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APPLICATION OF THE METHOD OF TIME-DOMAIN REFLECTOMETRY
TO THE STUDY OF ELECTRODE PROCESSES

RICHARD PAYNE
Air Force Cambridge Research Labovatovies, L. G. Hanscom Field, Bedford, Mass. (U.S.A.)
(Received April 1st, 1968)

INTRODUCTION

Experimental observation of slow relaxation processes occurring in the metal-
aqueous solution electrical double layer have been reported recently. Bockris and
coworkers!—3 have been concerned with the frequency-dependence of the a.c. impe-
dance, as measured by the bridge method at low audio frequencies, for mercury and
other electrodes. The frequency dispersion has been attributed to a relaxation process
characterised by a distribution of relaxation times centered about a time several or-
ders of magnitude shorter than the time scale of the measurements. SCHULDINER and
coworkers4:5, on the other hand, have employed a conventional current-step method
to evaluate the impedance at a platinum electrode, from which they conclude that
equilibration of the double layer may take up to 30-100 nsec after perturbation.
However, it is clear in both of these approaches that the experimental method is being
extended up to, and possibly beyond, its limit. The development of improved techniques
is, therefore, highly desirable for the extension of kinetic measurements of this kind.
One such approach is the use of optical methods. Another is the improvement of the
electrical pulse methods using the recently developed techniques of time-domain
reflectometry (TDR)*. This is purely an instrumental advance which improves the
time resolution of the measurements by the use of transmission line techniques and the
sampling oscilloscope. In this paper, the application of the TDR method to the meas-
urement of impedance at the electrode-solution interface is described. The results of
measurements at platinum electrodes in aqueous solutions are discussed.

TIME-DOMAIN REFLECTOMETRY

The heart of the TDR method is the sampling oscilloscope which uses the
stroboscopic principle to reconstruct a wave form from samples taken from successive
cycles of a repeated waveform. In this way the limitation in bandwidth of conventional
cathode ray tubes and amplifiers is overcome. Bandwidths extending from d.c. to
several gigahertz are possible with currently available instruments (1tGHz=10° Hz).
The principle of the sampling oscilloscope is illustrated in Fig. 1. The input waveform
is sampled for a very short interval of time (less than 0.5 nsec) during which the wave-
form voltage is measured and recorded as a dot on the CRT with a Y-displacement

* Time-domain reflectometry is the name of a technique developed by the Hewlett-Packard
Company for the pulse testing of transmission lines using the sampling oscilloscope.

J. Electroanal. Chem., 19 (1968) I-14



2 R. PAYNE

corresponding to the voltage at that instant. The next sample is taken during a
subsequent cycle at a slightly later time in the cycle, at which the X-displacement of
the CRT spot has increased correspondingly. In this way the instrument reconstructs
the waveform point by point using a large number of samples. The signal appears as a
succession of closely spaced dots which trace out the original waveform.

The basic set-up for TDR is shown in Fig. 2. A square pulse generator with a
fast rise time (1 nsec, or better) is connected to the system under test by a section of
transmission line. The incident waveform and its reflection from the load is monitored
on the transmission line by a probe and a pick-off tee inserted in the line. The pulse

Displayed
signal

Input signal

Fig. 1. Principle of the sampling oscilloscope.

Sampling
Oscilloscope

OO
[ R
] it —

Test System Picl_(r-off Pulse Generator

Fig. 2. Basic set-up for time-domain reflectometry.

generator repetition rate is synchronized with the oscilloscope by triggering pulses
supplied either by the generator or the oscilloscope timing circuit. The oscilloscope
“sees” the incident pulse and its reflection at the probing point separated in time by
the interval required for the signal to travel from the probing point to the load, and
return. For an air dielectric transmission line, the signal travels approximately at the
speed of light in vacuo (3108 m/sec) so that the time delay between the arrival of the
pulse and its reflection will be 3.3 nsec/m of line traversed in both directions, ¢.e.,
from the probing point to the load and back again. Since the effective rise time of the
sampling oscilloscope is only ~ 100 psec, it is possible to resolve reflections from impe-
dance discontinuities on the line separated by no more than a centimeter or two. From
the position (in time) of the reflection it is possible to determine the precise location of
the discontinuity, while the nature of the impedance mismatch can be determined
from an analysis of the shape of the reflected pulse. The application of this technique

J. Electroanal. Chem., 19 (1968) 1-14



TIME-DOMAIN REFLECTOMETRY APPLIED TO ELECTRODE PROCESSES 3

to the study of electrochemical systems is obvious. By terminating the transmission
line with a suitably designed electrochemical cell, the impedance of a working electrode
can be measured at times of only a few nanoseconds or less after perturbation,
simply by analysis of the reflection from the cell. It is not necessary to attach leads
to the cell, which can, therefore, be completelyisolated from the measuring instruments.
The shape of the reflected pulse is characteristic of the terminating impedance produc-
ing the reflection. If the load is purely resistive, the reflected pulse has the same wave-
form but the amplitude and polarity depend on the value of the load resistance. This is
illustrated in Fig. 3. When the load resistance (Z1) is equal to the characteristic impe-
dance (Z,) of the transmission line (usually 50 €) no reflection occurs, ¢.¢., all of the

incident reflected
pulse pulse
E,' Ei ZL =00
(open circuit)
E; ZL =)
(short circuit)
-E;
E; Z =27,
3E;i
& Z,74Z,

Fig. 3. Reflections from a purely resistive load (Z1).

energy is absorbed. When Zy, is greater than Zo, the reflection is of the same polarity
as the incident pulse, whereas for Zy, less than Z, the reflected pulse is inverted. The
heights of the incident pulse (E;) and the reflected pulse (Er) are related through the
equation®,

0 =E:/Es = (Zu—=Z20)/(Z1+Z0) (1)

where g is the voltage reflection coefficient. The accurate measurement of g is the bas-
is of a method of determining the characteristic impedance of the line using terminat-
ing resistors calibrated at d.c. Alternatively, the terminating resistance can be meas-
ured in terms of the known characteristic impedance with an accuracy of ~0.1%,.
When the length of the incident pulse exceeds the time (ta) required for it to travel
from the probing point to the load and return (assuming a mismatched load impe-
dance) thereflected pulse willappear partially superimposed on the incident pulse. When
the pulse length exceeds 24, they will be wholly superimposed. By using various com-

J. Electvoanal. Chem., 19 (1968) 1-14



4 R. PAYNE

binations of delay time and load resistance, complex multiple pulse trains and stair-
case waveforms can readily be generated. This may have useful applications in the
study of complex electrode reactions.

When the terminating impedance is complex as it usually will be in an electro-
chemical system, the reflection no longer has the same waveform as the incident pulse.
The situation for series and parallel LR and RC networks is illustrated in Fig. 4. The
combination that is of most interest in electrochemical applications is the series RC
network where R represents the resistance of the electrolyte solution in a cell contain-
ing a microelectrode of interfacial capacitance, C, and a counter electrode of large area.

Incident Reflected

Efl-(1-we V7]

] b 1

Series R-C T = (R+Zo)C
E; E;
% R WwE; i

_TC

Fig. 4. Reflections from various complex impedance loads.

pulse pulse
)
% . - /T
Series R-L. , Eafros li-war e
E; Ef -y y
ﬁ R <E; T= ReZe
L
_ R-Z
ws s
Parall -
arallel R-L g, Bl wle e - 1]
wE|\
= . RsZ
E; T= Rz:L
e 1
1
Parallel R-C ¢ WE
|
R c \
-E, E,[w-(l*w)e"/f]
= RZ
Te Rzt

The response of this network to a voltage step function is as follows: at zero time (at
the load) the capacitance appears as a zero impedance and the reflected wave steps
to a value, Ei(R—Zo)/(R+Zo) given by eqn. (1).

The capacitance subsequently charges through the load resistance and charac-
teristic impedance of the line with a time constant (7) equal to (R +Z0)C. At infinite
time, the capacitance is fully charged and appears as an open circuit so that the height
of the reflected wave approaches Ej. The value of R can be determined from the
reflected waveform by measuring the height of the initial step. The capacitance, C,
then follows from the time constant obtained by measuring the time taken to com-
plete a certain fraction of the exponential transition (e.g., 0.5 = 7 In 2). Alternatively,
C can be obtained from the slope of the exponential charging curve at # = o which is
easily shown to be?,

(%)M:E‘E(‘—%ﬂ (2)

J- Electvoanal. Chem., 19 (1968) 1-14



TIME-DOMAIN REFLECTOMETRY APPLIED TO ELECTRODE PROCESSES 5

A typical example of the response of a series RC network is shown in Fig. 5(c).
The elements in this example were a 1/10 W carbon resistor of 23.5 Q and a 2go-pF
mica capacitor. Because R is smaller than the characteristic impedance of the line
(50 Q) the initial step in the reflected wave is negative. The height of this step accord-
ing to eqn. (1) should be 0.36 of the height of the incident pulse, or 1.5 cm, whereas,
in fact, it is appreciably less. This is due to high frequency losses in the transmission
line and the small loading effect of the probe, both of which must be taken into
account in order to arrive at accurate values for the impedance. This is especially
true in electrode impedance measurements where the capacity will usually be at least

Fig. 5. (), Reflection of a Go-nsec pulsc from an open circuit load throngh a 50-nsec cable (RG
58C/U) showing rounding due to high frequency losses in the cable; (b), Complex waveform gene-
rated by superimposing reflection from a 200-(2 load on go-nsec incident pulse. Load and probing
point separated by 20 nsec cable. (c), Reflection of an 8o-nsec pulse from serics RC load (23.5 Q and
290 pF) through 50 nsec cable (RG-8A/U). Sweep rate, 20 nsec/cm.

a factor of ten larger so that only the initial stages of the exponential cha ging curve
will be available for measurements. It is in this time region that the effects of high
frequency line losses are significant. This problem can be civcumvented by using a low
loss transmission line, 7.e., an air dielectric line between the cell and the probing point.
However, a 100-nsec time separation of incident and reflected waves would require
an air transmission line of ~ 15 m length, which is inconveniently long. It is preferable,
therefore, to eliminate this section of line completely. The reflected wave then appears
superimposed on the incident wave. This has the disadvantage that the incident and

J. Electroanal. Chem., 19 (1968) 1-14



6 R. PAYNE

reflected waveforms cannot be viewed simultaneously. However, the shape of the inci-
dent pulse can be checked easily by replacing the cell by a standard 50-Q load. This
procedure was followed in the measurements described below.

Cell design for electrode impedance measurements

The design of an electrochemical cell for TDR measurements raises a number of
problems. The need to minimise the residual inductance of the electrode leads means
that the dimensions of the cell must be as small as possible. The importance of this is
illustrated by the fact that a 1 cm length of 26 S.W.G. wire has a self inductance of
~0.01 uH and an inductive impedance of 60 (2 ata frequency of 1GHz. Thisissufficient
to cause a significant reflection resulting in degradation of theelectrode charging curve
at short times. A further important problem is that of generating sufficient current
density at the working electrode to produce a measurable potential change at short
times. For example, in order to inject a charge density of 1 xC/cm? in a time of I nsec,

Tig. 6. Cell for electrode impedance measurements, mounted on General Radio type 874-ML
component mount. The current transformer can be seen on the right.

a current density of 1000 A/cm? is required. Since the current capabilities of presently
available pulse generators is ususally no more than 200 mA, it is necessary to reduce
the electrode area to ~ 10-3 cm? in order to achieve the required current density.

The cell used for the measurements described below is shown in Fig. 6. Its
volume was approximately 1 ml. Platinum microelectrodes with geometric surface
areas of ~10-3 cm? were prepared from 36 S.W.G. C.P. platinum wire sealed into a

J. Electroanal. Chem., 19 (1968) 1-14



TIME-DOMAIN REFLECTOMETRY APPLIED TO ELECTRODE PROCESSES 7

Pyrex bead and clipped as close to the seal as possible. The remaining stub was then
melted into a hemispherical electrode. The area of the electrode was calculated, assum-
ing hemispherical shape, by measuring the diameter microscopically. Although cells
were designed with a third (reference) electrode for galvanostatic measurements
(described below) there is no advantage in the three-electrode arrangement since the
R drop in the cell cannot be isolated. This is because most of the iR drop occurs in the
immediate vicinity of the microelectrode which is not accessible because of its minute
size. In order to achieve accurate results it is advantageous to minimise the cell resis-
tance. For this reason the preliminary measurements reported here were made with
concentrated acid electrolytes. The series resistance was usually close to 20 Q.

In order to minimise the working electrode to reference electrode impedance, it
was necessary to place the electrodes in the same compartment. Both counter and
reference electrodes were platinised platinum wire hydrogen electrodes which could be
checked against one another. The cell was held by a post and clip on a General Radio
type 874-ML coaxial component mount. The counter electrode at the base of the cell
was attached by a screw directly to the center conductor while the working electrode
was usually grounded on the platform making the lead as short as possible. In experi-
ments requiring current measurements, the working electrode lead was threaded
through a Tektronix type CTt current transformer before grounding. This enabled
the current to be measured with minimum interference with the circuit.

