; (d), receiver; (), P.T.F.E. suspension; (f), axis of

rotation through end of tube; (g), manometer; (h), direction of rotation.

10
8- o
o |
Q
6
x
§ 1 Hagen-Poiseuille
- )
9] \o
T 44 O~
-~ o 0\0\00
< ° 7\
x o
o — ) Blasiys
S
-
=
0
o 29
=
o
o
[}
1 = —
0506 08 1 2 3 4 538 & 10

=3
Re x 10

Fig. 2. Measured skin friction coefficient.
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The surface roughness of the tubes was measured by a Talley-Surf apparatus.
The roughness was of two groups corresponding to the respective manufacturers. Typ-
ical records are shown in Fig. 3.

Tubes of Group 1 were the smoothest having a roughness of about +0.6 x 10-6m
superimposed upon a surface waviness of 44-10-6 m with a wavelength of 5-10-3 m.
Tubes of Group 2 were the roughest and they had a roughness of about +15-10-6 m.
All these figures are approximate guides as can be seen in Fig. 3.

15 ’ WWN\
JWW \'\,\/

10

20 =
(b)

15 [\ kb
L STV AR
\'\NJ v y KW V V

o

Fig. 3. Surface roughness of the tubes of: (a), group 1: vertical magnification, 2000, 1 div. =
1.25 X 10-%m; horizontal magnification, 20, 1 div. = 2.5 X 10 4m; (b), group 2: vertical
magnification, 1000, 1 div. = 2.5 X 10-¢ m; horizontal magnification, 20, 1 div. = 2.5 X 101 m.

Liquids of high electrical insulation were chosen for the experiments. Samples
of kerosene and a kerosene-benzene mixture were mainly used, a few measurements
being made with carbon tetrachloride. The conductivities of the samples were in
the range 10-12-10-1© mho m-1.

The experiments were carried out at a temperature of 20°4+0.5° in a tem-
perature-controlled room. The air supply to the room was filtered to avoid dust
settling on the apparatus and changing the insulation.

4. THE EFFECT OF THE REYNOLDS NUMBER

Results of an experiment on a particular liquid in one pipe of Group 1 are
shown in Fig. 4. The points joined by the solid line are plots of the non-dimensional
current group of eqn. (7) without the entry length correction incorporated, so that
eqn. (4) was used in the form

1s =lw[I—e7]
On writing the current group as,

the values of I are seen to increase markedly by an order of 102 through the tran-
sition range from laminar to turbulent flow. Comparison with Fig. 2 shows that
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Fig. 4. Non-dimensional streaming current as a function of Reynolds number. (A), laminar flow
I; (), transitional flow /4; (0), turbulent flow Io; (O-), turbulent flow /o'

Fig. 5. Non-dimensional streaming current based upon the wall velocity gradient. (A), laminar
flow; (0), turbulent flow.

although this increase in streaming current is associated with the similar increase of
skin friction, the latter increase is of much smaller degree.

The entry correction length previously determined for turbulent flow had the
value

Lojd =54.4

Assuming that this value applies to the flow described by Fig. 4, then values of the
non-dimensional current group, embodying this correction to i and denoted by
I, are shown as the flagged points in Fig. 4. The correction is seen in this case to
be of the order of 759%,.

The entry length correction is not expected to have the same value, or even
the same form for laminar flow, and so the results for this flow regime are uncorrected
here.

The values for the transition regime shown in Fig. 4 are mean values of
electrical measurements which fluctuated greatly in accord with the well known flow
fluctuations in this regime.

In view of the similarity between the functional relationship between I and
R, and that between the coefficient of skin friction and Re, it is suggested that the
velocity gradient at the pipe wall, du/dy, may be a more significant parameter than
the pipe mean velocity, #. The non-dimensional current group is thus written,

1o* = 102/ Ad o (due/dy)3 (9)

The results shown in Fig. 4 have been recalculated on this basis and are shown plotted
in Fig. 5. The change through the transition region is now reduced from an order of
102 to a reversed order of 10. Thus, although the rise in the velocity gradient through
the transition range explains the rise in the streaming current, it does so only partially.
However, it is interesting that separately in both flow regimes, Io* has a constant
value. This point is referred to again later.
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5. THE EFFECT OF THE &-GROUP

Values of Iy for turbulent flow, as a function of R., were determined for a
range of values of the group (eu)/(0Ad?) in a series of pipes of Group 1 and with a
series of liquids. Values are shown plotted in Fig. 6.

All results show a uniform rise in /" with the Reynolds number. Clear of
the transition regions, all the results fit reasonably the straight lines shown, all of
which have a slope of 2.50.
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Fig. 6. Non-dimensional streaming current as a function of Reynolds number, Group 1 tubes.
eu/Aod?: (0), 0.042; (+), 0.058; (V), 0.0068; (A), 0.081; ([]), 0.082; (), 0.13.

IYig. 7. Non-dimensional streaming current as a function of the conductivity group, Group 1 tubes.

The family of curves indicate a general increase in I, with increase in the
group (eu/oAd?).

Values, cross-plotted from the results of Fig. 6, are shown in Fig. 7 as plots
of I' vs. (eu/oAd?)for three values of the Reynolds number. The three straight
lines that are drawn to fit the points all have a slope of 2.75.

Thus, these experiments suggest the relation,

I [[eu/0Ad?]2-75 = f(Re)
Corresponding values are shown plotted in Fig. 8. Correlation is only partly successful
and this corresponds to the scatter seen in Fig. 7. Again, as in Fig. 6, a mean curve
is drawn having a slope of 2.50, so that

Io' oc (eu/Aod?)2-75 R o250 (10)

It is possible that the two lowest sets of results are associated with a smaller tube
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diameter than that used for the others. This could be connected with the fact that
the entry length correction, Lo/d was determined using a tube of Group 2 and could
have a different value for the smoother tubes of Group 1. Another possibility, that
the surface roughness may be significant, is discussed later.
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Fig. 8. Correlation for tubes of Group 1. Set: (0), 8; (1), 9; (B), 10; (X), 11; (+), 14; (), 15.

Iig. 9. Non-dimensional streaming current as a function of Reynolds number, Group 2 tubes.
e Agd?: (B), 0.039; (O), 0.064; (4), 0.075; (), 0.083; (@), 0.087; (1), o.14; (M), 0.15: (),
0.32; (X), 0.39; (-F), 0.5L.

0. THE EFFECT OF TUBE SURFACE ROUGHNESS

The tubes of Group 2z had a higher degree of surface roughness than those of
Group 1. Results for the turbulent flow in the tubes of Group 2 are shown plotted in
Fig. 9 (I as a function of Re). Values are cross-plotted in Fig. 10 as I vs. (eu/A0d?)
for three values of the Reynolds number. The three straight lines fitted to the
experimental points are all drawn with a slope of 3.50. This then implies that

Loo'[| epApd? 3> = [(Re) ‘ (17)

A comparison of Figs. 7 and 10 shows that the value of I’ for the rougher
tubes of Group 2z is about twice that for the smoother ones of Group 1. In contrast,
the results shown in Fig. 2z indicate that the roughness of the tubes of Group 2 was
such that they can be regarded as smooth for the fluid motion whereas they are seen
to be rough for the electrical phenomena.

As the roughness shape was not controlled and as, basically, only two roughness
heights were used in the experiments, a correlation for the roughness effect cannot
be determined.

The form of the functional relationship of eqn. (11) for the tubes of Group 2 is
shown in Fig. 11 where a straight line is fitted to the results. The slope of this line
is 3.25.

Two sets of the results plotted in Fig. 11 do not correlate satisfactorily.
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There seems to be no explanation for the discrepancy in the upper set. The lower
set was obtained for the flow of carbon tetrachloride, and the conductivity of this
liquid varied so much with time that it was difficult to get the conductivity values
to agree before and after a run. Excluding these two sets, the others are seen to lie
within a band width somewhat smaller than that shown in IFig. 8 for the tubes of
Group I.

Thus the mean line of Fig. 11 represents

Ios' oc () Dod?)3-5 Re3-25 (12)
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Iig. 10. Non-dimensional streaming current as a function of the conductivity group, Group 2
tubes.

Fig. 11. Correlation for tubes of Group 2. Set: (0), 1; (X)), 45 (+), 4; (), 7: (), 125 (), 135 (1),
2; (D) 3

7. EFFECT OF THE INDEPENDENT VARIABLES UPON THE STREAMING CURRENT

The experimental results represented by eqns. (10) and (12) for the tubes of
Groups 1 and 2, respectively, can be written in the form,

m 9

I oc (eu/dod?) 1 Re (13)

Converting this from the form of eqn. (7) to that of eqn. (0) by cross-multiplying,
results in

iw'2foitted? o (e1/Ad) "1Re"2 (14)
Using the notation of eqn. (5) and writing,
Jd = ld,’/ﬁlz—l
then,
iw'2foit ed? oc Ja" T Re2 (15)

where now
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Ny =1—mn
Ne = M2 — 1y

For tubes of Group 1,
= —1.75
Ns = —0.25

and for tubes of Group 2,
n = —2.5
Nng = —0.25

Although there is appreciable scatter of the present experimental results after the
application of the correlations, it is significant that the streaming current group is
dependent upon the same power of the Reynolds number as is the friction coefficient
as given by eqn. (8)*.

Equations (13) and (15) can be expanded into the form,

3 o, _o, 0. o o )
/Loo’oclu' l.u .".}. .B.d 4’8 5.0 6

so that,
01 = — 2712

02 = 4(4—n1+n2)
03 = +4n;

01 = 3(2 +n1 +12)
05 = 3(1—1m)

06 = ¥(n2+1)

The values of all the indices are given in Table 1. In the first two columns are the
results for tubes of Group 1 (the smoother tubes), and for the rougher ones of

TABLE 1
Parameter Index Index value
Present vesults Gavis & Gavis &
— — Koszman Koszman
Group 1 Group 2 Group 1 devived
Lo=o0
epfAod? mi 2.75 3.5 2.5
Re ms, 2.5 3.25 2.25
Ja ny —1.75 —2.5 —1.5 0.0
Re o —0.25 —0.25 —0.25 —o0.25
" o1 0.125 0.125 0.125 —0.625 0.125
i 03 2.75 3.125 2.025 1.875 1.875
A 03 —o0.875 —1.25 —o0.75 0.0 0.0
d 04 0.0 —0.325 0.125 0.875 0.875
3 05 1.375 1.75 1.25 1.00 0.5
g O6 0.375 0.375 0.375 0.625 0.375

e 22 0.0

* Recent experiments in the laminar flow regime (to be the subject of another paper) have given
the same result.
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Group 2. As already mentioned, despite the different values of m; and ma for the
smoother and rougher tubes, the value of us for both is the same as the corresponding
index for the skin friction coefficient.

The effect of the increase of surface roughness from the tubes of Group 1 to
those of Group 2 is seen to change the correlation so that #; becomes more negative.
Obviously, the present correlation is inadequate to provide a measure of the roughness
effects, because if the roughnesses were of one shape, then these effects should be
represented by a further non-dimensional group such as either 2/d or Ju,=(Ah/ei),
where / is a measure of the roughness height. Such a group cannot be added to the
right-hand side of eqn. (12) as a simple multiplier, because this would make 7o=0
when 2=0. A more extended range of experiments is required to determine the
effects of roughness.

The results in Table 1 also show that the index for the diameter, 4, 7.c., o4, is
zero for the smoother tubes. This raises the possibility that the phenomena is strongly
controlled by what happens in a region very close to the wall so that the thickness
of this region is very small compared to d and the behaviour is the same as would
occur along a plane wall. This suggestion is consistent with the very small thicknesses
of electrical boundary layers, as represented by double-layer thicknesses that occur
in stationary liquids*. For the rougher tubes, o4 is no longer zero and this is consistent
with an effect due to the group, 2/d. This suggests that the tubes of Group 1 might
be behaving as smooth tubes.

A correlation was also obtained for the tubes of Group 1 by neglecting the
pipe entry effect; 7.e., values of I, were correlated in the form of eqn. (r3). The
results for the various indices are given in the third column of Table 1. The values
of m1 and m2 are seen to differ from those in the first column resulting in a difference
in 71, but the value of #2 remains at the skin friction index of —o.25.

Koszman AND Gavis have also given results for the turbulent flow in tubes?.
These were for values of ix, 7.¢., with Lo taken as zero, and the flow conditions were
different from the present experiments as indicated by a comparison of their measured
frictional coefficients with the present ones. The indices for their results are given
in the fourth column of Table 1. Again, as with columns 2 and 3, there are divergences
from column 1 due probably to the differences just mentioned. The indices given do
not all fit into a correlation of the form of eqn. (13). However, their main experimental
support was for the values of 02, 04 and o3 giving the variations with i, 4 and A. If
the first two of these values and the relation of eqn. (r3) are accepted, then the
other indices follow and are given in column 5 of Table 1. Two points of interest
emerge. First, the value of 03 as determined experimentally by Koszman aND Gavis
is confirmed. Second, the value of %3 is again the skin friction index of —o0.25.

The wall velocity gradient is given by,

du  Crou?
dy = 8u
Then for turbulent flow, substitution of eqn. (8) gives,

du Api?

d‘y T 8uRe0-25

* This is supported by the recent laminar flow experiments alrcady mentioned.
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The non-dimensional group of eqn. (9) becomes
I* = 1o t3/d3(du/dy)?
=1 o (8/A)3(1/Rc2-25)

Writing
o P P
I oo* oc (eufAod?) 1 Ry 2
a comparison with eqn. (13) gives,

p1=nu
and
pa=ma2 —2.25

From the results in the third column of Table 1, p2 = 0.0; the corresponding horizontal
line is drawn in Iig. 5.

8. CONCLUSIONS

A modestly satisfactory correlation of the streaming current measurements
was obtained in the form,

[ oc (epdod?)" VRS2

The non-dimensional group, ix'2/(pit*ed?), was then proportional to the same power
of the Reynolds number as is the skin friction coefficient. This same index was
obtained for tubes of increased roughness and for results computed taking no account
of the entry length correction.

The velocity gradient at the wall, du/dy, is significant in an explanation of
the large increase in streaming current through the transition region. The streaming
current in the smoothest tubes was independent of tube diameter suggesting that
the charging phenomena was closely linked with the flow region very close to the
wall and that these tubes were behaving as smooth tubes.

SUMMARY

The results of measurement of electrostatic streaming currents in turbulent
flow through round pipes have been correlated in terms of non-dimensional groups.
A non-dimensional current group is found to vary with the same power of the
Reynolds number as does the skin friction coefficient. A surface roughness that is
too small to affect the skin friction coefficient is found to affect markedly the
streaming current.
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PHOTOCHEMIE ANOMALER NUCLEINSAUREBAUSTEINE.

II. ELEKTRONENAKZEPTOR-EIGENSCHAFTEN VON AZAANALOGEN
DER PYRIMIDIN- UND PURINREIHE AUS POLAROGRAPHISCHEN
MESSUNGEN*

[.. KITTLER unp H. BERG

Deutsche Akademie der Wissenschaften zu Berlin, Institut fitv Mikrobiologie und experimentelle
Therapice, Abteilung Biophysikochemie, Jena (DDR).

(IZingegangen am 3. April 1907)

EINLEITUNG

Seit Ende der fiinfziger Jahre hat die polarographische Methode in der
Nucleinsiureforschung in drei Richtungen Bedeutung erlangt:

1) Nachweis von Konformationsinderungen!

2) Ermittlung von Adduktgleichgewichten?

3) Bestimmungder Elektronenakzeptor—-Donator-Stirke3 der Basen-Bausteine.

Letztere erfolgt an der reaktivsten Stelle im Molekiil, und die bisherigen Halb-
stufenpotential-Ergebnisse haben quantenchemische Vorausberechnungen der Elek-
tronendichten {iberraschend gut bestitigen kénnen. Wihrend die natiirlichen Basen
auf diese Weise schon ausreichend charakterisiert worden sind, fehlen entsprechende
Daten bei den anomalen, inkorporierbaren Derivaten, insbesondere der Azaanalogen.
Um deren Eigenschaften vergleichen zu kénnen, miissen zunichst die polarographisch-
en Ergebnisse der natiirlichen Basen vorangestellt werden.

1952 fanden CAVALIERI UND Lowy4, dass im sauren pH-Bereich von 25 unter-
suchten Pyrimidinen nur g Depolarisatoreigenschaften haben. Fiir die polarographi-
sche Reduktion ist die ~13I =(4Z~E‘,=&—Anordnung unbedingt erforderlich. Wird
darin die —f\I =L(1‘,7Doppelbindung durch Tautomerie oder Substitution verdndert,
so wird die Elektronenaufnahme in den meisten Fillen erschwert oder verhindert.
ELviNG UND SMmITH? 7 stellten 1962 Reduktionsmechanismen auf. Danach spalten die
protonierten Pyrimidine Ammoniak ab, sofern sie in Cs-Position eine Aminogruppe
tragen. Uracil und Thymin verursachen nur Oxydationsstufen nach Salzbildung an
der Quecksilberelektrodenoberfliches:?. Beim Cytosin kann sowohl eine Oxydations-
stufe als auch eine Reduktionsstufe ausgebildet werden. Letztere liegt sehr nahe am
Leitsalzanstieg, so dass ihre Hohe schwer zu bestimmen ist. Nach JANIK UND PALE-
CEK!9sollen dabei 4 Elektronen verbraucht werden.

Auffallend ist, dass nur in saurem Medium Reduktionsstufen mit Diffusions-
charakter ausgebildet werden, wihrend zum neutralen pH-Bereich eine kinetische
Begrenzung registriert wird und nach hoheren pH-Werten die Stufe auf Null absinkt.
Dieses Verhalten begriindet die Annahme, dass protonierte Formen die Voraussetzung
fiir den Reduktionsprozess bilden.

* Ii\m{glung: Photochem. Photobiol., 6 (1967) 199.
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In jiingster Vergangenheit hiufen sich die Mitteilungen, wonach die basischen
Grundbausteine der Nucleinsiiuren durch entsprechende Azaanaloge in der DNS und
RNS ersetzt werden!1.12,

Diese Inkorporation verindert die Stabilitit der Doppelhelix und ermoglicht
die Lenkung metabolischer!® und cancerostatischer!® Eigenschaften. Die Ursache fiir
diese bedeutsamen Wirkungen der Azaverbindungen liegt in ilwer elektronischen
Struktur, zu deren Aufklirung die Polarographie einen Beitrag zu leisten vermag.
Weiterhin konnte mit dieser Methode die Photostabilitiit gemessen werden.

Aus diesen Griinden soll aus vorliegender Mitteilung cin moglichst geschlossenes
Bild des polarographischen Verhaltens der Azapyrimidine und Azapurine gegeben
werden, woraus die wichtigsten Aspekte fiir ihre Anwendung in der Molekularbiologie
deutlich werden.

Allgemein ist gegeniiber den natiirlichen Nucleinsiurepyrimidinen in der
Azapyrimidinreihe cine Positivierung der Halbstufenpotentiale zu beobachten, was
die elektrochemische Analyse bedeutend erleichtert!s. Im Gegensatz dazu dindern sich
die Reduktionspotentiale in der Purinreihe im Vergleich zu den entsprechenden
8-Azaderivaten geringfiigig. Es werden nur solche Verbindungen reduziert, die in
Cg-Stellung nicht substituiert sind oder eine Aminogruppe bzw. NHR oder NR;R»
tragen. Befindet sich an dieser Stelle eine Ketogruppierung, so ist cine elektrochemi-
sche Reduktion bis —2.0 V nicht méoglich.

EXPERIMENTELLES

Tiir die Registrierung der polarographischen Strom-Spannungs-Kurven dien-
te ein ungarischer Tintenschreiber-Polarograph vom Tyvp OH-1oz. Die Halbstufen-
potentiale bezichen sich auf die 1N-Kalomelelektrode. Die Konzentration der unter-
suchten Substanzen betrug 5-10-4 M. Ausser bei pH-Abhingigkeiten (Britton—Robin-
son-Puffer o.1 M) wurde Phosphat-Puffer pH 7 (0.1 M) verwendet. Alle Messungen
wurden bei 25° durchgefiihrt.

ERGEBNISSE UND DISKUSSION

Wie Tabelle 1 zeigt, werden die Azapyrimidine in einem fiir polarographische
Untersuchungen sehr giinstigem Bereich reduziert, so dass die molekularbiologisch
wichtigsten Substanzen einer eingehenden polarographischen Analyse unterzogen
werden konnten.

Lediglich fiir das 6-Azauracil (6-AU) lagen schon Messungen von KRUPICKA
UND GUT vor!6, Abb. 1 zeigt die pH-ADbhiingigkeit des 6-AU in Britton—Robinson-Puf-
fer. Auffillig ist dic Verminderung der Kurvensteilheit zwischen pH 3 und 6, was die-
se Autoren auf das Vorhandensein verschieden protonierter Formen zuriickfiithrten.
Ausserdem kann die Komplexbildungstendenz der Borsiiure des Puffers Komplikati-
onen hervorrufen. Durch vollstindige N-Methylierung des 6-AU wurde die Diketo-
form mit der C=N-Doppelbindung als Elektronenakzeptor-Gruppe im Molekiil
angegeben. Als Reduktionsprodukt wurde das entsprechende 5,0-Dihydro-60-AU ver-
mutet.

Dieses Problem wurde von uns auf anderem Wege geklirt, in dem die Photo-
hydratation studiert wurde!?. Die vv-Bestrahlung fithrte zu den 5-Hydroxy-6-Hydro-
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TABELLE 1

HALBSTUFENPOTENTIALE (J’Tw) UND ELEKTRONENAUFNAHME (1‘) VON AZAANALOGEN DER
PYRIMIDIN UND PURINREIHE

(Phosphatpuffer pH 7, o.1 M, gegen 1 N KCl-Elektrode, 25°)

Substanz (1)
1 O-Azauracil .30 2
2 6-Azauridin 1.30 2
3 5-Azauracil 1.52 2
4 1,3-Dimethyl-0-Azauracil 1.35 7
5 5-Chlor-6-Azauracil — .34 4
O 5-Brom-6-Azauracil 1.28 4
7 5-Jod-6-Azauracil —0.84, —1.30 A *
8 5,0-Dihydro-6-Azauracil = —
9 5-Amino-6-Azauracil 1.55 4
10 5-Amyl-6-Azauracil —1.39 2
11 5-Azaorotsiurc —1.30 3
12 2-Thio-6-Azauracil —1.09, —1.30 2
13 6-Azacytosin 1.17, 1.40 4*
14 5-Azacytosin 1.40, —1.80 4*
15 5-Azacytidin 1.35, 1.08 4*
10 2-Amino-4-Methylamino- 1.02, 1.55 q%
-5-carboxy-0-Azapyrimidin
17 8-Azaadenin 140 4
8 S-Azaguanin
19 8-Azaxanthin
20 8-Azahypoxanthin

* Doppelstufe bestehend aus 2 zweiclektronigen Reduktionsstufen.