Instrumentation

The sampling oscilloscope used in this work was the Tektronix, Model 661
with Type 452 sampling unit. The overall rise time of the system is 100 psec. The signal
was picked off the transmission line through a coaxial tee (Tektronix Type VP1) using
a passive probe (Tektronix, Types P6034 and P6035). The pulse generator normally
used was a Hewlett-Packard, Type 215A (Pulse length 0-100 nsec, rise time 1 nsec).
For certain experiments, a generator with a higher power capability (zoo W) but
longer rise time (15 nsec), a Hewlett-Packard, Type 214A was used. The transmission
line consisted of a 5-nsec section of RG8A/U cable connected between the pulse gene-
rator and pick-off tee. In order to avoid high frequency cable losses the cell (mounted
on a General Radio component mount, Type 874ML) was usually placed directly on
the pick-off tee for TDR measurements. Under these conditions the reflection appears
superimposed on the incident pulse with only a very small ( ~600 psec) displacement.
For galvanostatic measurements the cell current was measured by means of a current
transformer (Tektronix Type CT1 through which the grounded (microelectrode) lead
of the cell was threaded. The lower frequency limit of the CT1 is 35 kHz: no noticeable
droop in the square wave occurred for pulse lengths of up to 100 nsec. For longer
pulses (214A generator) the current was measured by the voltage drop across a 0.1-
Watt 10-Q resistor inserted in the ground lead. The voltage measuring probe in these
experiments was placed directly either on the counter electrode or a third (reference)
electrode with the probe case grounded through a clip attached to the cell mount. All
connections on the line were made with General Radio, Type 874 connectors.

Control of the potential of the working electrode was achieved by external
biassing applied to the transmission line at the generator output in the direct shunt
feed mode using a second tee connector and a P6034 probe. Small distortions of the
pulse waveform introduced by the biassing voltage could be compensated by adjust-

J- Electroanal. Chem., 19 (1968) I-I4



8 R. PAYNE

ment of the pulse shape controls. The applied potential could be measured at the cell
using a Hewlett-Packard Type 3440A digital voltmeter under no-pulsing conditions.

RESULTS

The electrode capacitance at a platinum microelectrode in aqueous solutions of
HClO4 (1.3 M) and H2SO4 (5 M) was measured with current densities in the range
30-500 A/geometric cm? and pulse lengths of 10-100 nsec and 0.1-1 usec. The time-
and potential-dependence of the capacitance were investigated in the range o-100
nsec and 0-1.5 V (vs. R.H.E.) respectively. In all measurements, the solution was satu-
rated with hydrogen so that the measured potentials refer to a hydrogen reference
electrode in the same solution. Solutions were purified before use by circulation over
charcoal for a period of several days. As a check of the effectiveness of this procedure
for the removal of organic impurities, the capacitance at a hanging mercury drop was
measured in the solution as a function of potential and time. In the unpurified HC1O4
solutions the capacitance at the mercury drop was observed to fall rapidly to a low
value, whereas in the purified solutions the capacitance was stable for long periods and
was in excellent agreement with values obtained with a dropping electrode. Subse-
quent measurements with platinum electrodes gave values for the capacitance of
~20 pF/cm?, or higher, which could not be significantly changed by anodic cleaning.
It was concluded, therefore, that the charcoal extraction procedure was effective in
purifying the solutions. As a further check, the electrode was subjected to a potentio-
statically controlled cyclic linear potential sweep. No time variation or obvious signs
of electrode contamination were found.

In order to reduce errors due to transmission line losses at high frequencies, the
reflection from the impedance mismatch at the cell was normally viewed superimposed
on the incident square pulse as mentioned earlier. A typical oscilloscope display is
shown in Fig. 7. The initial transient peak is partly due to a reflection from the resid-
ual inductance of the cell leads and partly due to the fact that incident and reflected

i ¥ i 1

t i ! | | ] !

10 20 30 time —» Q 10 20 30 40 50
nanoseconds nanoseconds

Fig. 7. Current step (upper trace, 20 mA/cm) and potential transient (0.5 V/cm) mcasured at the
cell for a Pt electrode in 1.29 M HClO4. Exg = 0.51 V, 7 = 77 Af/cm?2.

v t

|
0

Fig. 8. Current step (upper trace, 1 mA/cm) and potential transient (50 mV/cm) measured at the
cell for a Pt electrode in 1.29 M HCIO4. Ex = 0,7 = 61 Aj/cm?2.

J. Electroanal. Chem., 19 (1968) 1-14



TIME-DOMAIN REFLECTOMETRY APPLIED TO ELECTRODE PROCESSES 9

pulses are not exactly superimposed because of the small but finite distance between
the probing point and the load. The leading edge of the incident pulse is, therefore,
not quite cancelled by the overlapping reflection. The inverted spike at 6 nsec occurs
in all the measurements and is due to the reflection from a small capacitative mis-
match at the oscilloscope connector which is subsequently re-reflected from the probe.
This, unfortunately, limits the accuracy of measurements at times shorter than 1o
nsec. The reflection can, however, be shifted to longer times by extending the probe
cable with a suitable length of matched transmission line, although in practice the
use of anything other than air line for this purpose can result in serious errors due to
high frequency losses.

Since the object of this work was the investigation of dielectric relaxation pro-
cesses in the double layer which, if they occur, should be evident as a time-dependence
of the capacitance at short times, it was felt that a current step rather than a voltage
step would provide a less ambiguous approach. Under galvanostatic conditions the
potential transient for an ideal condenser (i.¢., no relaxation process) should be linear
of slope 7/C, where 7 is the current density and C the capacitance per unit area. Under
such conditions, curvature of the potential-time transient would indicate a time-
dependent capacitance and would be easy to verify. For a potential step, on the other
hand, the charging is exponential and is, therefore, curved in the ideal case. Addition-
al curvature due to time-dependence of the capacitance might, therefore, be difficult
to detect. For this reason, most of the measurements reported were obtained by the
current step method. Adequate constant current pulses could be obtained from the
215A generator by adjustment of the front panel pulse shape controls. A typical
example of electrode polarisation with a current step and the resultant potential
transient is shown in Fig. 8. The transient in this case is actually curved for reasons
discussed below.

Application of d.c. bias to the line for the purpose of varying the electrode
potential resulted in some deterioration of the pulse top flatness which could only be
partially compensated by the pulse shape controls. In such cases, the pulse top varia-
tions were never more than 29, of the pulse height which would have no detectable
effect on the condenser charging. Unfortunately, however, the potential transient is
superimposed on a large ¢R pulse which is sensitive to small variation in the current
pulse top and which, for reasons mentioned earlier, cannot be significantly reduced.
The resultant distortion, however, was usually small and could be corrected for, al-
though this remained a major source of inaccuracy. It should be mentioned that less
than 109, of the current pulse is shown in Fig. 8 and that the potential transient is
superimposed on an ¢R drop of no less than 2 V. Direct display of such large signals
without overloading the amplifiers is a special advantage of the sampling oscilloscope.
The bulk of this signal is backed off internally. The height of the pulse is measured
with high accuracy by monitoring the backing-off voltage externally while using the
full magnification of the system. This procedure was normally followed in order to
measure the height of the current and 7R pulses and also the applied potential using
the 3440A voltmeter.

Anodic current and potential transients of the type shown in Fig. 8 were record-
ed over a potential range, 0-1.5 V. Corrections for variations in the current pulse top
were made, where necessary, before measuring the slope. Within the experimental
precision of the measurement (estimated at + 109%,) the measured capacitance was
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time-independent in the range 1-100 nsec at all potentials, with the notable exception
of the reversible hydrogen potential where the capacitance increased with time above
~ 30 nsec. The results were also substantially independent of the polarity of the pulse,
again with the exception of an electrode held at the reversible hydrogen potential
where a cathodic pulse resulted in a larger apparent capacitance at times greater than
~ 50 nsec. Finally, the results were normally independent of the repetition rate of the
pulses. This is to be expected for a 100-nsec pulse repeated at a frequency of 1 kHz
(the usual experimental rate) since the duty cycle (ratio of on to off time) is only
0.01%. Under these conditions, the electrode has ample time to return to equilibrium
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Potential vs. hydrogen electrode (V)

Fig. 9. Apparent capacitance at short times (< 50 nsec) for a Pt electrode in 5 M HsSO4 as a
function of potential.
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Fig. 10. Apparent capacitance at short times (< 50 nsec) for a Pt electrode in 1.29 M HClOgas a
function of potential.
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in between pulses. For an electrode at the hydrogen potential, however, repetition rate
effects were readily noticeable for the longer pulses. These effects were traceable to
the electrode reaction and are further discussed below.

The measured capacitance is plotted as a function of the applied potential in
Fig. 9 (53 M H2SO4) and Fig. 10 (1.3 M HCIO4). The variation in both systemsissimilar.
In the potential range 0 < E <1.0 V the capacitance is ~20 uF/cm? and is approxima-
tely independent of the potential. At more positive potentials, the capacitance rises
sharply to a maximum value of 40-50 uF/cm?2. This behavior is in qualitative agree-
ment with high frequency a.c. measurements reported by BECKER AND BREITERS and
BrinTsEva AND KaBanov? for HoSOs solutions. Various interpretations of the
capacitance rise have been proposed. The present results show that it is almost cer-
tainly a true ionic double-layer effect rather than a Warburg type of pseudocapaci-
tance which could only arise at such short times from a process having an extraordina-
rily high exchange current.

The apparent increase of the capacitance of the reversible hydrogen potential
at times > 30 nsec is undoubtedly the effect of the hydrogen electrode reaction. This
is suggested by the difference between anodic and cathodic pulsing and confirmed by
the effect of hydrogen gas flow on the capacitance. Figure 11 shows a series of consec-
utive potential transients for constant current pulses of 1-u sec duration and 81-A/
cm? current density. The uppermost trace was obtained after very rapid anodic puls-
ing with the gas flow cut off, resulting in depletion of hydrogen on and in the vicinity
of the electrode. The slope of this trace is equivalent to a capacitance of ~200 uF/cm?2.

microseconds microseconds

Fig. 11. Effect of hydrogen electrode reaction on Pt electrode capacitance in 5 M H2SO,, potential
transients for galvanostatic pulse (: = 81 Ajcm?). (a), Effect of pulse polarity; upper trace cathodic,
lower trace anodic. (b), Slow equilibration of the electrode with hydrogen bubbling after rapid
repeated anodic pulsing with hydrogen flow off.

Subsequent traces obtained at roughly one second intervals after restoring the gas
flow, decreased in slope reaching a limiting value corresponding to a capacitance of
~500 uF/cm2. The effect of hydrogen gas on the slope clearly extends down to times
of ~50 nsec according to Fig. 11. By extrapolation of the linear slope at times below
50 nsec to longer times in traces like that in Fig. §, it was estimated that roughly 30%,
of the charge goes into the electrode reaction at a current density of ~70 Ajcm2.
From this, a first-order rate constant for the oxidation of adsorbed hydrogen of 105
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cm sec~1 was estimated assuming an initially saturated monolayer of 200 4C/cm?2. This
is equivalent to an initial rate of 20 A/cm? compared with an exchange current of 0.54
A/em? reported by PaARrsons!® for the discharge step of the hydrogen evolution re-
action on platinum (0.5 M HCl at 25°) and 2.3 A/cm? obtained by DoOLIN AND
ErsHLER!! (1.0 M HCI). MUNsoN!2 estimates a first-order rate constant in the range
30 —3-107 cm sec! for the electrochemical desorption of adsorbed hydrogen or plati-
num. It seems reasonable to assume, therefore, that the observed increase of capaci-
tance is due to oxidation of hydrogen adsorbed on the electrode.

DISCUSSION
The behavior of dielectrics in a rapidly changing electric field is well known

from extensive studies of liquids and solid dielectrics!3. The response of a typical
dielectric with loss to a step field is illustrated in Fig. 1214 The polarisation increases
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Fig. 12. Polarisation of a dielectric with loss by a step field.

Fig. 13. Constant current charging of a capacitor containing a dielectric with loss.

almost instantaneously at zero time to a value (gn—1) F/4m where e is the high
frequency dielectric constant and F the applied field. This process which corresponds
to electronic and atomic polarisation of the dielectric, is followed by the much slower
polarisation of the molecular dipoles, which is substantially complete after a time, T,
the dipole relaxation time (~10-1! sec for water)!3. Since the relaxation time is at
least two orders of magnitude shorter than the time scale of the experiments described
here, it is to be expected that no relaxation of the dielectric in the double layer would
be observable in the accessible time range. There is, however, some reason to believe
that the relaxation time in the double layer would be increased because of the con-
straints imposed by adsorption forces and the presence of other adsorbed species,
although whether such effects could bring the dipole relaxation process within the
accessible time 1ange is a matter for experimental verification. Bockris and cowor-
kers1-3 have concluded that the mean relaxation time for water dipoles in the double
layer is ~1 usec (Hg electrode) or 0.1 usec (Cu electrode) based on the frequency-de-
pendence of the electrode impedance measured at audio frequencies. However, these
conclusions are questionable in view of the long extrapolation of the time scale
involved. Furthermore, it has been pointed out!s that the measurements can also be
explained in terms of electrolyte penetration effects. It seems certain from the present
measurements that no dielectric relaxation process occurs on a platinum electrode at
such long times under the prevailing experimental conditions.

The response of a condenser containing a relaxing dielectric to a current step is
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illustrated in Fig. 13. The ideal condenser is supposed to contain a structureless dielec-
tric of dielectric constant equal to &5, the static dielectric constant of the real dielec-
tric. The response of the ideal condenser will be a linear increase of the potential diffe-
rence with time of slope ¢/C where ¢ is the current density and C the capacity per unit
area. The behavior of the 1eal condenser is complex. The potential difference, E, at
time, ¢, is given by:

g=, 8

&

where x, ¢ and g are the instantaneous values of the thickness, dielectric constant and
charge, respectively. The time-dependence of E follows by differentiation of eqn. (3),

dE 4o [i— (alna B Olnx ] @
@& e TN w T a ) 3
Two limiting conditions can be noted:
(1) t € 7; the dipoles are “frozen” and the last two terms in (4) vanish so that

(d—(fl;)t<’r=4?7:i (5)

The initial slope of the potential transient is, therefore, greater than the slope for the
ideal condenser by a factor, &s/ecw.