¥ £
AbDb. 1. 6-Azauracil: pH-Abhingigkeit. ¢ = 5-10 1 M in Britton Robinson-Puffer (0.1 M); s=06-10"8
A D=1, 50 mV/Abszisse, Kapazititsstromkompensation o4 pA V-1 ¢ = 25° gegen 1 N KCI-
Elektrode Potentialbeginne: pH 1.0 (0.1 N H.S0O4), —o.4 V; pH 2.2 und 3.0, —0.5 V; pH 4.1,

0.6 V; pH 5.3, —0.7 V; pH 6.3, —0.8 V; pH 7.0, —0.9 V; pH 7.7, —1.0 V; pH 8.3, —1.1 V;
pH 9.0, 9.8 und 10.3, 1.2 V; pH 10.6 und 10.8, 1.3 V; pH 11.2, —1.4 V; pH 12.0, —1.5 V.

0-AU. Dieser Reaktionsverlauf kann spektrophotometrisch aus der Abnahme der
Absorptionsbande bei 260 nm und polarographisch aus dem Abfall der Reduktions-
stufenhohe verfolgt werden (Abb. 2). Diese Reaktion ist in stark saurem pH-Bereich
(~pH 1.5) und bei erhohter Temperatur (~100°) teilweise reversibel (~409%,). Das
bedeutet eine Riickbildung der 5:6-Doppelbindung, wodurch die Absorption bei 260
nm wieder auftritt. Daraus kann mit Sicherheit geschlossen werden, dass fiir die polaro-
graphische Elektronenaufnahme die 5:6-C = N-Doppelbindung verantwortlich ist, was
cbenfalls fiir das 6-Azathymin (6-AT) zutrifft (Abb. 3).
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Abb. 2. 6-Azauracil: Photoreaktion. ¢=2-10-4 M in Phosphatpuffer pH 7 (o.1 M), ab —1.0 V,
50 mV/Absz., Kapazititsstromkompensation 0.3 pA V-1, 1 = 25°, Potential auf —1.45 V festge-
stellt. hv: o/, 57, 107, 15/, 207, 25/, 307, 357, 40’. Lichtintensitit in der Bestrahlungszelle 6.7 - 1076
Einstein cm~2 min—!.

Abb. 3. 6-Azathymin: pH-Abhingigkeit. c=5-10-4 M in Britton—Robinson-Puffer (o.1 M);
s=06-10"8AD-1, 50 mV/Abszisse, Kapazititsstromkompensation o.4 uA V-1, t—=25° gegen 1 N
KCI-Elektrode. Potentialbeginne: pH 1.0 (0.1 N H2S04), —o0.5 V; pH 2.2 und 3.0, —0.6 V; pH
4.1, —0.7V;pH 5.3, —0.8 V; pH 6.3, —0.9V; pH 7.0, —1.1 V; pH 7.7und 8.3, —1.2 V; pH 9.0,
9.8 und 10.6, —1.3 V; pH 11.2, —1.4 V; pH 12.0, —1.5 V.

i

Weitere Aufschliisse iiber den Elektronenakzeptor (EA)-Prozess vermitteln
die Abbildungen 4 und 5 mit den Abhingigkeiten des Halbstufenpotentials (7;)
vom pH-Wert. Bei pH-Werten >6 betrigt der Anstieg dieser Kurven 60 mV/pH.
Diesem entspricht bei Zweielektronenmechanismus die Addition von zwei Protonen.
Der Elektrodenprozess verliuft unter diesen Bedingungen nach folgendem Schema:

o o
)4]\ R R
HNS 5\|r +2¢ +2H7 HN "
—_— = m
2 6 irreversibel R= H;=Chig
1 SN _NH
o N o N
H H
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Die gréssere Steilheit der Azmy/ApH-Kurven fiir pH-Werte<6 ldsst auf eine stdr-
kere Protonierung des Gesamtmolekiils schliessen.

Im stdarker alkalischen Bereich (pH 9) gehen die Diffusionsgrenzstréome in
kinetisch begrenzte tiber, was auch aus der Abnahme ihrer Hoéhe sichtbar wird.
In diesem Bereich liegen die Gleichgewichte der konjugierten Basen mit Protonen.
(Die pK-Werte fiir 6-AU betragen 7.0 bzw. 12.9)18.

a1/2

v
-1,40+
-1.30F
-1.20}

-1.10

i §
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-0.701

AbDb. 4. Abhidngigkeit des Halbstufenpotentials (7;) vom pH-Wert fiir 6-Azauracil.
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Abb. 5. Abhingigkeit des Halbstufenpotentials (7z,) vom pH-Wert fiir 6-Azathymin.

Allgemein gilt, dass die symmetrischen Triazine im Vergleich zu den asymme-
trischen Triazinen trotz eines analogen Mechanismus schwerer reduziert werden
(s.Tabelle 1). Diese Eigenschaft lisst sich damit begriinden, dass die symmetrischen
Verbindungen eine geringere Polaritét besitzen. Dieser Effekt spiegelt sich auch im
photochemischen Verhalten wieder, wonach diese Verbindungen sehr stabil gegen
Uv-Strahlung sind19.
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6-Azacytosin (6-AC) wird in einem vierelektronigen Reduktionsprozess irrever-
sibel reduziert, wobei eine Doppelstufe registriert wird (Abb. 6). Im sauren pH-Bereich
bildet sich auf der 2. Reduktionsstufe eine katalytische Wasserstoffwelle aus. Dieses
Phinomen ist fiir Stickstoffheterocyclen zu erwarten, sofern am N-Atom noch ein
freies Elektronenpaar vorhanden ist2°, wodurch die Reduktion des gebundenen Was-
serstoffions erleichtert wird.

i A

Abb. 6. 6-Azacytosin: pH-Abhidngigkeit. c¢=5-10"% M in Britton-Robinson-Puffer (0.1 M);
s = 2-10-7"AD-1, 50 mV/Abszisse; Kapazititsstromkompensation o.4 A V-1, ¢ = 25°; gegen
1N KCl-Elektrode. Potentialbeginne: pH 2.2, —0.4 V; pH 3.0, —0.5 V; pH 4.1, —0.6 V; pH 5.3,
—0.7V;pH 6.3, —0.8V; pH 7.0und 7.7, —1.0 V; pH 8.3 und 9.0, —1.1 V; pH 9.8, 10.3 und 10.8,
—1.2 V;pH 11,2, — 1.3 V.
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Abb. 7. Abhéngigkeit des Halbstufenpotentials (r;) vom pH-Wert fiir 6-Azacytosin.

Die positivere Stufenhéhe ist unabhingig vom pH-Wert, wihrend die nega-
tivere bei pH-Werten >g kontinuierlich abnimmt, was die gleichen Ursachen hat,
die schon beim 6-AU und 6-AT erliutert wurden. Die erste Reduktionswelle entspricht
der Desaminierung und erst danach erfolgt die Aufspaltung der 5:6-Doppelbindung.
Um diese Reaktionsfolge zu begriinden, wurde eine 1 - 10-3 M 6-AC-Losung elektroly-
siert. Dabei wurde das Potential auf den Diffusionsstrom der 1. Stufe eingestellt.
Wihrend der Abnahme dieser Stufenhéhe (die negativere blieb unverindert) konnte
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TABELLE 2

ABHANGIGKEIT DES HALBSTUFENPOTENTIALS (77;) VOM PH-WERT FUR 6-AC

Milieu 7 Stufe :-74!/)71[,(7111‘\7’)4
1. Stufe 115

P 3.5 2. Stufe 20
1. Stufe 85

pH>8.5 s

. Stufe 30

erwartungsgemiss freies Ammoniak mit Nesslers Reagenz nachgewiesen werden.
Abb. 7 zeigt die Abhiingigkeit des Halbstufenpotentials (7,) vom pH-Wert fiir 6-AC.
In Tabelle z sind diese Werte zusammengestellt. Der Reduktionsmechanismus wire
demnach wie folgt zu formulieren:

pH> 8.5 — —F
RaNRo H H
H
N}W +2€ + 3H,0 N)w +2e™+ H0 N)\fH Ra=H, ~CHs
)\ N —NHRRp )\ " o A\ \ Rp=H,-CHj
le) N/ -30H [e) N/ o) N/
H L_ H _ H
(1) () (m)
pH< 85 — —
NHp H H
a
N/\H +26"+3H,0" N}w +2e"+ HpO* N2\1< i
- B ——
A\ N -NH,OH - 2H0 )\ NH -Hx0 J\ NH
o N o N~ o N
H L H 1 H

ai5) (m (m)

Die Existenz von (II) ist hypothetisch. Im alkalischen Bereich wird ebenfalls unter
NHs-Abspaltung die 3:4-Doppelbindung zuriickgebildet, wogegen im sauren pH-
Bereich die bereits protonierte -NHjs-Gruppe als NH4OH abgespalten werden kann.
Die Existenz von (III) stiitzt sich auf spektrophotometrische Daten und auf Ergeb-
nisse der Photohydratation!®. Wihrend der uv-Bestrahlung (bei pH 7) sinkt das Ab-
sorptionsmaximum bei 258 nm ab, was auf das Verschwinden der 5:6-Doppelbindung
zuriickzufiihren ist und gleichzeitig wird es nach kiirzeren Wellenlingen verschoben
(239 nm). SHUGAR UND JANION2! haben das Maximum bei 239 nm der in Konjugation
stehenden Doppelbindungen O=C—N=C— zugeordnet.

Die 5-Halogenderivate des 6-AU werden in vierelektronigen Prozessen redu-
ziert, wobei im Falle des 5-]Jod-Derivates eine Doppelstufe (je 2 Elektronen in zwei
Stufen) auftritt. Wihrend der Photolyse (Abb. 8) wird das Molekiil zunichst zum 6-
AU dehalogeniert (1. Stufe nimmt schneller ab als die 2.). Das dehalogenierte Produkt
unterliegt wiederum der photochemischen Hydratation (2.Stufe). Der Ablauf beider
Prozesse kann aus Verminderung beider Reduktionsstufen verfolgt werden, wodurch
auch die Reaktionsfolge des Elektrodenprozesses gesichert wird (I =Cl, Br, I).

(@]
I
HN I +2e +2Ht +2e +2HY
H
OJ\ /N

H H
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> i - e van

Abb. 8. 6-Jod-6-Azauracil: Photoreaktion. c=2-10-4 M in Phosphatpuffer pH 7 (0.1 M); ab —o.5
V, 50 mV/Abszisse, Kapazititsstromkompensation o.55 A V-1, ¢ = 25°.

hy: 0, 207, 60", 120", 180", 300”. Lichtintensitit in der Bestrahlungszelle 6.7 - 10-6 Einstein
cm~2 min—1,

L

T,

ARRF JARRRRD C8

' : EE /
- P / A

= ' /

i 3 b
Abb. 9. 8-Azaadenin: pH-Abhidngigkeit. c=35-10-4 M in Britton-Robinson-Puffer (o.1 M);
s = 16-10-8AD-1, 50 mV/Abszisse; Kapazitatsstromkompensation o.4 uA V-1, ¢ = 25° gegen
1 N KCI-Elektrode. Potentialbeginne: pH 1.0 (0.1 N H2SO4), —0.7 V; pH 2.1 und 3.0, —0.8V;
pH 4.0, —09V; pH 5.3, —1.0 V; pH 6.3 und 7.0, —1.2 V; pH 7.7, —1.4 V.

Die Unterschiede im polarographischen Verhalten der 8-Azapurine zu den entsprechen-
den Purinen sind nicht wesentlich. Dieses hingt damit zusammen, dass die Substitu-
tion im Ring und das Reduktionszentrum nicht im unmittelbaren Zusammenhang
stehen.

8-Azaadenin wird in einem 4-elektronigen Vorgang reduziert (Abb.g). Auffillig
ist, dass die Stufenhohe—im Gegensatz zu den 6-Azapyrimidinen—im sauren pH-
Bereich kinetisch begrenzt ist (Abb.10). Aus der Halbstufenpotentialabhdngigkeit
(Abb. 11) geht die Beteiligung von 5 Protonen beim Reduktionsprozess hervor. In
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Analogie zum 6-AC steht daher folgendes Schema mit den experimentellen Ergebnis-
sen in Einklang (die Lage der Doppelbindung in Sechsring ist unsicher):

NH, H H
N7 ® 3] 7 +2e7+3H,0" NF | i +2e"+2H,0" N)jr”
— > H
- = ~2H0
‘2\\3 s o 8N ~NHOH -2H;0 ‘% N 20 HJ\ N
N NZ N N N N
H H H H

Alle 8-Azapurine, die in 6-Stellung eine Keto-Gruppe tragen, sind bis —z.0 V an der
Quecksilbertropfelektrode nicht reduzierbar. Aus vorliegenden Ergebnissen geht her-
vor, dass die Einfithrung der Azagruppierung eine betrichtliche Steigerung der EA-
Stirke des Molekiils nur bei den Pyrimidinen verursacht.

1.0

relative Stufenhohe
o
o
T

1 1 1 L 1 L 1 X 1 o
1 2 3 4 5 S} 72 8 S 0 M 12
pH
Abb. 10o. Abhéngigkeit der Stufenhéhe vom pl-Wert, (o) 8-Azaadenin; ( 0) 6-Azathymin; (X))
0-Azacytosin (2.Stufe); (A) 6-Azauracil.

sl
Vv

1 1 1 L L L 1

1 2 3 4 5] S 7 8
pH

Abb. 1. Abhdngigkeit des Halbstufenpotentials (7;) vom pH-Wert fiir 8-Azaadenin.

ZUSAMMENFASSUNG

Es wurde das polarographische Verhalten von 6- bzw. 5-Azapyrimidinen und
8-Azapurinen untersucht. In der Azapyrimidinreihe unterliegt die 5:6-Doppelbindung
einer 2-elektronigen Reduktion. Ist dieser Grundkérper in 4- oder 5-Position durch
andere reduktionsfihige Gruppen substituiert, so handelt es sich immer um einen
vierelektronigen Reduktionsprozess. In einigen Fillen werden diese Stufen aufgespal-
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ten, was die Untersuchung des Reduktionsmechanismus erleichtert. Dabei wird zuerst
die exocyclische Gruppe reduziert, dann erfolgt die Reduktion des Ringsystems.

In der 8-Azapurinreihe sind die Unterschiede zu den normalen Purinen nicht so
gross.

Dieses Verhalten wird damit begriindet, dass der Fiinfring in beiden Iillen
in den Reduktionsprozess nicht einbezogen wird.

Frau Dr. P. K. Caaxg, New Haven (Conn.) und den Herrn Dr. J. Gur,
Dr. V. Fu¢ik und Dr. A. Piskara, Prag sei fiir die Uberlassung wichtiger Substanzen
gedankt.

SUMMARY

Azapyrimidines and azapurines incorporated in nucleic acids are most impor-
tant in molecular biological research. To evaluate the electron donor—acceptor strength
the electrochemical reduction of 5- or 6-azapyrimidines and 8-azapurines has been
investigated by polarography and the reduction products were examined chemically,
polarographically, spectrophotometrically, and photochemically. Azapyrimidines
were reduced at their 5:6 double bond in a two-electron process. A four-electron process
takes place, if the 4- or 5-position issubstituted by areducible group. The polarograph-
ic properties of 8-azapurines are very similar to these of purines in consequence to
the fact that in this case substitution and reduction do not occur at equal position in
the molecule.
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THE ELECTROCHEMICAL REDUCTION OF THE TRIPHENYLSULFONIUM
ION
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An investigation of the electroreduction of “onium” compounds of Group-Va
and -VIa elements was prompted by the polarographic data reported by Marsuvo,
for several “phenyl-onium” compounds!. These data indicated that, though the
tetraphenylarsonium and -phosphonium compounds were reduced in a single appar-
ently two-electron step in aqueous solution, the analogous compounds of antimony,
sulfur, selenium and tellurium exhibited two polarographic waves and reduced via
step-wise mechanisms. A complete electrochemical study of the tetraphenylstibonium
ion confirmed the two-step reduction process and demonstrated that the mercury
electrode was involved chemically in the first reduction step2 In fact, diphenyl-
mercury could be obtained quantitatively by controlled-potential electrolysis at
potentials prior to the second wave. The triphenylsulfonium ion has now been
studied to determine whether its mechanism parallels that of the antimony compound.
This communication presents the results of that investigation.

Several other studies of sulfonium compounds have been reported. Mixed
aryl- and alkylphenacylsulfonium compounds reduce polarographically in three
steps3 4. The first, a two-electron wave, involves the rupture of the C-S bond while
the second and third waves are due to the reduction of acetophenone produced during
the first reduction step. The trimethylsulfonium ion is reported to reduce in a single
two-electron step?. The electrolysis of several triphenylsulfonium salts at aluminum
cathodes in dimethylformamide and in water has been reporteds. The electrolyses
were performed without potential control and an estimate for the number of faradays
(n-value) involved in the reduction process could not be made directly. However,
indirect evidence, based on excellent product analysis, seemed to favor a two-electron
reduction mechanism. Finally, as indicated above, a polarographic study of tri-
phenylsulfonium chloride has been carried out by SHINAGAWA et al.7. They report a
two-step reduction in which both waves appear to be of equal height. They suggest
a reaction scheme, based on polarographic evidence alone, which is not supported
by the findings of the present investigation.

Polarographic data

The polarographic behavior of the triphenylsulfonium ion is complicated and
displays peculiarities often associated with reactions in which the adsorption of
reactants and products plays an important role. At concentrations from 3 x 1075 to
5x 103 M a wave similar to that shown in Fig. 1B is obtained. It appears to be a

*T’I'Cscllt Address: Harvard Medical School, 25 Shattuck Street, Boston, Mass.

J. Electroanal. Chewm., 16 (1968) 261-270



262 P. S. MCKINNEY, S. ROSENTHAL

single wave with a large maximum and an estimated half-wave potential of —1.2 V
vs. SCE. At concentrations >ma/, the maximum can be substantially reduced but
not eliminated by the addition of Triton X-100 even in amounts up to several
percent. From 5 x 1075 to 5 x 10-4 M, the addition of 0.008%, Triton X-100 essentially
eliminates the maximum and permits the recording of a polarogram with two waves
as shown in Fig. 1A. The first wave is slightly more positive than the original wave
and the second substantially negative with respect to the original. The magnitude
of the maximum precludes an accurate description of the effect of very small con-
centrations of Triton X-100 on the half-wave potentials. However, the first wave
shifts approximately 20 mV anodic and the second wave shifts about 40 mV cathodic
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I'ig. 1. Polarograms of 2.9 x 104 M triphenylsulfonium bromide at a pH of 11.5. (A) recorded
in the presence of 0.0089%, Triton X-100; (B) recorded with no maximum suppressor.

| ll‘ |
ol \,}}‘H!‘{ “W “I

0.9 1.0 LI I3
—E vs S.CE.,V

when the suppressor concentration is increased from 0.0049%, to 0.0089,. It is in-
teresting to note that when gelatin is used as a maximum suppressor in place of
Triton X-100, the results are quite different. In this‘ case, the maximum is eliminated
over the entire concentration range from 3 x 10° to 5x 103 M, but only a single
wave with a half-wave potential of approximately —1.2 V is obtained. The final
limiting current in this case is depressed by about 109, by the presence of the gelatin.

Table 1 lists the diffusion current constant, 7, as a function of concentration
in the absence of maximum suppressor. Maximum currents were measured at a
potential of —1.6 V. The value of I remains essentially constant down to a concen-
tration of about 5 x 10—4 M. Below this value [ increases to some extent due presuma-
bly to an increase in the net “n-value” for the reaction. This is in agreement with
controlled-potential coulometric data (vide infra). In the presence of maximum
suppressor when two waves are evident, though the data are somewhat irreproducible,
14/C values are constant for both waves. However, the first wave is larger than the
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second by a factor of 1.6 on the average. This observation is contrary to that reported
by SHINAGAWA who recorded waves of equal height?.

The variation of limiting current with the height of the mercury-head (%)
indicates diffusion control for the total wave both in the presence and absence of
Triton X-100. However, a slight curvature, concave upward, in a plot of the limiting
current of the first wave as a function of 4%, corrected for back pressure, suggests
either some adsorption character for the first wave or a latent influence of the
maximum.

TABLE 1

DIFFUSION CURRENT CONSTANT, /, AS A FUNCTION OF CONCENTRATION
Capillary characteristics: m —= 1.56 mg sec !, ¢t = 4.1 scc at —1.6 V vs. SCE
Conc. (mM) ia|Cmith* Cone. (mM) la]CmiLs*

0.032 5.0 1.0 4.1

0.00 4.5 3.0 4.1

0.10 4.3 5.0 4.0

0.50 4.2

* Diffusion currents were measured at a potential of —1.6 V vs. SCE without maximum suppressor.
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Fig. 2. Drop-time curves for solutions of triphenylsulfonium bromide at pH 10.5. (A) @ supporting
clectrolyte alone, O 2.9 X 1o~* M triphenylsulfonium bromide; (B) 2.9 X 10o-4 M triphenyl-
sulfonium bromide: O with 0.008Y%, Triton X-100, @ with 0.0089%, gelatin.

Fig. 3. Half-wave potentials as a function of pH for solutions containing 2.9 X 10-4 M triphenyl-
sulfonium bromide and 0.0089%, Triton X-r1oo0.

That adsorption is an important factor in the overall reaction process is
emphasized by the drop-time vs. potential curves shown in Fig. 2. It is clear that the
triphenylsulfonium ion is adsorbed at the electrode surface. The fact that there is a
change in the curve following the first half-wave potential and that desorption does
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not take place until —1.35 V vs. SCE suggests that a product of the first reduction
step is also adsorbed. At very low concentrations of the electroactive species, 3 x 10-5
M, adsorption of PhsS+ isstill evident as indicated by the deviation of the drop-time
curve from that for supporting electrolyte alone. Finally, a comparison of drop-time
curves for solutions containing gelatin and Triton X-100 is shown in Fig. zb. There
does not appear to be any significant difference in the adsorption properties of the
two solutions in-so-far as such properties are indicated by drop-time curves, and
hence no clue to the different polarographic properties of the solutions cited above
can be obtained from these data.

The dependence of the half-wave potentials on various solution parameters
is important in the understanding of the reaction process. Fig. 3 indicates the pH
dependence of both waves. The first wave is independent of pH while the second
shows a slight non-linear dependence reminiseent, in form, of the tetraphenylstibonium
ion2, and similar to the reported behavior of the phenylmercury cation?.?. Such non-
linear curves are not uncommon in irreversible reductions involving organic species
and the magnitude of the shift, which is quite small, is not without precedent!o.
Both half-wave potentials are linear functions of the concentration of triphenyl-
sulfonium bromide. The first shifts anodic with a slope of about 50 mV per ten-fold
change in concentration. The second wave shifts cathodic with a slope of approx-
imately 60 mV per decade change in concentration. The first wave shows a positive
half-wave potential dependence on the drop-time while the second is independent
of this parameter.

Based on the usual polarographic wave analysis, the second wave is irreversible
while the first has an abnormally steep slope for a wave which appears to involve a
single electron.

Controlled-potential electrolysis data

The most striking feature of the electrolysis data is that the n-value is con-
centration dependent. Table 2 lists such data obtained in the absence of Triton X-100
at a control potential of —1.6 V vs. SCE, that is, at a potential on the limiting current

TABLE 2

APPARENT #-VALUE AS A FUNCTION OF CONCENTRATION

Conc. (mM) Bapp Cone. (mM) Happ
0.46 2.0 3.5 1.8
0.79 2.0 4.5 1.4
1.2 1.95 8.4 1.0
2.6 1.8

plateau well beyond the second polarographic wave. At low concentrations, the
reduction appears to procede via a two electron process. As the concentration of the
electroactive species is increased the “z-value” decreases. Solubility limitations
preclude the investigation of solutions more concentrated than 8- mM and hence it
is not clear whether the apparent value of # would eventually approach 1 or level
off at an intermediate value. (The significance of these alternatives is discussed
below.) Electrolysis at potentials beyond the second wave does not appear to be
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influenced by the presence of Triton X-100. If, in the presence of Triton X-100, an
electrolysis is performed at —1.25 V, on the plateau of the first wave, an apparent
n-value of 1.140.1 is obtained regardless of concentration.