(2) ¢ > 7; the system is now in equilibrium so that ¢ is independent of time.
Neglecting the variation of x with time, the slope of the potential transient is now
given by

(s ©

At a given time (> 7) the real condenser will have absorbed a greater charge than the
ideal condenser in charging to a given potential (see Fig. 13). The difference in the
energy supplied (Edq) is evidently the energy dissipated as heat in the relaxation
process. The general shape of the potential transient for constant current charging of a
condenser containing a relaxing dielectric is expected to be sigmoid as shown in Fig.
13. It should be emphasised that at times shorter than v the slope will be greater,
corresponding to a lower apparent capacitance.

The recent galvanostatic pulse measurements of SCHULDINER and coworkers4:5
for platinum electrodes in various aqueous solutions do not seem consistent with this
predicted behavior. In all systems studied, the slope of the potential transient was
zero at short times, 1.e., the trace was convex rather than concave to the time axis. This
is equivalent to an infinite differential capacitance at short times, which is difficult to
reconcile with current theories of the double layer. The interpretation placed on these
results also seems questionable. The “perturbation time”, during which the electrode
potential is observed to remain constant while charge flows into the electrode, ob-
viously cannot be attributed to slow ionic relaxation since the ions themselves carry
the charge. Furthermore, slow relaxation of the ionic atmosphere results in an increase
in the conductancel6. Such effects would in any case be unnoticeable at the concen-
trations and times involved in these measurements1¢.17. If the ions were effectively
“frozen” or if the dielectric were completely nonpolarisable at times within the accesi-
ble range, this would be manifest by the inability of the system to accept charge. The

J. Electroanal. Chem., 19 (1968) 1-14



14 R. PAYNE

first condition is possible at sufficiently short times and/or low concentrations. How-
ever, the second condition is hypothetical since the permittivity can never be less than
unity. In view of the theoretical objections and the disagreement with the TDR
measurements, which show normal behavior, these results should be viewed with cau-
tion.

Future work

The most obvious application of the TDR method in electrochemical studies is
the measurement of rates of very fast reactions. First-order rate constants in excess
of 1000 cm sec—! are within the range of the method. However, the application to
problems in the area of double layer is of greater theoretical importance. This will
require extension of the measurements to mercury electrodes for which the structure
of the double layer is much better understood. Of special theoretical interest is the
possibility of detecting dipole reorientation, which is generally thought to be respon-
sible for the capacity humps occurring in both aqueous and nonaqueous solvent sys-
tems. A start has been made in this direction. The results of TDR impedance measure-
ments at a mercury electrode will be given in a future publication.

SUMMARY

1. A technique has been developed for the application of the methods of time-
domain reflectometry to measurements of electrode impedance in electrochemical
systems.

2. The impedance has been measured at a platinum electrode in aqueous
HClO4 and HsSO4 solutions. The capacitance is normally independent of time in the
range 1-100 nsec except at the reversible hydrogen potential where the effect of the
electrode reaction results in a time-dependent decrease of the electrode impedance at
times > 30 nsec. No detectable relaxation of the double layer occurs within the time
range of the experiments.
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INTRODUCTION

In a.c. polarography, one often observes that the base-current (i.e., the current
in the presence of only the supporting electrolyte) is lowered in some potential
regions in the presence of the electroactive species; this is usually ascribed to ad-
sorption of the electroactive species, with consequent lowering of the double-layer
capacity. At the potential of the a.c. wave, the current exceeds the base-current.
Figure 1 shows, schematically, the type of polarogram obtained with m-nitrophenol
at pH 12 (discussed in detail elsewhere?); the m-nitrophenol is adsorbed at potentials
more positive than the a.c. wave and lowers the base-current in this region.

ANANAA—— I

Base current Rx

=5 c
Fig. 1. Schematic a.c. polarogram of an adsorbable electroactive species.

Fig. 2. Equivalent high-frequency network of a polarographic cell.

While making accurate impedance measurements on this system, however,
we observed a different kind of base-current depression: this occurred at high
frequencies (2000 Hz and higher) and was a depression at a potential where the system
showed a wave at low frequencies. This depression was greater than that caused by
adsorption at other potentials, and investigation showed that it was not an adsorp-
tion effect, but a consequence of the vectorial addition of the series-resistance, the
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double-layer reactance and faradaic-impedance vectors. REHBACH AND SLUYTERS?2
have discussed this type of effect briefly in general terms; it is the purpose of this
paper to enquire into the phenomenon in more detail and to present some quantitative
conclusions to aid in the interpretation of base-current lowering in practice.

THEORY

At this stage, the faradaic admittance will be regarded as purely resistive;
this is not essential to the argument, but simplifies it. Comments on the general
case are given at the end of this section.

The electrical network that is equivalent to the polarographic cell can then
be represented as in Fig. 2. Ry is the series resistance, comprising the capillary and
solution resistances, C the double-layer capacity and R the faradaic impedance, now
a pure resistance. The faradaic admittance, or conductance, is R-1; in the absence
of a reducible substance, R-1=o0, and in its presence, R-1 >0.

L
Consider the total impedance of the network, Zt, at a fixed angular frequency
w, as a function of the value of R-1, for oS R-1< o0. If Ze; is the impedance of the

—
parallel network formed by R and C, then Z; is given by:

— -

-5
Zy=Za+Rx (1)
e . .

where Ze is given by:

- .
Za=(R1—jwC)~ (2)
We note that for R-1=0, Zea=(—jwC)-1 and for R-! — 00, Ze1 — 0. In terms of a
graphical vector representation, it is easy to show (see Appendix A) that, as we vary
—
R-1! from zero to infinity, the vector Ze describes a semicircle (see Fig. 3).

— —> —
Now, by eqn. (1) we add Ze to Rx to obtain the total impedance, Zs; this is
shown in Fig. 4. The line OA is the impedance in the absence of a faradaic admittance
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Figs. 3-4: Locus of (3) the electrode impedance, (4) the total cell impedance, as a function of R-1.
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or
Zi=Ry—(jwC)"t for R-1=0

—
and OB is the vector of Z; for a finite value of R-1. We have drawn a dashed circular

arc with radius OA and centre O; it is clear that for all values of Z—: lying between
point A and the point marked X, where the arc and the semicircle intersect, OA < OB.
This means that for all corresponding values of R-1, the total impedance is greater
than for R-1=o0. If we imagine, in Fig. 2, the value of R slowly decreasing from in-
finity, there will be an initial increase in the impedance of the total network.

It is of some interest to estimate the greatest possible increase, proportional
to the impedance at R-1 =0, that could be observed. It can be shown by simple algebra

(see Appendix B) that the maximum magnitude of the vector Z; in Fig. 4 will be
of that passing through the centre of the semicircle. Then,

—

1Zi| ={Rx?+(20C) "2} + (200C) (3)
This expression is clearly a function (at a fixed frequency, w) of Rx, or of the relative
magnitudes of Ry and (wC)~1. The proportional increase, 7, is given by the maximum

value of Z as in eqn. (3) divided by the magnitude of line OA in Fig. 4, or
r =[{Re +(200C) 2} 4+ (200C) 1] {R2 +(wC) -2} (4)

The maximum of 7, #max, can now be calculated from the solution for Ry of the equa-
tion:

( ;I;X )w,c= 0 (5)

Differentiating eqn. (4) with respect to Rx, equating with zero and discarding trivial
solutions, we obtain

Rx=|/2- (wC)-1 (6)
Substitution for Rx in eqn. (4) gives:

max=2[)/3=1.154
Thus, the greatest possible increase in the impedance is 15.4%, or the greatest
possible decrease in base-current is 13.4%.

Referring again to Fig. 3, it is seen that if the faradaic admittance is not

—
purely resistive but has a phase-angle between zero and 72, Z.1 will not describe a
semicircle but some other curve within the semicircle area. Many of these will still

-
produce an increase in |Z:|, though not as great.
EXPERIMENTAL

The foregoing has been purely theoretical and appeared to be contrary to
intuitive expectations. We performed the following experiment: a dummy cell was
constructed from resistors and a capacitor; Rx was set at 150 Q, C at 1 uF and R
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was made variable. At the frequency 1600 Hz, Rx was thus equal approximately to
Vz_' (wC)~1 and we should observe the greatest possible increase in impedance at some
value of R at this frequency. The impedance of the network was measured by the
technique used by us to measure the polarographic cell impedance3, as a function
of the value of R, and the results are plotted in Fig. 5. The figure clearly shows that
the impedance varies from 180 €2, for R = oo, first increases to a maximum of 262.5 Q
at R=100 £, and then decreases towards 150 Q, the limiting value for R=0. The
proportional increase shows a maximum of approximately 15.4%,, verifying the
theory.

T T T T
o Q
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200} i 3 J
g
2 150f 00— 1
o
o
o
Q
£
160} \O\O\Q J
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1 1
104 10° 102 10’ 10°
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Fig. 5. Measured values of the total impedance of the dummy cell, against values of k.
COMPLEX-SHAPED POLAROGRAMS

REHBACH AND SLUYTERS? suggested that this phenomenon may produce a.c.
polarograms of rather complex shape, showing, for example, depressions on either
side of the wave peak; these authors did not, however, go further than to suggest
schematically some possible shapes. We have performed some computations of a.c.
polarographic waves, in order to find out what sort of polarograms one might observe
under fairly “normal”” conditions. To calculate these, we have assumed the equivalent
electrical network as shown in Fig. 2, but with R now generalised to a faradaic

admittance, XZ The equations for the magnitude |§/>f| and the phase quantity, cot ¢,
are those given by BREYER AND BAUER4 The following quantities were assumed:
n=2 (the number of electrons transferred)
A =5-10"2cm? (DME area)
d=1 (the ratio of the diffusion coefficients of the oxidised and reduced
species)
D =10-% cm2sec—! (diffusion coefficient)
«=0.5 (transfer coefficient)
T=300°K
Cox=10"3 M (bulk concentration of the oxidised species)
Ry=100 () (series resistance)
C =o0.5 uF (double-layer capacity)
k, the heterogeneous rate constant, was given a range of values. The computations
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POLAROGRAPHIC BASE-CURRENT DEPRESSIONS 19

were programmed in Fortran and carried out on an IBM 7044 electronic computer.
A family of a.c. polarograms so computed is shown in Fig. 6, for a range of frequencies
and for £=0.03 cm sec~!. The figure shows that the transition from a positive wave
to a pure depression gives rise to polarograms with adjacent base-current depressions.
If a polarogram such as that at 2000 Hz were observed experimentally, the observer
might well have concluded that the depressions were caused by adsorption.

140F T T T T =
8000 Hz

1201 4000 Hz 140

3000 Hz

100f \\-/\/'——_ T5als g

2000H2
80 ﬁ_/‘\/’——— 120 / O1mM

20mM

_— - 0.4mM
_ = = | -
< 1200 Hz 2 110
s =
3l =
40 / 7 100f 5
ook 400Hz _| Sols i
6.0mm 16 mM
o ) ! ! I L \ \ | 1 L
0.2 o1 [¢) -01 -02 02 o1 [9) -01 -02
—E£ (Volts vs.£q) —E (Volts vs.E,)

Fig. 6. Computed a.c. polarograms at some (marked) frequencies for #=0.03 cm sec -1, Ry=100 £,
C = o.5 uF.

Fig. 7. Computed a.c. polarograms at 3000 Hz, and # = o.01 cm sec~!, for some concns. (marked,
in mM)
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Fig. 8. Base-current depression at E, for the system in Fig. 7, against concn.

EFFECT OF CONCENTRATION

Figure 7 shows some computed polarograms at 3000 Hz, for 2=0.01 cm sec-1,
for a range of concentrations of the electroactive species. It is seen that at low
concentrations only a depression appears; as the concentration increases, the de-
pression at first deepens, and then develops a central positive wave. A plot of base-
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current depression against concentration up to 1.6 mM is shown in Fig. 8—the curve
is not unlike an adsorption isotherm and could, in practice, be mistaken for one,
unless still higher concentrations were used, showing a subsequent decrease of the
depression.

We conclude, then, that depressions in the base-current at or near an a.c.
polarographic wave may be caused by the above-described phenomenon and need
not be due to adsorption. In such cases, although the measured currents or impedances
appear anomalous, calculation of the faradaic admittance will of course still yield
significant results, within the experimental limits.

APPENDIX A
From eqn. (2),
Za=1/(R-1—jaC) = (R +jaC)/(R-2+02C?)

—
The real and imaginary parts of Z; are therefore respectively

Real(Ze) =R-1/(R—2 +02C?) (A1)
Imag.(EZ) =wC/(R-2+w?C?) (Az)

s
The magnitude of Ze1, consequently, is
s — —
| Ze1| =[{Real(Zer) }* + {Imag.(Zen) }2]*
—(R-2+02C3)-! (A3)
-
and the phase angle 6 of the impedance, Ze1, with respect to the real axis is given by:

tan 0 =wCR (Ag)
——
Now, Ze1 describes a semicircle as in Fig. 3 if

——
(1/wCicos(mfz —0) =|Ze|
1.e., if
(1/wC)sin O = !2;| (As)
From (Ag),
sin 0 =wCR/(1 +w*C2R2)}
and (As) becomes
|Zet| = R/(1 +2C2R?)?