Electrolysis at potentials on the first wave produced two products which
could be separated by thick-layer chromatography and which were identified as
diphenylsulfide and diphenylmercury. The yield of these products was in excellent
agreement with the amounts expected assuming the stoichiometric conversion of
the triphenylsulfonium ion into these two compounds. Neither benzene nor biphenyl
were identified as components of the electrolysis mixture. In addition to diphenyl-
sulfide and diphenylmercury, benzene was produced by electrolysis at potentials
beyond the second wave. The ratio of benzene to diphenylmercury was dependent
upon the initial concentration of the electroactive species. As expected, when the
apparent n-value was two, no diphenylmercury was produced and as the n-value
decreased, the quantity of diphenylmercury produced increased. Theoretical cal-
culations of expected amounts of diphenylsulfide and diphenylmercury based on
the observed n-value of the electrolysis were in excellent agreement with the exper-
imental yields of the two products for values of # from 1.6-2.0.

Finally, an electrolysis was carried out at —1.6 V vs. SCE of a 3.5 x1073 M
solution of triphenylsulfonium ion containing 0.01%, gelatin. The apparent n-value
for this process was 2.0 compared to a value of 1.7 for an electrolysis under the same
conditions but containing Triton X-100 as a maximum suppressor. The products
were identified as benzene and diphenylsulfide.

Reaction scheme for triphenylsulfonium ion veduction

The following reaction scheme is proposed to account for the electrochemical
data outlined above. The first electron transfer, responsible for the initial polarographic
wave is:

(C5H5)38+...Hg+e* — |(C3H5)3SHg] (I)
The radical produced can either decay via a disproportionation reaction
2‘—(C6H5)3S‘ s Hg . ] — (C6H5)2S + (CﬁHs)zHg +Hg (2)

or, at potentials on or beyond the second wave, the radical can accept another
electron and a proton

|7(C6H5)3S. s Hg] +e-+H+ — (C6H5)2S +CeHg +Hg (3)

The involvement of the mercury electrode both as a reactant and as an ad-
sorption surface is emphasized by its inclusion as a part of the initial reacting species.
It seems clear that strong adsorption at the electrode surface is a necessary pre-
requisite for the eventual arylation of the mercury electrode as demonstrated in the
present instance, in the case of the tetraphenylstibonium ion2 and in some recent
work on the diphenylthallium cation!!.

The reaction scheme detailed above seems to account for the observed
electrochemical behavior. The relation between half-wave potential and pH indicates
that protons are not involved in the first step but are involved prior to the rate-
determining step of the second electron transfer, at least at intermediate pH values.
It may be that in strongly alkaline solution protonation occurs after the second
electron transfer as suggested by Marranovskiil2, The concentration dependence
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of the second half-wave potential is due to the competition of the second-order
disproportionation reaction for the reducible species. Furthermore, the positive shift
of the first half-wave potential with concentration is also attributable to the dis-
proportionation reaction if the first reduction process is reversible or quasireversible.
In such a case, with deactivation of the product by a rapid chemical reaction, a drop
time dependence, as noted experimentally, is also expected!3. Both of these factors
indicate a reversible process even though the slope of the first polarographic wave
is abnormally sharp for a one-electron transfer. It seems probable that this is due to
the influence of the maximum which is difficult to suppress. It is also likely that the
maximum is responsible for the slight non-linearity in the limiting current vs. 2?*
plot since other features usually associated with adsorption waves are not evident
in the present case.

If the first wave does involve, at least formally, the production of a radical
in what is apparently a reversible process, it is of interest to determine the stability
of the intermediate. Cyclic voltammetric studies were performed in an effort to detect
the reoxidation of the radical, but no anodic wave was observed even at the fastest
possible scan rates and oscillographic detection of the current-time curve. This
placed an upper limit of approximately 10 msec on the lifetime of the radical.
Relatively slow scan studies however did provide an interesting picture of the
competing adsorption processes in the system. Fig. 4 shows a steady-state triangular-
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Fig. 4. Steady-state triangular wave voltammogram obtained at a HMD electrode for a solution
of 6 X 10-5 M triphenylsulfonium bromide at pH 11.5. Scan rate, 500 mV sec~1.

wave polarogram for a 6 x 10-% M solution of triphenylsulfonium bromide containing
no maximum suppressor. Initially, peak B is very large, C is quite small and A is
missing. As B decreases, peaks A and C increase to steady values as shown. A and C
are non-faradaic, adsorption peaks as evidenced by their direct proportionality to
the scan rate and it was established, by comparison with authentic material, that
they are due to the adsorption and desorption of diphenylsulfide. Initially, when
little diphenylsulfide has been produced, and because it is competing with the tri-
phenylsulfonium ion for electrode sites, peak C is small and A missing. As its con-
concentration builds up at the electrode surface, diphenylsulfide becomes the pre-
dominantly adsorbed species, replacing the sulfonium ion and causing a further
decrease in peak B. At slower scan rates, peak C decreases, A disappears and B
decreases only slightly. In this case, following the desorption of diphenylsulfide at C,
diffusion of the sulfonium ion from the bulk of the solution and of the sulfide away
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from the electrode shift the adsorption equilibrium in favor of the sulfonium com-
pound once more thus eliminating A and reinforcing B. The same behavior is noted
at higher concentrations of the sulfonium ion. In the presence of Triton X-100, the
triangular-wave polarogram is as expected for a two-step reduction process in which
there are no reoxidizable species. The diphenylsulfide peaks are also gone, no doubt,
because of the adsorption of the surfactant at the electrode surface.

One of the most interesting aspects of the reaction process is the competition
of the disproportionation reaction (2) and the second electron transfer reaction (3).
The reactions remain competitive even when the electrode is maintained at a potential
well out on the second wave. This is indicated by the non-integral and concentration-
dependent n-values cited in Table 2 and by the unequal heights of the polarographic
waves. MEITES has developed equations which permit the calculations of the rate
constant of such a second-order reaction in such an e.c.e. mechanism!4. Two parameters
must be experimentally evaluated in order to make the calculation. §, which is
dependent upon cell geometry, stirring rate, diffusion coefficient, etc., can be evalua-
ted from the final slope of a plot of the log of the electrolysis current vs. time, and
7t which is defined by

T == (%1 + %2 — nappm‘ent) /%2

where in the present case n1=#n2=1, and %#apparent is experimentally determined. The
average value of the rate constant calculated for a series of electrolyses with apparent
n-values from 1.6-1.8 was 2.9+0.3 M -1 1 sec-1. This value is valid, however, only
if it can be assumed that the intermediate species is distributed homogeneously
throughout the solution. If the reaction takes place at or near the electrode surface,
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Fig. 5. Apparent n-values as a function of concentration for the electrolysis of triphenylsulfonium
bromide.

the calculated rate constant will be too small. There is, in fact, evidence which suggests
that the reaction takes place at the electrode surface. The apparent tendency of the
diffusion current constant, 7, listed in Table 1, to become constant at higher concentra-
tions and the leveling off of a plot of apparent n-value vs. log C as shown in Fig. 5
both, if real, could be explained by assuming that the disproportionation is a surface
reaction. The present data do not permit an unambiguous identification of the process
to be made and the calculated rate constant must be considered as a lower limit.
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The pronounced effect of gelatin on the reduction process is not easily ex-
plained. It is found generally, that Triton X-100 and gelatin can be used interchange-
ably as maximum suppressors and their effects on polarographic behavior are usually
quite similar. The apparent shift of the second wave toward more positive potentials
implies that the second electron transfer has been greatly facilitated by the presence
of gelatin and, in fact, is so facile that there is no longer any one-electron intermediate
species. Though inhibition of electron transfer is a more usual consequence of the
addition of surfactants, there are instances in which reactions are facilitated!s. It
might also be argued that the presence of gelatin prevents the reactant from ad-
sorbing in an orientation which favors the arylation of the mercury surface. However,
the similarity of the drop-time curves of solutions containing gelatin and Triton
X-100 appears to refute this.

It is clear that the reduction mechanism of the triphenylsulfonium ion differs
in certain basic ways from that of the tetraphenylstibonium ion reported previously?,
though there are definite similarities. Both processes show two-step polarographic
behavior, involve chemical and adsorption involvement of the electrode and can be
described by reactions which are stoichiometrically analogous. The important differ-
ence, of course, lies in the fact that the disproportionation reaction of the product of
the first electron transfer process remains competitive with the second electron
transfer in the case of the sulfonium compound. A complete two-electron reduction
is affected at potentials on the second wave of the stibonium ion. In this respect,
the stibonium ion reduction parallels the reduction of the phenylmercuric cations.?.
It was, in fact, suggested that the first reduction step of the antimony compound
involved the formation of phenylmercury radicals as one of the products and that
the remainder of the reduction process was identical to that of a phenylmercury
compound?. In the case of the sulfonium compound it would be possible to argue
that the first step is identical to that described above for the stibonium ion but that
the presence of adsorbed diphenylsulfide inhibits the further reduction of the
phenylmercury radical but not its disproportionation. It seems more likely, however,
that the first step involves the formation of a triphenylsulfonium radical which
disproportionates very rapidly at the electrode to diphenylmercury and diphenyl-
sulfide bypassing the phenylmercury radical intermediate. Further, it must be
assumed that this disproportionation reaction is much more rapid than that of the
phenylmercuric species and that the second electron transfer, or the preceding
protonation step, is greatly inhibited in the sulfonium case. The concentration
dependence of the first half-wave potential in the present case, which is not noted
in either the stibonium or phenylmercury reduction processes is an additional argu-
ment in favor of a different initial deactivating reaction in the case of the sulfonium
ion reduction.

Though it is tempting to speculate on the geometrical configuration and the
nature of the bonding in the initial reacting species at the electrode surface, it seems
premature to do so at the present time. It is evident that adsorption plays animportant
role in the processes where transarylation of the electrode takes place and it seems
likely that the reacting species must be able to adopt a configuration at the electrode
which favors the formation of phenylmercury bonds. Furthermore, this is probably
most likely if the central atom can readily utilize its 4 orbitals as sulfur often does.
Satisfactory explanations of differences in the reduction processes and subsequent
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non-electrochemical reactions of analogous compounds must await further studies of
the “onium” compounds and attempts, perhaps by molecular orbital arguments, to
assign configurations and relative stabilities to possible intermediate and adsorbed
species. Such studies are at present underway in this laboratory.

EXPERIMENTAL

Triphenylsulfonium bromide was prepared according to the method of WILDI
et al. via a Grignard reaction on diphenylsulfoxideé. The purified product had m.p.
294.5° (Fisher block). WILDI ef al. report m.p. 285-286° presumably in a capillary
tube while BONNER reports m.p. 292.5° on a Fisher block!?. Triphenylsulfonium
chloride was prepared by the method of BoNNER and had m.p. 297-298° in good
agreement with the literature value. Both compounds displayed identical electro-
chemical properties. Mass spectra obtained for both compounds confirmed their
identity.

All polarograms were run at a constant ionic strength of 17 by the addition
of the required amount of KCI to the buffered solution. Clark and Lubs buffers were
used up to pH 10 and above this value solutions as described by BATES AND BOWER
were used!8.

Polarograms were performed using a controlled-potential polarograph of
conventional design. The response of the amplifiers was adequate for use in cyclic
voltometric studies. Polarograms and slow scan triangular wave curves were recorded
on a Mosely Model 2-D X-Y recorder with a slewing rate of § sec for full scale deflec-
tion, which was deemed adequate for the recording of maximum current polarograms.
Higher frequency curves were displayed on a Tektronix Model-502 oscilloscope. The
triangular wave was obtained from a Hewlett-Packard Model-202A. low-frequency
function generator. Controlled-potential electrolyses were performed using a Wenking
Model 61RS potentiostat. Current—time curves were recorded and current integration
was done graphically. The electrolysis was carried out at a mercury pool in a cell of
conventional design.

Diphenylsulfide and diphenylmercury produced during electrolysis were
removed from solution by extraction with carbon tetrachloride. Separation of the
two components was affected by thick-layer chromatography using silica gel Pasa
distributed by Brinkman Instruments. The compounds were extracted from the
silica gel and weighed. Blank experiments using authentic samples indicated that a
989, recovery of diphenylsulfide and a 959, recovery of diphenylmercury was possible
by this method if the separation was done quickly. If it was not done rapidly,
diphenylmercury was lost by decomposition from the thick-layer plate. This rather
unusual decomposition of the normally stable compound is readily observable under
UV light. Identification of diphenylmercury and diphenylsulfide was made on the
basis of their IR spectra and thin-layer chromatographic behavior as compared to
authentic samples of the compounds. Benzene was identified by its characteristic
UV absorption after separation from diphenylsulfide by distillation.
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SUMMARY

A reaction scheme based on polarographic, controlled-potential electrolysis
and cyclic voltammetric data has been proposed for the electrochemical reduction
of the triphenylsulfonium ion in aqueous solution. Comparison of the reduction
process with those of other analogus “‘onium” compounds of Group Va indicates
that there are both similarities and interesting differences in their reaction paths.
The role of adsorption appears to be an important one in the overall process.

REFERENCES

1 H. MaTtsvo, J. Sci. Hivoshima Univ., Sec. A., 22 (1958) 281.

M. D. Morris, P. S. McKINNEY AND E. C. WoopBURY, J. Electroanal. Chem., 10 (1965) 85.

. ZUMAN AND S.-Y. TANG, Collection Czech. Chem. Commun., 28 (1963) 829; S.-Y. TANG AND

P. ZumaN, ibid., 28 (1963) 1524.

J. E. SAVEANT, Compt. Rend., 257 (1903) 448; 258 (1964) 585.

L. L. CoLicaMAN AND D. L. LovE, J. Org. Chem., 18 (1953) 40.

M. FiNkeLsTEIN, R. C. PETERsON AND S. D. Ross, J. Electrochem. Soc., 110 (1963) 422.

M. SHiNaGawA, H. MATsuo AND N. Maxki1, Bunseki Kagaku, 5 (1950) 8o.

V. Voiir, Collection Czech. Chem. Commun., 16 (1951) 488.

R. E. BenescH aND R. BenescH, J. Am. Chem. Soc., 73 (1951) 3391; J. Phys. Chem., 56

(1952) 648.

10 P. J. ELVING, Purve Appl. Chem., 7 (1963) 123.

11 Private communication from M. D. Morris, The Pennsylvania State University, University
Park, Pa.

12 S. G. MarrRANOVSKIL, [. Electroanal. Chem., 4 (1962) 166.

13 J. HEYROVSKY AND J. KUTA, Principles of Polarography, Academic Press, New York, 1966,
P- 396.

14 L. MEITES, J. Electroanal. Chem., 5 (1963) 270.

15 Reference 13, p. 303 ff.

16 B. S. WiLp1, S. W. TavLor aND H. A. PoTrATZ, J. Am. Chem. Soc., 73 (1951) 1965.

17 W. A. BONNER, [bid., 74 (1952) 5078.

18 L. MEITES, Handbook of Amnalytical Chemistry, McGraw-Hill, New York, 1963, chapter 11.

[SUIN
)

ou A
=

O 00~

J. Electroanal. Chem., 16 (1968) 261-270



ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 271
Elsevier Sequoia S.A., Lausanne — Printed in The Netherlands

SHORT COMMUNICATIONS

Temperature coefficient of e.m.f. of the cell Cu|Cu-soap(s), K-soap,
Ag-soap(s) | Ag and the entropy of reactions

Although most of the heavy-metal salts of the higher fatty acids are insoluble
in water, metal-metal soap electrodes have been little studied. KOLTHOFF AND
JorNsoN! used a silver-silver laurate electrode for measuring the laurate ion activity
in aqueous solutions of potassium laurate. We have carried out systematic studies
on a number of metal-metal soap electrode systems using electropositive metals like
copper, nickel, cobalt, etc. In recent communications we have reported on the suitabil-
ity of cobalt—cobalt soap? and copper—copper soap electrodes? for studying the
detergent anion activity variation in aqueous solutions of potassium salts of the
higher fatty acids. This communication is a further study of the metal-metal soap
electrode systems and reports on the values of AG, AH and AS, calculated from e.m.{.
measurements of the cell Cu]CuDz(s), KD, AgD(s)|Ag, for the reaction Cu+2 AgD=
CuD:+2 Ag (D =laurate, myristate, palmitate and stearate).

Experimental

Reagents: Lauric, myristic, palmitic and stearic acids were reagent-grade
(B.D.H.) products purified by repeated crystallization from alcohol.

Potassium laurate, myristate, palmitate and steavate. These were obtained by
refluxing equivalent amounts of fatty acids and potassium hydroxide in alcohol for
10-12 h on a water bath. The soaps were further purified in a soxhlet by acetone and
finally, recrystallised from alcohol.

Copper and silver soaps. Copper and silver soaps were prepared by direct
methathesis at 50-55° from the corresponding potassium soaps and an aqueous
solution of copper sulphate or silver nitrate. The precipitated metal soaps were
washed with distilled water and then with ethanol to remove free precipitant.

Preparation of copper and silver electrodes. Copper electrodes were prepared
by depositing copper on platinum wires by the electrolysis of a solution containing
8% CuSO4 and 4.69, H2SO4. The electrodes were connected to a 2-V battery and a
current of 15 mA was passed for 4 h.

Silver electrodes were prepared by the method described by KOLTHOFF AND
JoHNsoN1.

E.m.f. measurvements. E.m.f. measurements of the cell,

Cu[CuDs(s), KD(C), AgD(s)|Ag

were carried out at different temperatures in a thermostat. The two limbs of an
H-type cell were provided with silver and copper electrodes, respectively. The cell
contained aqueous solutions of potassium soap saturated with silver and copper soap.

The reaction taking place in the cell for the passage of 2F of electricity is:
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TABLE 1

E.M.F. OF THE CELL, TEMPERATURE COEFFICIENT OF E.M.F., AND AG, AH AND AS FOR THE CELL
REACTIONS

Cell veaction E.m.f. of a T

dE AGsozex ASs0s°K AHgos-x
cell at 303°K, 7T (Cal) (Cal deg.—1) (Cal)
E
(V) (V deg=t.)
Cu + 2C11H23COOAg = 0.290 0.001 —13380 40.13 590
(C1iH23CO0)2Cu + zAg
Cu + 2Ci3HCOOAg = 0.270 0.00095 —12400  43.81 810
(C13H27CO0)2Cu + 2Ag
Cu + 2C;5H3COOAg = 0.241 0.0009 — 11110  41.51I 1460
(C15H3:CO0)2Cu + 2zAg :
Cu + 2Ci7H35CO0Ag = 0.210 0.000816 —09685  37.02 1695

(C17H35CO0)2Cu -+ 2Ag

2AgD42e=2Ag+2D-
Cu+2D- = CuDz2+2e¢
Cu+2 AgD = CuD2+2 Ag

Results and discussion

The e.m.f. of the cells were found to be independent of the concentration of
the potassium soap solution. AG, AH and AS have been calculated (at 303°K) using
the following equations:

AG = —unEF (1)
MG NI = (%G—))

Or
—nEF =AH—nFT (%) (2)
AS =uF (3—];:) 3)

Table 1 gives the values of the e.m.f. of the cell at 303°K, the temperature
coefficient of the e.m.f. and the values of AG, AH and AS for the cell reactions.
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Spurious faradaic process and determination of the point of zero
charge of mercury

In their thorough study of experimental methods for the determination of the
point of zero charge (£,) of mercury in various electrolytes, GRAHAME ef al.! noted
that the classical method (his method V) employing a streaming mercury electrode
(SME) gave, for o.1 M KCl, a value of E,, 3 mV less negative than other methods.
He considers this method to be the most reliable for dilute solutions with the reserva-
tion that it would be desirable to understand its source of error.

The main source of error in this method is the occurrence of a spurious faradaic
process in the range of potentials near E,. Since the electrode is at open circuit, the
faradaic current must be compensated by the charging current of the double layer.
The potential [, at open circuit is then shifted positively with respect to the true
E, for a cathodic faradaic process, and negatively for an anodic process. This effect
was noted by LAITINEN et al.2 for the dropping mercury electrode and was applied
to the analysis of oxygen traces. The treatment of the shift of potential of a SME at
open circuit, which was recently developed3 for kinetic studies in media of low
conductivity, will be transposed to the present problem. GRAHAME's observations!
will be discussed, and the possibility of serious error on E, for systems for which the
double-layer capacity near F, is low (i.e., below 10 uI¥ em~2) will be pointed out.

We assume hydrodynamic conditions for which eqn. (1) below applies as a
first approximation. This is not the case in many instances, but the treatment points
out the essential factors. We further assume that the potential is in the limiting
current range for the reduction or oxidation of the impurity involved in the faradaic
process. This is the case for Os-reduction for which E, for most electrolytes is in the
plateau of the first wave (reduction to hydrogen peroxide). The shift of potential,
obtained by equating the capacity and limiting currents is then

|Ep — E,| =2nF oD}

I‘ r(ljm)tes (1)
C
where 7 is the number of electrons in the faradaic process, I© the faraday, 6 the mercury
density, D the diffusion coefficient of the species being reduced or oxidized, C the
integral capacity of the double layer (assumed to be potential-independent in the
interval 5, —F,), » the radius of the mercury-jet, / its length, m the flow rate of
mercury, and ¢* the bulk concentration of the reducible or oxidized species. One has
Ew—E, 2o for a cathodic or anodic process, respectively.

Equation (1) shows that E, —E, is proportional to the bulk concentration,
¢s, and to (//m)*. Typical data for a conventional SME are: »=5-10-3 cm, /=1 cm,
m=1g sec !, C=20ulF ecm2. The shift of potential is then approximately 16 mV
for n=2 and ¢*=10"% mole 1-1, i.¢., for a not particularly strenuous removal of
dissolved oxygen from an aqueous solution. Assuming that the electrode characteristics
in GRAHAME'’s experiments! were similar to those of this calculation, one estimates
a residual oxygen concentration of 2-10-% mole 1-1 in this author’s careful work. It
does not appear easy, to say the least, to lower this residual concentration by con-
conventional techniques4.

The foregoing analysis shows that a serious error can be expected when the
capacity C is much lower than the value of 20 uF cm~2 used in the above numerical
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example. This is the case in dilute (e.g., 10-3 M) aqueous solutions or in non-aqueous
solvents of low dielectric constant (C=1 gIF cm~2 in some instances). The shift of
potential can easily be 0.1 V, unless residual oxygen is very carefully removed. This
is often harder to achieve with non-aqueous solvents than with aqueous solutions
because of the higher oxygen solubility in many of these solvents than in water.
Application of this method to potassium acetate solution in glacial acetic acid gave
Ep-values which disagreed significantly (0.1 V or more) with £, as determined by
the minimum in the differential capacity—potential curve’ (adsorption could also
be invoked to account for the discrepancy or part of it).