—
which is identical with (A3). Therefore, Ze1 does describe a semicircle as shown.
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APPENDIX B
From eqns. (A1) and (Az) we have, using eqn. (1)
Real(Z) = Ry + R-1/(R* +0C?) (B1)
Imag.(Ze) =wC/(R-2 +0C?) (B2)
|Z|2- (R2402C2)2=w2C24+R2+2RxR1(R2+w2C2) + R2(R-2 +02(?)?2
=(R2+w2C?) (1 +2R<R1) + R 2(R-2 4+ 2C?)?2
For variation of R, |Z| reaches a maximum when

% {(1+2R<R-1)/(R-2+w?C?) + R} =0

i.e., when

—2Rx(R?+w2C?)R-2= —2(1 +2R<R-1)R-3
i.e., when

R +Rx=Rxw2R*C? (B3)
Now from Fig. 4,

Imag.(Zy)/Real(Zy) = (20C)~1/Rx i

if Z passes through the centre of the semicircle.
Combining (B1), (B2) and (B4) yields:

oC[{Rx(R~24w?C?) +R-1} =1/2Rx0C

which reduces to eqn. (B3). Thus, when Z; passes through the centre of the semi-
—

circle, |Z¢| is 2 maximum.
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SUMMARY

The phenomenon of base-current depression due to the vector addition of
series resistance, double-layer capacity and faradaic admittance is examined quan-
titatively. The maximum possible decrease in base-current is found to be 13.49.
The effect was verified experimentally by measurements on a “‘dummy’’ cell network.
Some complex-shaped a.c. polarograms have been computed, the effects of frequency
and concentration of the electroactive species being examined.
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STOFFTRANSPORT AN EINER DOPPELELEKTRODE IN DER WAND
EINES STROMUNGSKANALS

RAINER BRAUN
Institut fiiv Phystkalische Chemie und Elektrochemie, Technische Hochschule, Miinchen (Germany)
(Eingegangen am 28 November, 1967; revisioniert am 28 Februar, 1968)

1. EINLEITUNG

Bei der Untersuchung von Elektrodenreaktionen stéren hiufig unkontrol-
lierte Transportvorginge. Die Herstellung definierter Strémungen des Elektrolyten
bringt oft eine wesentliche Erleichterung, da hier der Transport quantitativ erfasst
werden kann!-3. Vielfach treten bei Elektrodenreaktionen instabile Reaktionsproduk-
te auf, deren Erfassung durch geeignete Anordnungen wesentlich vereinfacht wird.
Ein Beispiel hierfiir ist die von FRUMKIN ¢f al.4 behandelte Ringscheibenelektrode.
Ein anderes Verfahren wurde von GERISCHER ¢t al.5 entwickelt. Der Elektrolyt stromt
in einem Kanal mit rechteckigem Querschnitt. Die beiden Arbeitselektroden, E; und
Eo, sind in eine Kanalwand eingebettet. Als Elektroden dienen zwei ebene Goldbleche
der Dicke 10 u, 100 p oder 200 y, die durch eine isolierende Folie von 5-15 u Stirke
voneinander getrennt sind. Dieses Elektroden-Paket wird senkrecht in einen PVC-
Zylinder eingepasst und mit Araldit verklebt. Die Stirnfliche des so hergestellten
Elektrodenblockes EB iiberschneidet man plan mit einem Mikrotom; so kann man
die Elektrodenflichen auch rasch erneuern. Die iibrigen Teile der Messzelle befinden
sich in einem Fithrungsstiick, in das der Elektrodenblock EB genau passt (Abb. 1). Die
Zu- und Ableitungskanile treffen schrig auf die Stirnfliche des Elektrodenblocks auf.
Der eigentliche Strémungskanal entsteht dadurch, dass zwischen Elektrodenblock
und Fiihrungsstiick eine Kunststoff-Folie bekannter Dicke gepresst wird, in die eine
rechteckige Offnung mit den Abmessungen des Kanals eingeschnitten ist (Abb. 2-3).
Die Gegenelektroden, G; und Gg, liegen in Nebenkanilen des Fithrungsstiicks. Von den
Bezugselektroden, B; und B, fithren elektrolytische Sonden in die Nihe der Messelelek-
troden. Der stromaufwirts gelegene Stromkreis 1 wird {iber einen gewdhnlichen Poten-
tiostaten betrieben. Das hier erzeugte Elektrolyseprodukt wird von der Stromung zur
Elektrode Es transportiert und hier analysiert. Zur Vermeidung elektrischer Kopp-
lungen betreibt man den Stromkreis 2z mit einem transistorisierten Potentiostaten
ohne Erdschluss.

Die Anwendungsméglichkeiten dieser Methode zu kinetischen Untersuchungen
werden durch theoretische Abschitzungen betrichtlich erweitert. Das in der voraus-
gegangenen Arbeit® dargestellte einfache Modell soll an dieser Stelle vertieft und
durch weiterfithrende Betrachtungen erginzt werden.
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II. KONVEKTIVE DIFFUSION IM STROMUNGSKANAL

Auf Kanile mit rechteckigem Querschnitt, deren Héhe 2b klein im Vergleich
zur Kanalbreite a ist, lassen sich die Gesetze fiir den beiderseits unendlich ausge-
dehnten Kanal anwenden. Fiir Reynoldszahlen Re=2bvo/v< 2300 (vo=mittlere
Durchflussgeschwindigkeit) bleibt die Strémung laminaré. Der Kanaleinlauf soll aus
einem konvergenten Rohrstiick bestehen, da hier Grenzschichtablésung und Wirbel-
bildung unterdriickt werden?. Die Einlaufstérung ist nach einer Einlauflinge von
Ir=0.08Reb abgeklungens. Hier lautet die Geschwindigkeitsverteilung:

ve=3vo(y/b)(2—y/b) fir o<y<2b vy=v.=0 (IL.1)

(x-Achse in Stromungsrichtung, y-Achse senkrecht zur Kanalwand). An der Kanal-
wand gilt in guter Naherung

Vo (al) y=300y/b fiir y<b (IL2)
5y y=0

Enthilt die stromende Fliissigkeit eine geloste Substanz, die einen Aktivitats-

gradienten besitzt, so findet der Stofftransport tiber molekulare Diffusion und makro-

R jusw }I/ B jusz

Abb. 1. Schematische Messanordnung. Index 1: Kreis 1; Index 2: Kreis 2. (P;), Potentiostat;
(Ps), erdfreier Potentiostat; (EB), Elektrodenblock; (D), Folie (Abstandshalter); (E), Messelek-
trode; (B), Bezugselektrode; (G), Gegenelektrode; (Us), Sollspannung.

D IIIIIIIIII||IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIII D

3K Q (S 0 CHXRHKRY

SR
0

0%

%

RS ERSARILLS
EOSEXITRANARKKIIK
&0&%}&&&&&%’0&’0’0‘0’000’0‘0

Ep

Abb. 2. Schnitt A-C in Aufsicht auf den Elektrodenblock mit Abstandshalter.
Abb. 3. Schnitt H-F durch den Strémungskanal.
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skopische Fliissigkeitsbewegung statt. Dieser Vorgang heisst konvektive Diffusion.
Ionen kann man bei hohem Leitsalzzusatz wie neutrale Partikel behandeln?®. Da
hier ausserdem Aktivitits- und Diffusionskoeffizienten Konstanten sind, lautet die
Gleichung der konvektiven Diffusion im stationdren Fall fiir eine inkompressible
Flissigkeit

(v-grad)c =DAc (I1.3)

Nachdem in wassrigen Losungen die Prandtlsche Zahl, Pra1o% und die
Pecletzahl, Pe =RePr > 104 sind, beschrankt sich bei Elektrodenprozessen die Diffu-
sion auf eine schmale wandnahe Zonel0. Im Kanal iiberwiegt der konvektive Transport
in Stromungsrichtung die Diffusion um Gréssenordnungen, sodass Gl. (II1.3) mit GI.
(I1.2) folgenden Ausdruck ergibt:

3v dc 0%
b"y e = W (IL.4)
bzw.
& _ 0%

mit E:f und n:y(—— (IL.5)

’75?_6172 l

wobei / die Linge der Erzeugerelektrode ist.
III. DIFFUSIONSSTROME AN DER DOPPELELEKTRODE IM STROMUNGSKANAL

Fiir die mathematische Behandlung von Gl. (I1.5) sei auf die Arbeiten von
SutToN!l und ALBERY!2 hingewiesen.

Alle Konzentration beziehen sich auf die Ausgangskonzentration, co. Lauft
an der Erzeugerelektrode die Reaktion, A+#ne — B, im Bereich des Diffusionsgrenz-
stromes ab, so lauten die Randwerte fiir Gl. (I1.5)

£=0:ca=1; m=o0:ca=o0; lim ca=1

700
Fiir ca,1 erhdlt man als Funktion der Koordinaten &é=x/l und =y (Dabl/3vo)? die
Beziehung:

T 71(9-5)*%
Carem = mfo exp(—u3)du=E3ﬂ(96)_§ (ITL.1)

E3() ist die Fehlerfunktion dritten Grades nach der Definition der verallgemeinerten
Fehlerfunktion

B = —I——fx exp(— AndA 13,
F(1+1/7l) 0

Die komplementire Funktion soll als Ecn(z)=I—Eg) definiert werden. Gleichung
(I1.5) lautet in den hier verwendeten Koordinaten, &, #, fiir das Reaktionsprodukt B

den _ Du 0%
38 T Da o
CB,1(§’77) = (DA/DB)% E

mit der Lésung (II1.2)

—— (IIL3)
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Der Diffusionsgrenzstrom an der Erzeugerelektrode lautet in guter Uberein-
stimmung mit eigenen experimentellen Befunden:

I gr =1.16 nFco(vo/b)¥(Dal)}a=1I (I11.4)

Fiir eine unendlich diinne Isolation kann man mit Hilfe der Methode von SutToN1!!
bei einer Elektrodenreaktion, BF¥ne — A, an der Indikatorelektrode die Konzen-
trationsverteilung von B vor dieser Elektrode berechnen:

¢n 26, = (Da/Ds)*[E (I1L5)

317(DA/9DB(6~1)*3‘_Esﬂ(DAleDBfr%j
Hat die Indikatorelektrode die Linge /2 und ist /2//=4, so ist die Stromausbeute
Q fiir diesen Fall:

Q=—I/1 =1+ —(1+2)} (I11.6)

Q hiangt nicht von den Diffusionskoeffizienten der Stoffe A und B ab. Besitzt die
Isolation eine endliche Dicke d bzw. 9 =d/l, so verlduft die Rechnung komplizierter.
Dieser Fall wurde von MaTsupa behandeltl4. Unabhidngig von dieser Arbeit er-
hielten wir nach der Methode von ALBERY!? das gleiche Resultat:

Q=1+ A%1—F)]— (1 +9+ )1 — Fomarern]— Fom (ITL.7)
o 30 de 3t (146 3 208 —1 |
wobei F ) = Z‘Cfo e = Zzln P + 2narctam = +1

von ALBERY UND BRUCKENSTEIN1S tabelliert wurde. Gleichung (III.7) gilt auch fiir
eine Anordnung von zwei konzentrischen Ringelektroden an einer rotierenden Scheibe,
wenn man A durch (743 —738)/(r23 —713) und & durch (rs3 —723)/(r28 —713) ersetzt, wobei
71 der Innenradius, 7> der Aussenradius der inneren Ringelektrode ist und entsprechend
73 und 74 die Dimensionen des dusseren Rings.

IV. ABSCHATZUNG DER UBERTRAGUNGSZEITEN UND DER WIRKUNG NACHGELAGERTER
CHEMISCHER REAKTIONEN ERSTER ORDNUNG

An der Erzeugerelektrode lauft die Reaktion, A+#ne — B, ab. In der Losung
reagiert B homogen weiter in einer Reaktion erster Ordnung mit der Geschwindig-
keitskonstanten, . An der Indikatorelektrode wird das noch vorhandene B elektro-
chemisch nachgewiesen. Die Abklingzeit 7x der Reaktion sei tr =1/%.

Zur Vereinfachung der weiteren Schreibweise definieren wir die Grésse K {iber

K2 = (kDY) (bl/300)% = (1/ DY) (b1/300)% - (x/x) (IV.1)
Dann gilt fiir B folgende Differentialgleichung

oc 0%
=" _ K2 IV.
"GET e ¢ (IV.2)
Die chemische Reaktion wird dann einen merklichen Einfluss auf die Uber-
tragungsausbeute () ausiiben, wenn die durchschnittliche Ubertragungszeit 7 von
der Erzeuger- zur Indikatorelektrode im Bereich der Gréssenordnung der Abklingzeit
tr der Reaktion liegt oder grosser als T wird.
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Um zu einer Abschitzung der mittleren Ubertragungszeit 7 zu kommen,
gehen wir vom Konzentrationsprofil des stabilen Produkts aus und fassen dieses
als eine Wahrscheinlichkeitsdichte fiir den Aufenthaltsort der Substanz B auf, was
dadurch gerechtfertigt ist, dass die Diffusion ein statistischer Prozess ist. Dann
koénnen wir fiir jeden Ort x vor der ersten Elektrode einen Erwartungswert {vaz)»
der mittleren konvektiven Transportgeschwindigkeit von B bilden1s,

®© ) v\ 3 I
z =Euw,)= z dy= * (_) *
@aay=Eo, =] " evatyl[ edy=(3D0* () 7 (1V.3)
Die mittlere Transportzeit 7(z) ergibt sich dann zu
= dx 3% 1 (bw\3 ¥
s i — (&) x2 k2 (-) Iv.
=] Gy~ 2 Lo o (vo) 2 7) Tx (IV.4)

Verwendet man eine Doppelelektrode mit diinner Isolation und diinner
Indikatorelektrode, so spielen sich die entscheidenden Vorginge in der Hauptsache
vor der Erzeugerelektrode ab. Die gesamte Ubertragungszeit bis zum Ende der
Indikatorelektrode ist dann

tx2z K2 (1+9+A)r fiir 9<1; <1

Hieraus folgt die Bedeutung der Grosse K2: Sie gibt das Verhiltnis der konvektiven
Ubertragungszeit zur Abklingzeit der Reaktion an.