Equation (1) suggests a method for the extrapolation of £, back to E,.
Thus, a plot of Ey vs. (//m)t should yield E, as intercept for (I/m)* =o0. This relation-
ship seems to be obeyed (Fig. 1) for an essentially air-saturated solution. However,
this procedure is not particularly recommended unless the hydrodynamic conditions
justify the application of eqn. (1). Moreover, the range of I/m over which a SME
operates properly is rather limited, and extrapolation is uncertain.
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Ilig. 1. Potential at open circuit vs. (I/m)! for air-saturated 1.014 M HCIO4. Potential referred
to He-electrode at 1 atm. in soln. Extrapolation to (//m)* = o, yiclds I = —0.18 V in this scale,
i.e., —0.43 V vs. SCE (not too far off for extremely poor conditions).

Iiig. 2. Potential at open circuit vs. mercury pressure for 1 M KNOj - o.1 M KCl: (A), after
de-acration; (B), after introduction of oxygen trace following de-acration. The value of E, thus
obtained was to be used in an analysis of SLUYTERS’ data% on this clectrolyte mixture. This
accounts for the selection of this solution in this work.

Some caution is also in order in the application of GRAHAME's recommendation
to regard as valid, values of I, corresponding to the plateau in a plot of potential
vs. mercury-pressure. A maximum in the curve, rather than a plateau, may indeed
be observed (Fig. 2). The shape of the curve in Fig. 2 can be explained tentatively
by assuming the proper variations of / and m as the pressure increases. Even when
a plateau is observed, one cannot assume with certainty, as GRAHAME suggested, that
Epn=FE, A constant error may well prevail.
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In conclusion, the only way errors in values of E, determined by this method
can be prevented, seems to be the complete removal of reducible or oxidizable im-
purities. The error resulting from a spurious faradaic process can be roughly estimated
by means of eqn. (1) provided the bulk concentration of impurity is known (¢f. above
reservation). This concentration could be determined in situ by means of a coulostatic
method with a hanging mercury drop?.
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Electrochemical reduction of perrhenate in sulfuric acid solution

Although the products of Re(VII) reduction in acid solutions have been
thoroughly examined in recent years, the results of the many investigations present
a confusing picture! 6. The assignment of valence changes for the first polarographic
wave in acid media, for instance, ranges from one to seven electrons depending on
the investigator consulted. It has been generally conceded, however, that this wave
corresponds to the three-electron reduction to the Re(IV) stated. Attempts to verify
valence changes by coulometric measurements on mercury pool electrodes have met
with small success owing to the apparent ability of a rhenium species to depolarize
the hydrogen evolution reaction on mercury2. This communication presents some
observations on the reduction of perrhenate in sulfuric acid solution on platinum
and mercury electrodes and attempts to eliminate some of the past difficulty in
interpreting the nature of the first reduction wave.

Materials and apparatus
Re(VII) was obtained as high purity rhenium heptoxide* and used without
further purification. A standard sulfuric acid solution of 3.7 M (30 wt.9%,) was

* From Professor Melaven, University of Tennessee, Knoxville 16, Tenn.
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prepared from reagent-grade concentrated HaSO4 and deionized water of conduct-
ivity <106 Q-1 cm~1. Potentiostatic measurements were made using a Duffers
Model 600 potentiostat with current-time traces recorded on an Esterline-Angus
graphic ammeter with appropriate shunt. Cell voltages were measured with respect
to saturated calomel electrodes (SCE). Luggin capillaries containing 3.7 M H.SO4
were used to avoid chloride contamination of the solutions. Owing to the significant
liquid junction potential, the measured value of the SCIE vs. a hydrogen electrode in
the same 3.7 M H2S04 solution is 0.194 V at 25°.

Chronopotentiometric transients were obtained using a manually pulsed
constant current obtained from a 30-V regulated d.c. supply and a high series
resistance. The transients were displayed on a Tektronix 545-A oscilloscope with
Type-D plug-in preamplifier and photographed with a Dumont 453 A Polaroid
attachment. A 0.25-cm? platinized-platinum microelectrode was used for the chrono-
potentiometry. Other studies were carried out with a platinized-platinum basket
electrode or a purified mercury pool. All experiments were conducted at 25+1°.

Reduction on platinum

Initial observations on a platinum-black electrode in 0.025 M RexO57 in 3.7 M
H.SO,4 indicated the presence of a small ill-defined reduction wave beginning at
about +0.2 V vs. SCE. Potentiostatic reduction at the foot of this wave at about
0.0 V (SCE) produced a brown-black cathode deposit in addition to the formation
of an opaque colloidal suspension of the brown-black material in the acid solution.
This observation agrees with that of WEHNER AND HINDMAN® who suggested a 44
valence for the material formed. An electrolysis cell was therefore assembled with a
potentiostatted platinum basket cathode to determine the valence change in this
process. Reduction was carried out at 0.0 V (SCE) at 257 under a helium atmosphere,
and the full current—time trace integrated from the recorder. The valence of the
species produced by this technique was found to be 3.98, in agreement with WEHNER'S
observations. It should be noted that the colloidal suspension of brown-black material
formed is very finely dispersed and shows no appreciable separation on centrifugation.

During the course of this electrolysis a reference platinum microelectrode was
suspended in the solution. This electrode assumed a rest potential of about 0.2V
(SCE) during the electrolysis. From time to time, anodic chronopotentiograms were
recorded from this electrode. These chronopotentiograms showed a well defined
anodic wave with quarter wave potential, £, ~ +0.4 V. A typical example is shown
in Fig. 1. Subsequent electrochemical oxidation on the platinum basket at potentials

Fig. 1. Anodic chronopotentiogram on reference platinized-platinum  microclectrode  during
reduction of perrhenate on auxiliary platinum basket. Top 0.0 V SCIZ, 6o mV/div. (- = downward)
0.2 sec/div., left to right, 40 mAjcem?2, 25",

Fig. 2. Anodic chronopotentiogram on reference microclectrode in violet-red rhenium solution
after reduction on mercury. Same conditions as IFig. 1, except o.1 sec/div., left to right.
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TABLE 1
Expt. No. Half-wave slope, Calcd.
(mV]unit t|r) n
(Fig. 1) 118 0.53
I 135 0.406
[11 127 0.49
18% 1 0.50
Vv 132 0.47
Av. 0.50

corresponding to this wave (+0.4-0.7 V) under a helium atmosphere indicated that
the solution returned to its original colorless condition. The excellent definition of
these traces prompted their analysis in terms of the expected potential-time depend-
ence for an irreversible diffusion controlled process. It can be shown? that for such
a wave:
OAE ’ RT
(e
where 7 is the transition time and all other symbols have their usual significance,
Analysis of five such transients is shown in Table 1, with the values for the trace in
Fig. 1 included. The average value of xn=o0.50 derived from these slopes, is in agree-
ment with that for a one-electron charge-transfer limited process.

anl’

Reduction on mercury

An electrolysis arrangement similar to that already described was assembled
with substitution of a mercury pool (~25cm?2) for the platinum basket cathode.
It was found that, after a few moments of electrolysis at potentials negative to SCE,
the primary cathodic process was evolution of hydrogen gas commencing at about
—0.3V (in the absence of Re207, the hydrogen evolution potential is > —2.0V
SCE). This catalytic enhancement of the hydrogen evolution is apparently a relatively
efficient process since currents of about 1 A could be sustained indefinitely at —o0.8 V.
Continued electrolysis at about —o0.3 V indicated that the hydrogen evolution
process was less than 1009, efficient, however, and was accompanied by slow for-
mation of a violet-red species in solution. The colored species was first observed at
the electrode surface and is not believed to arise from reduction of perrhenate in
solution by dissolved hydrogen gas. Overnight electrolysis produced an intensely
colored solution (violet-red) with no indication of the black-brown precipitated
material found in electrolysis on platinum.

A reference platinum microelectrode placed in this solution, however, showed
a rest potential essentially equal to that found in the platinum electrolysis system
where a valence change of three was found. Moreover, anodic chronopotentiograms
taken on this electrode (which was never moved to a potential negative to its rest
potential) indicated an anodic wave identical with that found in the platinum elec-
trolysis system as shown in Fig. 2 (note that the time base is different from that in
Fig. 1). It was concluded on this evidence, that the brown-black suspensions and the
violet-red solutions contained the same electroactive rhenium species, and that the
apparent differences were caused by a chemical disproportionation during the elec-
trolysis on platinum electrodes.
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Discussion

While the combined data on mercury and platinum indicate the existence of
a disproportionation reaction in the system, the valence of the electroactive species
(V or VI) is not definitively shown. The observation of a one-electron charge-transfer
slope suggests the electroactive species to be Re(VI). This observation is supported
by the known disproportionation of solid ReOs to the (IV)- and (VII)-states® (further
evidence for an initial univalent change has been presented in a previous paper on
perrhenate reduction under capillary flow conditions?). The observed differences in
initial reduction on platinum and mercury can then be explained by the reaction

3 Re(VI) < Re(IV) +2 Re(VII)

to produce the insoluble dioxide or equivalent acid form in equilibrium with Re(VI).
This reaction is apparently catalyzed by the platinum surface and not by the mercury
surface, and proceeds readily on platinum at ambient temperature. This dispropor-
tionation undoubtedly can explain the wide variety of observed color variations.
The expected high activation energy for the chemical process can likewise be expected
to produce an indicated valence change on polarographic reduction anywhere between
one and three electrons, depending on the temperature and electrode material. Thus,
on an electrode and at a temperature that allows rapid equilibration of the chemical
reaction, the full three-electron change will be evidenced. As catalytic activity for
the disproportionation decreases, the observed “n’-value will likewise decrease. In
an analogous manner, since the Re(IV) represents a reservoir of electroactive Re(V1),
a treatment of the anodic transition time data in terms of diffusion considerations for
Re(VI) is not meaningful.

Acknowledgements

This work was made possible by the support of the Advanced Research Projects
Agency under Order No. 247 through the U.S. Army Electronics Laboratories
(Contract No. DA 36-039 SC-891560). Permission to publish is gratefully acknowledged.
The author wishes to thank H. E. FrREw for carrying out much of the experimental
work.

Government Research Laboratory, J. A. SHROPSHIRE
Esso Research and Engineering Company,
Linden, New Jersey (U.S.A.)

J. J. LiNGANE, J. Am. Chem. Soc., 64 (1942) 1001, 1005, 2182,

C. L. RuLrs AND P. J. ELvING, [. Am. Chem. Soc., 73 (1951) 3284, 3287.

J. P. King axD J. W. CoBBLE, J. Am. Chem. Soc., 79 (1957) 1559.

I. M. KoLTHOFF AND J. J. LINGANE, Polarography, Vol. 2, Interscience Publishers Inc., New
York, znd ed., 1952, p. 472.

J. C. HINDMAN AND P. WEHNER, [. Am. Chem. Soc., 75 (1953) 2809.

P. WEHNER AND J. C. HINDMAN, /. Am. Chem. Soc., 75 (1953) 2873.

P. Derauay, New Instrumental Methods in Electrochemistry, Interscience Publishers Inc., New
York, 1954, p. 179.

N. V. Sipewick, Chemical Elements and Their Compounds, Vol. 11, Oxford University Press,
London, 1950, p. 1300.

9 J. A. SHROPSHIRE, J. Electroanal. Chem., 9 (1905) 9o.

=W N =

(i8S}

0 3

Received March 15th, 1967

J. Electroanal. Chem., 16 (1968) 275-278



SHORT COMMUNICATIONS 279

Polarography with controlled current density or chronopotentiometry
with current density sweep at a dropping mercury electrode

From its inception, polarographic procedure has consisted of an essentially
discontinuous, but in practice continuous, change of potential of a dropping mercury
electrode and the measurement of the corresponding current.