Die allgemeine Behandlung von Gl. (IV.2) fiir beliebiges K ist sehr kompli-
ziert. Naherungslosungen lassen sich fiir die Bereiche 7< tr und 7 >7r angeben. Im
Falle 7< 7r kann man einen Zusammenhang mit der Ubertragungsausbeute Q des
stabilen Produkts herstellen.

Q* =exp(— k1) Q =exp(—1/Tr)) =exp{ —2K2(1 +9 +1)¥}-Q (IV.5)

In diesem Ansatz werden zwar auch Teilchen miterfasst, die nicht zur Ab-
scheidung kommen, weil sie zu weit von der Elektrode entfernt sind; dadurch ist
{vz) zu gross und 7 zu klein. Andererseits werden die am Ende der Erzeugerelektrode
entstandenen Teilchen mit grosserer Wahrscheinlichkeit von der Indikatorelektrode
erfasst; damit ist der durchschnittliche Transportweg zu gross angesetzt und 7 zu
gross. Beide Fehler wirken einander entgegen, und man kann erwarten, dass sich
die angegebenen Ausdriicke bis auf einen Zahlenfaktor in der Gréssenordnung von 1
experimentell verifizieren lassen.

Fiir den Fall 7 > vr empfiehlt sich die Behandlung von Gl. (IV.2) anstelle der
Rechnung mit Ubertragungszeiten. Hier wird die Konzentrationsverteilung des
Reaktionsprodukts B hauptsichlich von Reaktion und Konvektion bestimmt.
Fithrt man folgende Substitution durch

{=K3&=(bk¥/3v0DY)x und w=Kn=(k/D)}y
so erhalt man die Differentialgleichung

aCB _ 62013
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1. Zome der Erzeugerelektrode
In den Koordinaten, &, », betrigt der Erzeugerstrom

1/ dc ;
=] (= dé=3%/21",
1 Jo(é’n)wo §=3%[21)
Um die Konzentrationsverteilung vor der ersten Elektrode zu ermitteln, fiithren wir

eine Laplacetransformation beziiglich {1, mit der transformierten Variablen s; durch

d%c _
ws1Cp—wep’ = N Cn (IV.7)

ow?

mit den Randbedingungen: {1=0: ¢g®=0; lim cp=0;
w— 0

Jcn (aCA d'i’] 1% %
CEBY (& sl e SR
(5'&/ )w=0 on )17<o dw 3 e

ow

ac 2 3
w=0

Wir schreiben 3’3‘]’(%)05/1’(%)=u und o1 =(ws1 +1)/s1> und erhalten an Stelle von
Gl (IV.7)

0% ; S ou 1
ol = mit lim @i=o0; (—) = - — (IV.8)
60‘12 w00 a0'1 -2 S1
0,=8, 7
= Ai({)’l) . .y
T P e
- (ws,3+s ) LA i (s, )
s141 foy 3, =, 1
. » .
= —Al(zl%+1(2/zl%)/21/11 (Kz/zl%) mit f(zl)-—O F({:) (IVQ)

Eine allgemeine Riicktransformation von Gl (IV.9) erscheint als nahezu
undurchfithrbar. Nachdem aber K gross sein soll, kann man die Ausdriicke der
Airyfunktionen fiir grosse Argumente!” verwenden, um die Verteilung von B am
Ende der ersten Elektrode niherungsweise zu erhalten.

I . 2 I’(:gn-‘.,})
Aigy ~ —— + z-t-exp(—273/3) X _ IV.10a
e J/4m pl ;) n=0 (—362%)" n!lnsy) : )
I N o L3n I14+6m
Ai' gy & —— 2t-exp(—273[3) Z ;3 & g (IV.10b)
]/47r n=0 (—362%)" 0wy TI—06m
s A’ z_§
—zTL,—) ~ I+2/4—522[32+ —... (IV.11a)
AZ(Z_T)
—% ]
-z AiH AV R T —2[4+ 72232 — + ... (IV.11Db)

Die beiden letzten Ausdriicke haben fiir z 0.8 einen Maximalfehler von 5%, fiir z 0.4
einen Maximalfehler von 19.
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Am Ende der Erzeugerelektrode ist sicher K2/z1% >1. Wenn man sich auf den
eigentlich interessanten Bereich in Wandnihe beschrinkt gilt ferner K 2/21*»7]21%.
Fiir £~1 gilt wegen K >1:

(K3 )21+ 3Kn)* > (K2 +nm)
Vernachlassigt man nun die kleinen Terme, so erhilt man schliesslich

exp(—Kn)
3%KF(%)§}

— —-K
U~ expl— Ky —o0 Sl ) bzw. cg ~

o7 KTof (IV.12)

Einen dhnlichen Ausdruck haben ALBERY UND BRUCKENSTEIN fiir die rotierende
Scheibe gefunden, wobei sie den Diffusionsterm und den konvektiven Radialterm
zur Behandlung des Problems gestrichen hatten?!8.

Die Losung von Gl. (IV.12) erfiillt zwei Randbedingungen exakt, den Fluss
an der Wand und das Verhalten im Unendlichen. Nur der dritten Randbedingung
fiir £ =0 kann nicht genitigt werden. Setzt man die Naherung von ¢g in die Differen-
tialgleichung (IV.2) ein, so ergibt sich der Ausdruck K2—z/35t~K?, d.h. fir K2>
n/3&% ist auch die Differentialgleichung naherungsweise erfiillt. Das trifft aber wieder
auf die wandnahe Zone am Ende der Erzeugerelektrode zu, fiir die die Naherung
abgeleitet wurde. Die Diskrepanzen fiir kleine & stéren nicht, da hier unsere Ndherung
ohnehin nicht gilt. Da bei n=1%4*I"s)~0.54 bereits das Ende der Diffusionsschicht
erreicht wird, und fiir K3 >1 die Reaktionsschicht kleiner als die Diffusionsschicht
ist, kann man auf Grund der obigen Uberlegungen fiir K die untere Grenze K >1.5
angeben. Fiir den Geltungsbereich der in der Folge gemachten Naherungen diirfte
es jedoch besser sein K >2 zu benutzen.

Die Verwendung der Naherungsformeln fiir die Airyfunktionen bei der Riick-
transformation ist maoglich, weil diese Formeln auch fiir komplexe Argumente gelten.

2. Berechnung dev Ubertragungsausbeute Qx fiir verschwindende Isolation (d =0)

In diesem Fall ben6tigt man die Riicktransformation vor der Erzeugerelek-
trode nicht, sondern kann mit einer zweifachen Laplacetransformation rechnen. Vor
der Indikatorelektrode gilt dann

ou _ ot

wa—c2 Frche (IV.13)

Fiithrt man die zweite Laplacetransformation beziiglich {» mit ss als transformierter
Variable durch, so erhdlt man

= 2 7 -
Wsalh — 20 = Z—Z;: — s bzw. mit o= (ws2+1)/s2? (IV.14a)
2 =
ool = Tt wAiwl)/slsg*Ai’(sl_%) mit B_{r;o u=0; ul)Lrg %=0; (IV.14b)
Fiir den Fluss zur Indikatorelektrode gilt12
—foo wAi (g )Ai(g,)doe/s1553 A’ =s27341 (6_12 (IV.15)
- (0 Atoy)doe/S1S7 A 4, e v .
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o
Mit —f O’1Ai(gz)Ai(0—1)do‘2 =
5,73

2

1
Sa . 5 Sa\% . , Sy
B [(E) Av “fz’)Ai(s;*)_(E) At(sf%)Ai (szﬂ-})]/(l B E)
erhalt man

(aﬁ - (IV.16)

) _ 3 Ai’(32~%)Ai(sr%>]
0w lw=0  si1(s1—s2)

31%—82 s 5
[ Ai 3 A
(85 2) (51

)

Die exakte Riicktransformation dieser Gleichung wiirde den Indikatorstrom
fiir alle Werte von K ergeben. Die rechnerische Durchfithrung ist aber wohl kaum
moglich. Nachdem s; und sz die transformierten Variablen von (i und {2 sind, bei
gleicher Dimensionierung der Elektroden an deren Ende aber {1 =K3 und (»=K?3
sind, gilt fiir K >1:{1,2 > 1. Daher kann man {iber s aussagen, dass s <1 und s3>1
sind. Dann darf man die Beziehungen von Gl. (IV.10) und (IV.11) zur niherungs-
weisen Riicktransformation heranziehen. Verwendet man die erste Naherung von
Gl. (IV.11), so erhdlt man:

C; ou _Tw " T
fo (a_w)Wo dfa =" Do = 3Ty 2K (IV.17)

Schliesslich wird die Ubertragungsausbeute
QK=—1‘2/1.1 =I/()K3 fir d=o0 (IVI8)

Beachtlich ist die fehlende Abhangigkeit von (.. Das bedeutet, dass bei
schnellen Reaktionen nahezu alles noch erfassbar B am vorderen Teil der Indikator-
elektrode abreagiert, die Dimensionierung der Indikatorelektrode eine untergeord-
nete Rolle spielt, also in weiten Grenzen frei ist, ohne dass sich  dadurch dndert.
Der fehlende Zusammenhang mit dem Fall des stabilen Reaktionsprodukts ist nicht
erstaunlich, da sich die Konzentrationsprofile in beiden Fillen erheblich unterschei-
den. Fiir kleine K nihert sich der Ausdruck fiir # dem stabilen Fall und man muss
die ginzlich verschiedene Abschitzung von Anfang dieses Kapitels verwenden.

Die in diesem Abschnitt verwendete Naherung beschriankte sich auf die Ver-
wendung der asymptotischen Ausdriicke fiir die Airyfunktionen und den Abbruch
der darin enthaltenen Reihen.

3. Berechnung deor Ubertragungsausbeute Qx fiir endliche Isolation

In den Koordinaten {,w hat die Isolationsdicke den Wert K3§. ¢ miisste also
den Betrag o.0r annehmen, damit man K39 noch vernachlissigen kann. Die Dimen-
sionierung von ¢ hat bei der Anfertigung einer Doppelelektrode die untere Grenze
von ca. 5 p. Dann sollte / wenigstens 0.5 mm sein. Nachdem die beniitzten Elektroden
diese Bedingung oft nicht erfiillen, soll jetzt eine Abschitzung der Ubertragungs-
ausbeute fiir endliche Isolationsdicken vorgenommen werden. Eine dreifache Laplace-
transformation stésst schon im Laplaceraum auf erhebliche Schwierigkeiten. Des-
halb verwenden wir fiir die Konzentrationsverteilung am Ende der ersten Elektrode
die Ndherungslosung Gl. (IV.12).
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Am Ende der Erzeugerelektrode ist cs=e~/K I'4)3*

2 . 0 02 :
Schreibt man u=e-*—cp*3°K (), so gilt w (% = 6—1; — u, weile= Gl (IV.6) erfiillt.

An der Isolation herrschen folgende Randbedingungen:
Clz(): u=0; lim u=0,
w—> 0

(e)y.am=n weeen (G2, =0 wa (50, =

Eine Laplacetransformation beziiglich {1 mit der transformierten Variable s; fiihrt auf

_ 0% _ . ws1+1 _ 0%
ws1ll = — — u bzw. mit o1 = auf o1i1l = —
Ow? 81% [30'12

Die Losung ist

(IV.19)

= % 4 4
u=—Aig)/st Az 0

Gleichung (IV.1g) ist die Randbedingung fiir {s=0. An der Indikatorelektrode ist
fir w=0:cy=0; u=1:u=1/s1.

Die zweite Laplacetransformation beziiglich {2 mit der transformierten
Variable s; und der Substitution g2 = (wsz +1)/s2¥ fithrt auf

o2 . wi®
= Oo2U —
(30'22

= ot +wdic)[s s 4d7, g (IV.20)
1

Mit der Methode van ALBERY!2 erhilt man:

I (0@?) st AT 58 I [I B Adsy=3s,2 A7 (578
=] = — = T :
0w Jw=0  S1S52 A’L(sz_%) 5152(S1— S2) s15A1 (sl_%)Az

] (IV.21)

Sa (3279)

Zur Ricktransformation benutzen wir wieder Gl. (IV.10) und (IV.11). Die erste
Néherung ergibt:

1 /0u ey
s2 (a_Z)woz —Tfsise® = T/4sise+ Tfsise(1+s1/4) —0 — G — _exp(4451)
Mit der zweiten Naherung erhilt man
s iy & O 15 1 7 ,
. (aw )W:O— s152% 48152 * ita)s: 8 sitq  © b’ — gexp(—4&)

Damit werden 42 und Qx nach der ersten Niherung

I I
P R ——— — A K39 — e o ~3.0) .
2 3%]1(%)41{3 eXp( 4 0) d QK 6K3 eXp( 4K 0) 2
und nach der zweiten Naherung
T PP N, = 1. expl—a K99
o = FT,, 8K exp(—4K39); Qx = 2R exp(—4K39);
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Die zweite Niherung liefert bis auf einen konstanten Zahlenfaktor das gleiche
Ergebnis wie die erste. Dieser Faktor kann aber nur iiber das Experiment bestimmt
werden, da die Zuverlissigkeit der zweiten Naherung insofern etwas problematisch
ist, als man ein nicht riicktransformierbares Glied streichen muss, das durchaus
einen Beitrag zu 73 liefern kann.

Man kann noch die Ubertragungsausbeute fiir den Fall d =0 nach derselben
Niherung Gl (IV.12) wie fiir d50 berechnen; hierzu benotigt man nur eine Laplace-
transformation. Das Ergebnis ist jedoch mit Gl. (IV.18) identisch. Daraus ergeben
sich zwei Folgerungen: Einmal ist der Naherungsansatz fiir das Konzentrationsprofil
am Ende der ersten Elektrode brauchbar, zum anderen kann man die Beschrinkung
der Isolationsdicke auf die Fille K39 > 1 aufgeben. Nachdem Qx von der Linge der
Indikatorelektrode unabhingig ist, gilt fiir beliebige Dimensionierung der Doppel-
elektrode

O = (1/6K3) - exp(—4K39) = (D*vo/2k3bl) - exp( — 4k¥bd/3Dvo) (IV.22)

wobei der Faktor 1/6 noch eine gewisse Unsicherheit tragt.

Bei unserer Anordnung hat die Erzeugerelektrode eine Linge von /=100 u
und /=200 . Die Indikatorelektrode kann man auf =10y dimensionieren, um
den Reststrom klein zu halten, nachdem nur ihr vorderer Teil einen Beitrag zu Qx
liefert. Die Isolationsdicke d liegt im allgemeinen bei d~x10 u. Die untere Grenze
erfassbarer Ubertragungsausbeuten betrigt 1%,. Variiert man b zwischen 0.1 mm
und 0.3 mm, dann ist vo durch den Umschlag laminar—turbulent nach oben hin auf
11 m/sec beschrankt.

Im Bereich 7 < 7 gilt Gl. (IV.5) fiir kleine K2 am besten. Verwendet man als
obere Grenze K2=o0.1, so ergibt sich mit den obigen Zahlenangaben fiir die obere
Grenze erfassbarer Geschwindigkeitskonstanten ein Wert von ka/4-102 sec~!. Die
Ubertragungsausbeute, Q*, betrigt hier etwa Q*~0.8 Q.

Beim Fall 7 > 7 verlangt die Giiltigkeit der Naherung, dass K2 >2 ist. Damit
erhilt man ein Intervall von 10 sec-1< k< 104 sec~1. Die Ubertragungsausbeute Qx
hat hier nach Gl. (IV.22) Werte von 19, < Qx < 5%. Erginzend zur Rechnung kann
man die Abhingigkeit der Ubertragungsausbeute von K auch mit einer Testreaktion
bestimmen.

V. BERECHNUNG DER UBERTRAGUNGSAUSBEUTE BEI EINER EINGELAGERTEN REAKTION
ERSTER ORDNUNG

Hiufig tritt der Fall ein, dass das Produkt der Elektrodenreaktion in einer
chemischen Reaktion zum Ausgangsstoff zuriickreagiert. Man hat dann folgendes
Reaktionsschema:

Erzeugerelektrode: Atze - B
k

Losung: B—~A

Indikatorelektrode: BFze - A

Definieren wir K wie in den beiden vorhergehenden Kapiteln, so muss man folgendes
System von Differentialgleichungen 16sen:
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dc 0% oc 0%
na—; = 617: + K2cp und na—; = Wj — K%sg (V.1)

mit den Randwerten: #=0: ca=0; (%) +(6_01§) =0; lim ¢cpa=1; lim cg=o.
577 n=0 617 7n=0 7= 7> 00

Durch Addition beider Gleichungen erhdlt man:

2
i 0(Cg§+ ¢s) = i (;‘t{: e} mit der Losung ca+cn=1

Deshalb ist lim cg=1
7n-0
Fiihrt man nun eine Laplacetransformation von Gl. (V.1) beziiglich & mit der trans-
formierten Variable s durch, so erhilt man:
02c _ . m g T
? — K2¢p mit lim ¢g=1I/s; lim ¢g=0;
57]" 70 7n-> 00

Mit o =s¥ + K2/s¥ wird die Losung: ¢s=Ai(q)/sA?

nsCp =

(&%sh

Verwendet man Gl. (IV.10) in analoger Weise wie bei Gl. (IV.12), so ist am
Ende der Erzeugerelektrode

EBze—K”/s —0 e K7 (V.Z)

Dieses Ergebnis unterscheidet sich nur um den Faktor 3*I',,K von Gl. (IV.12).
Deshalb kann man den Indikatorstrom auf dieselbe Weise wie in Kap. IV berechnen
und erhalt:

iz =(1/4K?)exp(—4K>J) (V.3)
Fiir 41 stellen wir dhnliche Uberlegungen wie bei 42 an und erhalten

= —L-1 SI—l (—g%)n:()

Dieser Ausdruck gilt ebenso wie der fiir 75 nur fiir grosse K. Schliesslich ist die Uber-
tragungsausbeute
0’ = exp(—4K%)) _ exp(—4K3)
4K3(1+1/4K3) 4K3+4+1

=K+1/4K? (V.4)
&=1

~ (3)0x (V.5)

Der Fall der eingelagerten Reaktion unterscheidet sich von der nachgelagerten
hauptsichlich in der Grosse des Erzeugerstroms.

VI. DISKUSSION

Die Ergebnisse fiir die Doppelelektrode in der Kanalstromung lassen sich
mit gewissen Einschrinkungen auch auf eine Doppelringelektrode an einer rotieren-
den Scheibe iibertragen. Die Gleichung der konvektiven Diffusion mit homogener
Losungsreaktion erster Ordnung lautet an der rotierenden Scheibe
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dc dc 0% . w* k¥
ST B P AL SN . = it 2 R
e el K2c mit w=0.799 i K2=1.57 i (VI.1)

(z=Normalkoordinate, o =Kreisfrequenz)

Verwendet man die Vereinfachungen von ALBERY!® zur Behandlung von Gl. (VI.1)

fiir die Ringscheibenelektrode, d.h. vernachlidssigt man den konvektiven Normalterm

w2(0c/0w) und wihlt alle Radien in der Grdssenordnung eines mittleren Radius

YoR71,2,3,4, SO geht Gl. (VI.1) in die analoge Beziehung fiir den Strémungskanal iiber
Oc 02

® sy = g~ K (VI.2)

Fiir den Ausgangsstoff ist K2=o0; die Auswertung der unverkiirzten Gl. (VI.1) ergibt:
CA= E

3[rw/(3r3—3r13 NE

’ o [ OC i N

11=2nf : (—) rdrx3¥are’ (re—n)? /1) (VL.3)
% ow w=0 J

Die Konzentrationsverteilung von B am Ende der ersten Elektrode ist niherungs-
weise

_ exp(—Kw) ( ro \*
o N KA ) (VI.4)

Schliesslich erhdlt man wie in Gl. (VI.22)
Qr =~ {ro/6K3(ra—r1) texp{ —4K3(ra—72)[ra} (VL5s)

Die Giiltigkeit dieser Beziehungen ist allerdings begrenzt. Einmal darf der
vernachlassigte Konvektionsterm noch keine wesentliche Rolle spielen, zum anderen
muss K so gross gewahlt werden, dass K3(ra—71) >70, da sonst die Nédherung in
Gl. (V1.4) ihren Sinn verliert. Letzteres bedeutet aber, dass Qx eine sehr kleine Grosse
wird. Bei der Messung sollte der Strom 42 jedoch noch deutlich iiber dem Reststrom
liegen. An einer Ringscheibenelektrode liegen giinstigere Verhéltnisse vor18; die dort
geltenden Beziehungen haben eine sehr dhnliche Form:

Or =(7/4K3)exp{ —4K3- (ra—71)[n} (VL6)

Bei der in der vorliegenden Arbeit behandelten Doppelelektrode in der Kanal-
stromung liegen die einzigen Nidherungen in der Riicktransformation, da hier die
unverinderten Ausgangsgleichungen einer mathematischen Behandlung zuginglich
sind. Die Kanalstrdmung besitzt noch zwei weitere Vorteile gegeniiber der rotierenden
Scheibe. Einmal ist das Strémungsprofil von der Viskositit vollig unabhidngig, zum
anderen kann man durch Verkleinerung der Kanalhghe 25 die laminare Strémung bis
zu sehr hohen Geschwindigkeiten aufrechterhalten (z.B. fiir 5=0.1 mm bis zu vo =11
m/sec). Bei der rotierenden Scheibe erzielt man das nur durch méglichst kleine
Dimensionierung von Scheibenelektrode und Ringelektrode; die Grenzen liegen
jedoch hier in der Anwendbarkeit der Gesetze fiir eine unendlich ausgedehnte Scheibe.
Bei einer Doppelringelektrode diirfte man hier auch auf mechanische und mess-
technische Schwierigkeiten stossen.

J. Electroanal. Chem., 19 (1968) 23-35



STOFFTRANSPORT AN EINER DOPPELELEKTRODE 35

Herrn Professor GERisCHER gilt fiir die Einfithrung in die Problemstellung
mein besonderer Dank. Seine Anregungen trugen wesentlich zur Durchfiihrung dieser
Arbeit bei.

ZUSAMMENFASSUNG

Doppelelektrode in der Kanalstromung heisst eine Anordnung, in der zwei eng
benachbarte Elektroden in die Wand eines Strémungskanals eingebettet sind. Die
Reaktionsprodukte der ersten Elektrode kénnen an der zweiten analysiert werden.
Die Ubertragungsausbeute Q fiir ein stabiles Produkt kann mit Hilfe von Laplace-
transformationen exakt berechnet werden, wenn das Produkt jedoch im Elektrolyten
weiterreagiert, muss man Niherungen anwenden. Die Berechnungen wurden fiir Reak-
tionen erster Ordnung durchgefiihrt. Diese Uberlegungen sind unter gewissen Be-
dingungen auf ein System von zwei konzentrischen Ringelektroden auf einer rotieren-
den Scheibe anwendbar.

SUMMARY

“Double-electrode in a channel flow” describes an arrangement in which two
closely spaced electrodes are embedded in the wall of a channel. The reaction products
of the first electrode can be analyzed at the second. The transfer efficiency, @, of a
stable product can be calculated exactly by using Laplace transformation but if there
is any further reaction of the product in the electrolyte, one is forced to apply
approximations. Calculations were made for first-order kinetics. These considerations
are applicable, under certain conditions, to a system of two concentric ring-electrodes
on a rotating disc.
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INTRODUCTION

A method of ionic analysis is described in which a small sample is interposed
between two long columns of solutions. For cationic analysis, one column is filled
with a solution of only fast cations, e.g. H+, while the other column contains only
slow cations, e.g. Li*. When a potential is applied between the ends of the columns,
the cations within the sample will move towards the cathode between the H+ ions of
the leading electrolyte and the Lit ions of the trailing electrolyte. The unknown
cations in the sample will be separated slowly into distinct layers in order of their
mobilities. The boundaries formed between each layer are detected by two closely
spaced platinum foil electrodes near the end of one or both of the columns. This
system provides a method for the determination of ionic species and concentration.

EXPERIMENTAL

Figure 1 shows a diagram of the apparatus used. Perspex block B is connected
with small-bore glass tubing to the junction blocks, C; and Cs. Another piece of
Perspex (shown shaded) is free to slide through the centre of block B. In this sliding
valve is located a hole, No. 2, having the same diameter as the bore of the tubing, as
well as two grooves cut as shown in Fig. 1. Small-bore tubing, fitted with ball valves,
E1, E2 and E3 as shown, connect the apparatus with the electrolyte containers on top,
and the drain beakers below. Electrolyte flow from the Ag/AgCl electrode compart-
ments, A1 and Ao, is prevented by asbestos plugs, F1 and Fa. Two sets of electrodes,
D and Dg, are provided to allow the detection of boundaries of both cation and anion
simultaneously, if desired. In the present experiment, only the properties of cations
were investigated.

There are several methods of preparing the elc-trodes:

(1) Each set of electrodes consists of two strips of platinum foil' which are
placed, slightly staggered, on opposite sides of the column, as shown by D; in Fig. 1.
The signal can be recorded by a pH-meter.

(2) The foil strips are placed level, opposite each other, in which case a con-
ductivity measurement? can be used for boundary detection.

(3) A third method is that in which the platinum foils are glued on a 0.3-mm
thick celluloid strip; this is then attached through a hole in the side of the glass
tubing as shown by D2 in Fig. 1. The signal may then be recorded with a current-
sensitive system?.
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In each method, the electrodes were filed flush with the bore, and lightly
platinised.

A test is prepared by first pulling the sliding valve in B to the right so that
the centre hole in the valve lines up with holes No. 3 in the block, while the grooves
form two channels between holes No. 1 and the glass tubes. When the valves, E; and
Es, are pressed, carrier electrolytes are introduced from the reservoirs through holes
No. 1 and the grooves, flushing through the two halves of the column, and out to the
respective drain beakers. With the sliding valve in the same position, a sample is
introduced to hole No. 3, after several rinses through ball valve, E;. When the sliding
valve is moved so that its centre hole (chamber volume o.01 ml) is aligned with hole
No. 2 in block B, as shown in the diagram, ions in the sample are allowed to migrate
with the carrier ions in the electric field produced by a potentlal of several hundred
volts applied to the column electrodes, A1 and As.

In the experiment now described, the upper column contained the leading
electrolyte, 10-3 N HCl, and the lower column the trailing electrolyte, 10-2 N LiCl,
so that the unknown cations of the sample will now move upwards behind the H+*
ions, followed by the Li+ ions. The anions of the sample are replaced by those of the
leading electrolyte, thus providing a constant anion concentration, resulting in a
constant migrating cation concentration.