In the fifties, the reverse procedure was tried!-2. This was followed by criti-
cism? and more detailed exposition4.5. The further lack of interest may be ascribed to a
serious drawback inherent in the proposed method, viz. the high current density
during the first stage of drop life. This results in the starting of a secondary elec-
trolysis process at a more negative electrode potential followed by a reverse reaction
in the case of rapid (reversible) systems, because of the increase of electrode potential.
The interpretation and quantitative evaluation of the graph suffer from this sec-
ondary effect.

drop volume

YV dvdvdvd

time

current density

time

current intensity

time

Fig. 1. (a), Drop volume; (b), current density; (c), current intensity as functions of time in
arbitrary units (schematized).

The use of a circuit with controlled current density overcomes this difficulty.
Automation as in normal polarography brings about a slowly increasing current
density in such a way that during drop life it may be considered as constant. The
impressed current intensity requires a special form and synchronization with the drop
fall by means of a drop-life timer (Fig. 1).

The procedure may be considered essentially as chronopotentiometry at a
mercury drop expanding at the normal rate, an idea not yet elaborated in the literature
but only perhaps suggested. The special feature lies in the application of a slow
current density sweep.

When the apparatus has just been started, the transition time is too long to
be contained within the drop life, and consequently only a small part of the chrono-
potentiogram is covered by the recorder. The increasing current density involves a

J. Electroanal. Chem., 16 (1968) 279—281



280 SHORT COMMUNICATIONS

lowering of the transition time and a moment comes at which drop time and transition
time coincide.

From this time on, the electrode potential undergoes a considerable shift in
the negative direction during the last period of the drop life. This indicates that a
second process (reduction of a second component or decomposition of the supporting
electrolyte) starts during this period.

In contrast to the constant current intensity method, where the left branch
of the envelope of the recorded diagram resembles the classical polarogram, here it
is the 7ight branch (Fig. 2).

seconds

400

300

200

1004

—1——————————— Volts vs SC.E.
0 -05 -1.0 =15

Fig. 2. Polarogram for a 5-10-4 M Cd2* soln. in o.1 M KCI.

By analogy with the term “limiting current” in ordinary polarography, “lim-
iting time”” may be used for the moment when a considerable change of the course
of the envelope is observed. It is also possible to apply the same construction for
the determination of its value. The reproducibility appears to be very good.

The results obtained thus far indicate that the limiting current is proportional
to the concentration (this holds also for a second component), to the two-thirds
power of the head of mercury, and to the one-sixth power of the drop-time. The
limiting time is inversely proportional to the gradient of the current density sweep.

Compared with classical polarography, this procedure allows the ohmic
voltage drop in the circuit to be more easily eliminated. The apparently additional
advantage of the absence of a maximum in the time vs. potential curve loses much
of its interest because the value of the limiting time is strongly affected by the
absence of a capillary-active substance. This is in conformity with the swirling
around the mercury drop observed in the constant intensity method?.

It will be possible to reduce, by electronic means, the recorded diagram to the
neighbourhood of the envelope and thus to reduce the paper consumption.

It is hoped in the future to analyse the theoretical basis of the proposed
method and give more detailed results.

Laboratory of Analytical Chemistry, H. L. Kies
Technological University,
Delft (Netherlands)
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BOOK REVIEWS

Transactions of the Third International Vacuwm Congress, Stutigart, Germany, 1963,
Vol. 2, Parts I, IT & I11, edited by H. Apam, Pergamon Press, Oxford, 1967, xxx +
776 pages, £20.

These 3 handsome books, totalling 800 pages and 3.7 kg weight contain the
122 papers that were presented at the 3rd International Vacuum Congress held in
Stuttgart, Germany, in June 1965. They constitute Volume 2; Volume 1, containing
the plenary lectures, was published earlier (reviewed in J. Electroanal. Chem., 14
(1967) 371). The Congress attracted 750 participants and the immediate impression
one gains (apart from the explosive growth of science, to which we are now attuned)
is that vacuum science and technology has come to reach into a surprising number
of subjects. Only a few years ago a vacuum system would mean that basic surface
phenomena were being investigated in the absence of most of the air. Now we are
sputtering, gettering, cryopumping and measuring routinely to the 10-1° torr range;
we are studying gas flow forms and vacuum metallurgy, producing microcircuits and
testing space vehicles.

At a world forum of this nature one might reasonably expect a cross-section
of world effort. Certainly, a nice balance is struck between industry on the one hand
and government and university laboratories on the other, and 19 countries are
ostensibly represented. There are, however, disappointments. Only one Russian
laboratory is represented and there is still nothing from China, where a sophisticated
vacuum science and technology exists (when will they burst upon us?). Again, there
are 31 papers from the United States, but the General Electric Research Laboratory
with its continued eminence from LANGMUIR and DUSHMAN to the present, has made
no contribution; I.B.M. and Edwards High Vacuum each have 6. The shadow of
Professor ALPERT (the Bayard-Alpert gauge, the first ultrahigh vacuum tap) rightly
falls across many of the pages but his active laboratory at the University of Illinois
is only responsible for one paper via Spain. The United States and Germany (host
country) together account for exactly half of all the papers. The official languages
were English, French and German but English is the popular choice—;o of the papers,
including 3 from Germany, are in English. Only 11 are in French.
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Every reviewer of the publication of a conference must be aware of having
seen something like some of it somewhere else. Indeed, previous or future details
are often disclosed, and in this way science develops, but the fact remains that the
best conferences are also the unique ones. Judged on this basis, the Vacuum Congress
presents a substantial body of new material. It would be unfair to pick out exceptions;
suffice it to say that readers of Vacuum and the Journal of Vacuwum Science and
Technology will not be surprised by a small number of the contributions, and may
even recognise certain blocks.

Three highlights have been picked out. Electrochemists will be especially
interested in E. KaANsKY's electrochemical vacuum gauge (pp. 535-541). A logarithmic
indication of pressure is taken from the electromotive force of a galvanic cell in
which one reaction component is a gas and the electrolyte is a vacuum-tight membrane
of “special glass’”’. Partial-pressure measurements for alkali-metal vapours covering
the range 102-10-20 torr can be made by this novel method. E. W. MULLER and his
co-workers have collected together a set of 8 magnificent field ion micrographs for
iron, nickel, cobalt and niobium (pp. 431—439). These pictures, which show atomic
detail, were made possible by lowering both the shaping and ionisation fields through
the presence of a partial pressure of hydrogen. With laser welding upon the scene,
it is opportune to have electron beam welding 7n air reported (W. DIETRICH, pp.
595-600). The beam reaches the atmosphere through chambers which are separately
maintained at intermediate pressures, and it emerges as a diverging jet which ter-
minates in a blue ball of ionised air. Weld depth-to-width ratios of 6:1 are reported
for a 3-kW, 160-kV beam.

Relatively little of the conference was devoted to ultrahigh vacuum gauges.
There does not yet seem to be a general awareness that readings from presently
available gauges are in considerable error at 10-13 torr; gauges have not kept pace
with the capabilities of systems in the last few years. This is likely to be remedied
at the 1968 Congress.

Papers have been split into 13 sessions although 4 of the session titles are
repeated. Apart from the listing of the entire collection in this way in each book,
there is neither an author nor a subject index—one has to delve despite the £20 cost.
A feature of the production is the way each paper starts on a new leaf (easy reprints?).
This leads to one-seventh of the book as unused glossy paper, 75 pages that are to-
tally blank. To summarize, the books are beautiful, they provide a central depository
of current information, but accessibility should have been greater.

DeREk F. KLEMPERER, Department of Physical Chemistry, University of Bristol
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Progress in Nuclear Energy, Series IX. Analytical Chemistry, Vol. 7, edited by
H. A. Ecion axp D. C. STEwART, Pergamon Press, Oxford, 1966, 288 pages, gos.

This volume comprises five chapters devoted to arange of analytical techniques
which either have or could have application in the chemistry of nuclear energy
production. The subjects and style of the contributions differ to an extent that
makes any collective observations valueless.

Electron diffraction techniques and their applications to the study of surface
structure (R. K. HART, 18 pages) is a brief introduction to the use of electron diffrac-
tion methods from 100 ¢V to 1200 keV. The potentialities of these methods are
reviewed, and the application of electron microscopes in the range 50-100 keV is
presented in some detail.

Liquid scintillator solutions in nuclear physics and nuclear chemistry (D. L.
HorroCKs, 88 pages) is a comprehensive review of the mechanism of scintillation,
the optical design of containers, and the application of scintillation counting
methods to different ionising radiations. Photomultipliers are considered very
briefly, but their associated electronics have been omitted.

In-line analytical instrumentation of nuclear fuel reprocessing plants (C. R.
McGowan AND J. K. FOrREMAN, 65 pages) presents, very briefly, accounts of analytical
methods that have found application or have been proposed for the control of plant
operations without interruption. Methods depending upon radiation monitoring have
been excluded. Clearly, an account of polarography in four pages or of oxidation—
reduction potentiometry in a further four, will be of limited interest to an electro-
chemist, but the article indicates the ingenious way in which accepted analytical
methods have been adapted to the requirements of automation.

A table of coefficients for the microprobe analyst (R. D. DEWEY; with tables
of X-ray data prepared by R. D. DEwey, R. S. Mares axp T. W. RevyNoLDs, 65
pages) gives the details of a method for calculating the results, which combines the
corrections for mass absorption, fluorescent enhancement and electronic (alpha)
functions into a single function (fs). Tables are given for fs for the elements 1—¢2
for the common analytical K- and L-lines from A=17.6-0.127, and ancillary tables
for gi(x), g2(x), computed wavelength and interference. This contribution is for the
practitioner alone, who will find no inconvenience from the scant reference to units,
but who may disapprove of finding every table in two halves on obverse and reverse
sides of the paper, a situation which the publishers might have remedied by using
the blank page 178.

The ion-microprobe mass spectrometer (A. E. BARrRINGTON, R. F. K. HErRZOG
AND W. P. POSCHENRIEDER, 30 pages) is an introductory article to a relatively new
development in mass-spectrometry. The method of stripping material from solid
surfaces, monolayer by monolayer and ionising it for mass-spectrometric analysis,
using a 10-kV beam of inert gas ions, is described in detail and its potentialities are
compared with such techniques as X-ray and electron diffraction, and X-ray fluo-
rescence.

The book is well-presented and adequate author and subject indexes have been
provided.

A. CoUPER, University of Bristol
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International Series of Monographs in Electromagnetic Waves, Vol. 12, The Plane
Wave Spectrum Representation of Electromagnetic IFields, by P. C. CLEMMow, Per-
gamon Press, London, 1966, vii 4185 pages, 50s.

This book explains how general electromagnetic fields can be represented by
the super-position of plane waves, and illustrates how this representation can be
used in treating problems in the classical theories of radiation, diffraction and
propagation. Its aim is to “furnish the student of electromagnetic theory with a
useful technical tool and a comparatively compact account of some interesting
aspects of his discipline’’. As this implies, it is a book for the specialist in electro-
magnetic theory.

The applications include diffraction by a plane screen, propagation over
plane surfaces (e.g., radio propagation over a homogeneous earth) and the field of a
moving charge. Most of the book deals only with isotropic media, but anisotropic
media are discussed briefly in a final chapter.

T. H. K. BarroN, Department of Theoretical Chemistry, University of Bristol.
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ERRATA

B. EpstEix axp T. Kuwaxa, Electrooxidation of phthalhydrazides, J.
Electroanal. Chem., 15 (1907) 389-397.
The last reaction on p. 395 should read: (b) R4+0O;—> Z (non-electroactive).

S. Rorria aND E. VIANELLO, Potential-sweep voltammetry-—Adsorption of
chloranilic acid on a mercury electrode, J. Electroanal. Chem., 15 (1g07) 405-413.
Table 1, the headings of the 2nd and 3rd columns should read:

(OQIm) Fnd (@m‘i) (1) ('I() .4)
vt ov-t)e \C
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