+50 mV

Hﬁ(‘boundury

Section
of B near rmn

hole 1
Sto
300V 0.01
KCL
45pA 150A
Adj.
10 V
-50mv Y

Fig. 1. Diagram of moving toundary apparatus. Length of tubes, 22 and 12 cm, i.d. 2.3 mm.
Dimensions of block B, approx. 50 X 25 X 25 mm; thickness of sliding valve 2.3 mm.

Fig. 2. Recorder-graph of 0.01 N KCl, as sample, between 10-3 N HCl and 102 N LiCl electrolytes.
Voltage and current, as shown. Column length, 12 cm. Detector circuit is potentiometric.

RESULTS

Preliminary experiments were carried out on various concentrations of KCI,
ZnSO4, NHs+ ion and some cationic mixtures. A typical result is shown in Fig. zin
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which the recorder-graph shows the sharp H+/K+ boundary followed by the less
distinct K+/Lit boundary, as a function of time. With constant current, the distance
between the peaks is dependent on the concentration of the K+ ion in the sample.
Figure 3 shows the dependence of layer thickness (as measured by the electrical charge
between peaks) on sample concentration. This relationship does not appear to depend
on the concentration of the carrier electrolytes. The dashed line shows the theoretical
expectation for the migration of pure KCl, as calculated coulometrically for a sample
volume of 0.01 ml. A lower range of carrier electrolyte concentrations (e.g., 10-4 N HCI
and 10-3 N LiCl) gives better separation between peaks, as the current will be lower.

100mV
bT_C\ —

min
001N

Start

_/H+boundury
0005 N
KClL
| L L recorder zero only
mCoulombs 0 20 30

Fig. 3. Graph of K+ ion concn. in the sample as function of electric charge between peaks; dashed
line shows theoretical expectation.

Fig. 4. Duplicate recorder-graph of 0.1 N ZnSO4 between 103 N HCl and 10-2 N LiCl electrolytes,
300 V, current as shown. Detector circuit is potentiometric.

This is especially useful when testing samples of low concentration, e.g., below
0.002 N. On the other hand, ZnSO4 did not show such a clear relationship as given
for the K+ion in Fig. 3, particularly at higher concentrations, which showed formation
of multiple peaks as indicated in Fig. 4. As the concentration decreased, the boundary
became sharper and 10-4 N ZnSO4 could still be detected easily. It was possible to
obtain multiple peaks also from a o.0r N KCl sample by putting it between o0.01 NV
HCI and o.or N LiCl carrier electrolytes at 1oo V and with a 12-cm column. The
resulting graph showed a very sharp initial peak followed by two less distinct peaks
(not shown here).

An interesting test was made with NHg* ions. First, they were introduced as
0.002 N NH4OH between 10-4 N HCl and 103 N LiCl carrier electrolytes in a 22-cm
column. With 350 V applied, the resulting H+*/NH,* boundary peak was only a few
seconds wide and appeared within 25 min, following which the NHs*/Li+ peak
appeared after 20 mins; the current was approximately 5 gA. On the other hand, the
times for the same solution acidified with HCl were 43 mins and 34 mins at 5 pA,
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respectively. This shows the different dissociation states of the NHj radical in the
two solutions. The excess H+ ions in the second sample also contributed to the slower
movement of the H*/NH4* boundary. Some mixtures, such as Ca2* or Ag* with the
K+ ion, showed clearly as separate peaks, while other mixtures did not always
resolve well.

DISCUSSION

The apparatus described could have specific applications for ionic analysis,
and offers a different approach to ionic research. In addition to the ion-migration
experiments described, it is possible that the apparatus could be used for conventional
electrophoresis since, in principle, it resembles a Tiselius electrophoresis cell® but
requires only one-thousandth of the size of sample. The sharp boundary peaks
indicate that temperature control is not essential.

In contrast with the Tiselius method, which uses only one electrolyte, the
present method allows boundaries to be formed without boundary anomalies. In this
manner the electrical stability of the boundaries may overcome all other causes of
physical instability, such as convection, diffusion, etc., within the solution.

No satisfactory explanation for the multiple peak formation on a single ionic
species can be given. A possible cause could be isotopic separation, perhaps shown as
incompleted boundaries. Other suggestions include complex ion formation and
migration of the salt complex under the influence of the H+ boundary.

The potentiometric detection system was the least susceptible to electrical
disturbances, resulting in very smooth graphs. The circuit (see ref. 1) can also develop
a H*/K+ boundary peak within 5 uC. A conductometric circuit was abandoned
because of interference from the oscillator. A sensitive conductometric system could,
however, make possible identification of ions in the layers between the boundaries.
It is suggested that some closely spaced (very thin) Pt wires could be used as detector
electrodes to eliminate possible tube-wall interference. Duplicate pairs of detector
electrodes (a short distance apart) separately linked to a detection system, would
greatly improve correlation of results. Two or more columns could also be constructed
between the same blocks, B and C, so that sample and standard could be run under
identical conditions of potential and geometry. A screw fixture to move the sliding
valve is recommended as a tight-fit is required to prevent leakage.
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INTRODUCTION

The distorting effect of double-layer charging on constant-current chrono-
potentiograms has recently been receiving considerable attention!-3. The problem
has been treated theoretically along different lines. RODGERS AND MEITES! used a
numerical approach for solving the Fick diffusion equations, with theappropriate
initial and boundary conditions. Our approach? was based on a formulation of the
problem as a non-linear integral equation in terms of the surface concentrations of
electroactive species, and OLMSTEAD AND NIcHOLsONS formulated an integral equation
with the capacitive current as the function to be solved. The latter approach seems
to be the most promising, as numerical evaluation of the integral equation of OLM-
STEAD AND NICHOLSON proceeds via simple expressions. For a comparison of both
approaches, reference should be made to the Appendix.

A treatment of the problem of double-layer charging in chronopotentiometry
at a mercury-film electrode is of interest for two reasons. First, whereas for semi-
infinite diffusion the sum of the dimensionless surface concentrations (at the electrode—
solution interface) of electroactive species is a constant?, this is not the case when
diffusion of one electroactive species is restricted to a solution layer of finite thick-
ness. In this case, the sum of surface concentrations depends on the course of the
current function. This complicates theoretical analysis and is a test of the feasibility
of the mathematical technique employed. Secondly, chronopotentiometric stripping
is sometimes advocated as a technique in trace analysis4, and a theoretical evaluation
of the potentialities of this method seems worthwhile from a practical viewpoint.
A general treatment of reversible constant-current chronopotentiograms obtained
at a mercury-film electrode has appeared recentlys.

In this paper an attempt is made, therefore, to calculate theoretical constant-
current chronopotentiograms of an amalgam-forming metal at a mercury-film
electrode. Reduction, as well as oxidation is considered, and it is assumed that the
electron transfer reaction proceeds reversibly. Linear diffusion is the sole means of
mass transport; diffusion of Ox is considered to be semi-infinite, but that of Red is
restricted to a mercury-film of thickness, /. A conventional formulation of this
diffusion problem leads to the following integral equations for the surface concen-
trations of Ox and Red, respectively:

* Present address: Department of Chemistry, The Free University, Amsterdam (The Netherlands).
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0T 1 ¢ gr(é) :
Golgug)=6o" & mfo(ti_mdf) (1)
— (0 ot gr(é) 2 &t ogr(d) — 422
Calod)=tn? £ (nDR)%fo =1 €t ot 2 I, =& P [DR(t—s)] % @

with Co® and Cgr? the initial concentrations of Ox and Red, homogeneously distributed
throughout the aqueous solution and the mercury-film, respectively, and gr =tx/nFA
(A is the electrode area) the flux of electroactive species at the electrode surface. The
subscript F is used to differentiate between this flux and the capacitive part of the
current that is consumed in double-layer charging. When ¢r is defined to be positive,
the upper signs of eqns. (1) and (2) refer to a reduction process, while the lower signs
apply to an oxidation process. Electrode potential is given by:

n(E —E ) = (RT/F) In {(Do|Dx)'Co(0,4)/Cx(0) }. 3)
When the chronopotentiometric experimentisstarted at an initial potential, n(E; — E ),
Co®/Cr®=y(Dx/Do)*=(Dr/Do)* exp[(nF|RT)(Ei—E,)]. (4)

REDUCTION CHRONOPOTENTIOGRAMS

(a) Derivation of integral equation

It is assumed that reduction with a constant total flux, ¢, is started at an
initial potential, E;. When the initial concentration of Ox is denoted by Co?, that
of Red is

Cr0=(Dr[Do)¥Co°/y. (5)
The following dimensionless quantities are defined:
70(4) =Co(0,1)/Co®; (6)
yr(A) =(Dr[Do)*Cr(0,{)[Co®; (%)
A=ilT; (8)
7t=Co%(wDo)*/2¢; 9)
h=1012[Dxrr; (10)
pr(2) =gr(t)/q- (11)

In the absence of double-layer charging, the surface concentration of Ox, and thus
yo, becomes zero at the transition time, 7, and the electrode potential attains the
value —oo. Substitution of the appropriate dimensionless parameters into eqns. (1)
and (2), and using eqn. (5) for the initial concentration of Red, results in the dimen-
sionless forms of the Duhamel integrals:

A F
yo(l)=1—%f0 (f_(g - dé; (12)
2 F 3
yr(d) = % + 3 ; (f_(g% dé+I(A), with (13)
_ D (pp(f) —12h
Tl = gfo A BT P [1_5] de. (14)
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It is easily verified that the dimensionless faradaic flux is given by
@r(2) =1+ (Ca/nFq)(dE/ds), (15)

with Cq the assumedly constant differential electrode double-layer capacity per unit
area. From Nernst’s law, the derivative of electrode potential can be found:

dE/dt=(RT[nF){Co'(0,)/Co(0,t) —Cr'(0,t)/Cr(0,t) }, (16)
where primes denote differentiation with respect to time. Because of the relationship
vo(2) +yr(2) =1 +1/p +1(2), (17)
one has in terms of dimensionless variables:
dE _ RT {VO'(l) yo'(A) —I"(4) }
dt  nFt \yo(d)  1+4+1/v—20(A)+I(4)

(primes now denote differentiation with respect to ). Thus, the problem is described
by the integral equation:

(18)

oy oty dg A I dé
v =1-2-K{[ T85 gt + |, mrp-rg wogr) @
with
K =(RT[nF)-(Ca/nF)-{Co®@mDor)}}-1; (20)
T =yo(A) —I(A). (21)

(b) Discussion of vesults

The numerical evaluation of eqn. (xg9) by HUBER’s method is described in
the Appendix. Theoretical potential-time curves were calculated for several values
of K and /%, and some pertinent results are summarized in Fig. 1 and Table 1. It
appears that reversible reduction chronopotentiograms at a mercury-film electrode

200 == —

001

—»n(E-E;,z)(mV)
o

N

as 1 150 05 1 15
A

—

Fig. 1. Distorted reduction chronopotentiograms of an amalgam-forming metal at a mercury-
film electrode, for semi-infinite diffusion (h = ) and % = o.01, and for two values of the distor-
tion parameter K: (b), 0.003; (c), 0.0075. Parameters z and K are defined by eqns. (10) and (20),
respectively. The lowest curves would be obtained without double-layer charging: (a), K = o.
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TABLE 1
PARAMETERS OF CORRECTED REDUCTION CHRONOPOTENTIOGRAMS AT A MERCURY-FILM ELECTRODE

Initial potential 200/% mV in all cases. nE} is the quarter-wave potential found by the construc-
tion of DELAHAY AND MATTAXS; Acorr* is the dimensionless transition time found by REINMUTH’s
modified construction (b)$, and Acorr** is obtained by application of eqn. (4), ref. 6. REINMUTH’S
graphical construction (b) was slightly superior to other procedures. Parameters # and K are
defined by eqns. (10) and (20), respectively.

nEy (mV) % Evrov in Acorr* % Errov in Acorr**
K K K
h o 0.003 0.0075 0.003 0.0075 0.003 0.0075
0 o 1.7 2.6 —1.7 1.9 0.0 —0.05
3 0.0 2.0 2.6 —o0.8 1.8 —o0.4 —o0.6
1 —o.I 24T 2.8 —o0.9 0.9 —4.4 —=Yi2
0.3 —3.2 —1.8 0.6 —1.8 0.1 8.3 8.7

can be treated by graphical methods in the same way as those for semi-infinite
diffusion when % >o0.3. However, when this condition must be fulfilled, the time scale
on which the experiment is carried out is rather severely restricted. Even with a
mercury-film thickness as high as 50 x4 (possibly an upper limit because of sagging
of the film), transition times should not be shorter than 8 sec. Applicability of deriv-
ative chronopotentiometry is possible with good accuracy only down to & >3.

From the work of Bos AND VAN DALENS it is apparent that in the /-interval,
0.01< k<1, a transition takes place from semi-infinite diffusion behaviour to the
situation where diffusion in the mercury-film can be considered to be infinitely fast,
with a homogeneous distribution of Red throughout the film at any instant. A detailed
study of distorted chronopotentiograms in this region seems rather unpromising, as
it is unlikely that a single correction method will give a reasonably accurate value
of the transition time for all values of 4. On the other hand, the limiting case of
5 — o seems to be of sufficient practical interest to warrant a detailed investigation
and this is described in the following section.

(c) Case of h =0
In the absence of double-layer charging, the expression for yr(4) reduces to
the following expression when / approaches zero5:

yr(4) =1/p +(7/4h) 12, (22)
and electrode potential is given by
WE —E ) =(RT[F) In{(1 = 2%)/(x/y + (c[/4h) '2) }. (23)

It can be shown that the influence of % on the E, A-curves consists of a shift along
the potential axis by defining a new potential scale:

nE*=n(E—E,;)—(RT/F) In (4h/7)*. (24)
Equation (23) then assumes the form:

nE*=(RT|F) In {(x1—A%/(x/p*+21), with (25)

yp*=exp [(nF/RT)E;*], (26)

with the latter equation analogous to eqn. (4), but written in terms of an initial
potential, nE;* (eqn. (24)).
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When 1/9* is negligibly small (which is the case for nE;* >200 mV), nE* =0
for 1=0.38197, and the maximal value of dE/dA occurs at 1 =0.51728.

The integral equation representation of E,A-curves distorted by capacity
current can be reformulated to demonstrate that a change in % only shifts the E,
A-curve along the potential axis. In order to do this, one defines:

yat () = @hlm) ynl) =y + | pa©)de, (27)

where the integral arises from the approximation?.8 of I() for # — 0. Combination
of eqns. (23), (24) and (27) gives:

nE*=(RT/F) In yo(A)/yr*(4), (28)

and it is evident that eqn. (28) can now be used to derive an integral equation
analogous to eqn. (19), but in which % does not occur:

~ Ayo'(6)  dE Ayr*'(§)  d&
yo(h)=1-21-K||] yold =87 "o (@ (l—f>*}’

with K defined by eqn. (20).

This analysis was substantiated by appropriate numerical calculations, and
analysis of theoretical E, A-curves led to the following conclusions:

(i) The formulas for 2 — o are valid with good accuracy up to ~=o.1.

(i1) Graphical correction of distorted chronopotentiograms, between nE* =200
mV and nE* = —200 mV (at 25°) is best carried out by a Delahay-Mattax procedures,
with I3 dividing the horizontal distance between /1 and /; in the ratio 0.382:0.618,
and measuring the transition time at the intersection of I3 and the chronopotentio-
gram. Transition times thus obtained are accurate within +49, for K <o0.01 and
h<o0.1. Also, the potential at the intersection of /s and the chronopotentiogram is
very close to zero (error < 2.6/n mV).

(iii) For an initial potential, #E;* =200 mV, the equations

(29)

lmax’/lmax21.+43.7 K, (30)
or

T=1.9332 tmax’ —0.56138 Ca/nio (30a)

can be applied in derivative chronopotentiometry.6, and the transition time thus
obtained has an error for K =0.01, of —0.1%, for A=0.01, —1.29%, for #=0.03, and
—2.9% for A=o0.1.

It can thus be concluded that one can measure transition times as short as
I sec with a mercury-film thickness of 10 4, and analyze the chronopotentiograms
by one of the methods described in this section.

OXIDATION CHRONOPOTENTIOGRAMS

(a) Integral equation

Derivation of the integral equation describing oxidation chronopotentiograms
obtained at a mercury-film electrode and distorted by capacity current proceeds
along the same lines as in the previous case. The initial concentration of Red is
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denoted by Cr?, and that of Ox is given by
Co®=(Dz/Do) yCr". (31)

The definitions of dimensionless parameters are slightly different from those for a
reduction process:

y0(A) =(Do/Dx)*Co(0,t) [Cr?; (32)
yr(1) =Cr(0,f)/CrY; (33)
A=t/Tw; (34)
Tt =CrO(nDr)?}/2g, (35)

with 7o the transition time that would be obtained in the absence of double-layer
charging and with infinite mercury-film thickness. Essentially the same steps as in
the case previously considered lead to the integral equation:

T R T I A I
rol=er =K\ S0 aogr * o ry-r@ g @
with K and [I'(4) now defined by
K =(RT/nF)-(Ca/nF)- {CrO(aDxra)t}1; (37)
I'(2) =yo(2) +1(4), (38)

where I(2) is defined by eqn. (14). The quantities, # and @r(4), are defined by eqns.
(z0) and (11), respectively.

200 — ) T T T
(o) a /b c 01 0.01

/ !
[ 7

o

— n(E-£1,2)(mV)

0 150 060 035
A

Fig. 2. Distorted oxidation chronopotentiograms of an amalgam-forming metal at a mercury-film
electrode, for semi-infinite diffusion (A = o), » = 0.1, and % = o.o1. Values of K are 0.003 and
0.0075. Parameter K is now defined by eqn. (37). The uppermost curves would be obtained without
double-layer charging (K = o). The lowest figures show the course of the dimensionless faradaic
flux.
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TABLE 2

PARAMETERS OF CORRECTED OXIDATION CHRONOPOTENTIOGRAMS AT A MERCURY-FILM ELECTRODE
The remarks pertaining to Table 1 also apply here, except that K is now defined by eqn. (37)

nEy (mV) % Error in Acorr® % Error in Acorr™*
K K K
h o 0.003 0.0075 0.003 0.0075 0.003 0.0075
(o] o —LY — 20 —1.9 1.9 0.0 —0.05
3 —o0.6 2.4 —3.0 0.0 2.4 1.0 0.4
1 —5.6 —7:3 —79 0.5 35 —3-4 =T
0.3 —14.4 —15.8 —16.3 1.5 5.6 —I12.1 —19.9

(b) Numerical calculations and results

The description of the numerical evaluation of eqn. (36) is given in the
Appendix. Results of the calculations are presented in Fig. 2 and Table 2. From Table
2 it can be inferred that distorted mercury-film oxidation chronopotentiograms can
be treated graphically as those for semi-infinite diffusion, for z >ca. 0.3, although the
corresponding formulae for derivative chronopotentiometry?2.6 are valid with good
accuracy only until 2 >3.

Figure 2 shows that with K remaining the same, distortion becomes more
pronounced with decreasing /4. For the same reasons as in the case of reduction
chronopotentiograms, a detailed study of distorted chronopotentiograms for inter-
mediate 4-values was not carried out. The case of 2 — o0, however, was investigated
in detail (see next section).

From Fig. 2 it is apparent that for small values of % the approximately straight
initial and final segments of the E,A-curve have equal slopes. This is caused by the
rapid removal of Red from the thin layer. Initially, the surface concentration of
Red decreases and that of Ox increases during electrolysis. When removal of Red
is nearly complete, the current efficiency, and thus the supply of Ox, drops almost
to zero, and the surface concentration of Ox decreases by diffusion into the aqueous
solution. The almost zero current efficiency for the faradaic process after the removal
of Red from the mercury-film causes the electrode potential to change as that of a
pure capacitance charged by a constant current:

«=ndE[d)\=(RT|nF)/2K, (39)

where « is the slope of both the initial and final straight segments of the E,A-curve.
While the tangent to the initial segment has the equation:

nE(3) =nE: +a, (40)

that of the tangent to the final segment is:

nE(3) =nE;—a f : pr(€)dE+ad, (41)

where the integral denotes the amount of charge used for oxidation of Red and which
was thus ineffective in double-layer charging. This integral is equal to «lCr%/q7 e
because of the practically complete removal of Red near the end of the chrono-
potentiogram. From eqns. (40) and (41) it follows that the horizontal distance
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between the two parallel tangents is equal to:

AL=ICrY/qT e, (42)
or

At=ICr"/q, (42a)
that is, equal to the theoretical transition time for an oxidation chronopotentiogram
at a mercury-film electrode, for 4 — o (see eqn. (42) of ref. 5)*.

(c) Case of h — o

Also, for an oxidation process it is advantageous to reformulate eqn. (36) in
terms of other parameters for small values of /. Besides a new potential scale a new
dimensionless time-axis is also defined:

nE*=n(E—E ) — (RT/F) In (4h/)"; (43)
= (7w/4h) 2. (44)

This definition of the dimensionless time-axis means a normalization of time versus
the transition time of an oxidation chronopotentiogram in the absence of double-

layer charging, for 7 — o (see eqn. (42) of ref. 5). Without double-layer charging,
the equations for the surface concentration functions are:

vo(p) =y +(4h/m)iut; (45)

yr(W) =1—p, (46)
leading to the E,u-curve equation

nE* = (RT[F) In {(u* +*)/(1—p)}, (47)

with y* defined by eqn. (26), and #nE;* defined in terms of the new potential scale
(eqn. (43)). It is easily established that for negligibly small ¢* (nE:* < —200 mV),
nE* =0 for 4 =0.38197, and the minimal value of dE/du occurs at u=0.41421.

Derivation of the non-linear integral equation describing E,u-curves distorted
by double-layer charging can now be accomplished by defining a new surface con-
centration, yo™*(u):

yo™*(u) = (7/4h) tyo(w), (48)
so that electrode potential is given by
nE* = (RT/F) In yo* () yn(u). (49)

The integral equation sought then assumes the form

%01\ — ¥ Ik Lyo*'(§) dg tyr/ (&) dé
yor(u) =p* +ut— K| e T +f0 e (50)
with
K*=(RT/nF)- (Ca/nF)- (ICx%)1; -
y(u) =1~ r(&)de. (52)
0

It should be noted that the distortion parameter, K*, is determined by the ratio of

* This also applies to chronopotentiometry with restricted diffusion of both Ox and Red?®, and
is thus of special interest to this technique.
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double-layer capacity and fofal amount of Red originally present in the mercury-
film, while % does not occur in the equations.

Results of appropriate numerical calculations analyzed according to these
ideas verified this analysis, and conclusions can be summarized as follows:

(i) Graphical correction of distorted chronopotentiograms, between nE* =
—200mV and #E*=200mV (at 25°) is best carried out by the same Delahay—
Mattax procedure® as in the case of distorted reduction chronopotentiograms for
h — 0. When the transition time is taken as u1=1 (or A1 =(44/n)?), this correction
method gives good accuracy (error <49%,) for K*<o.01 and ~2<o0.001. However,
when the transition time is calculated according to

d=(4h/m) N3, (53)
or
i1 =1 — (7wh) }/6 (53a)

(which can be derived by combination of eqns. (23) and (40) of ref. 5), applicability
of this graphical correction method extends up to 2=o0.1, also with an error of less
than 49%,. The potential at the intersection of /3 and the chronopotentiogram is very
close to the null point of the new potential scale (error < 4.7/n mV for K* <o.01 and
h<o0.1). Because the tangents to the approximately straight initial and final segments
of the chronopotentiogram are almost parallel, measuring the transition time at a
potential other than the intersection of /3 and the chronopotentiogram gives nearly
the same result. Shifts of +40mV change the measured transition time by only
ca. 1%,.

(i1) Derivative chronopotentiometry is of little use; although the calculated
values of pmin’/umin vary in a regular fashion with 2 and K*, simple correlations
between min’/pmin and K* have a very narrow range of validity, and their accuracy
is less than that of the graphical correction method.
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APPENDIX

(a) Numerical evaluation of eqn. (19) by Huber's method

The principle of HUBER’s method was explained earlier2. Thus, yo(4) and
I'(2) are approximated by linear functions; dropping the subscript, O, one has in
the interval (j—1)d< A< j6:

7(A) = (003 0) A —joxs +3; (54)
Kj=Yi—Yi-1,; (55)
I(2)=(As0)A—jA;+1T7; (56)
Ay=Ty—T. (57)

It is easily ascertained that bothy(4) and I'(4) are monotonously decreasing functions.
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In view of this, and the similarity in form between eqn. (19) and eqn. (21) of ref. 2,
one can write immediately:
yi=1—(jé)*-KJ, (58)
with
—k+1 3 k+1 )i —s
R [ e R e o B L
+zk=1§t  fetarctan tk+(zkj1l?{J;I—);;(1] "7k_) 7 } .

e T i _
+1§1ka11 e 1«?;—2: ; ;’ziu%; k+1) (] k)zi_ﬁi
—o¥Hzvarctan v+ Wn (1+W)/(x—W)}; (59)

pe=(j—klar+yr; (60)
pr<o for k=k_; pr>o0 for k#k_; (61)
Pr=(j—R)Ar+1"; (62)
Re={(1+1/p—Pr)/—Aw}; (63)
sk=(prloxr)t; (64)
tie=(pu/ —ox) ; (65)
U={—(V'—}’j—1 fyi}t; (66)
W={-(I— I /(x+1/p— T35} (67)
Because of eqn. (21) one can write:
Iy=y;—1(59) (68)
and I(j0) =1, is given by7.8:
I;=083Ss+ 0421 — Br)gr,; (69)
pr,i=@w(j0); (70)
Ss=Bigr,j1+ ]’g {(@re—gre-1)(—F) + @r.e}Zi-kn— (@re—@re-1)Bi-enl;  (71)
Zy=zu—zvu-; (72)
By=by—by-1; (73)
- : e f‘. (2U bexp[—i2h/8U] — 2(mi*h] ) terfc(ih/dU) ¥; (74)
v =2 & (Uexpl—ith/3U] - (%h/o)zv.i). 75)
For small values of # one may use the approximation?:8:
Bi —~ -gszmé 1(h/0)~4S1 + 910 (1] 0) w31 — 9% (1]9) (thnrl—wd—z)}? (76)
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Zi-Bi= = 2 w0yt + GO — O + S O ()

Si=dprot S grs; (79)

So=—grsat S (pre—gred G-k +DI=G-R1 + g (70
Finally, the faradaic flux, ¢w, is calculated by:

@r.i=(Qr;—Qr,;-1)/0; (80)

Qni= = 22y = 2 [—ppat Bonl—t+ 1= (G-R] 1

(See eqn. (41) of ref. 2; the parabolic differentiation used there to find gr,; is replaced
by first-order differentiation in conformity with the first-order differentiation im-
plicit in the approximate equations (76) and (77)).

The course of the numerical calculations is now fairly obvious. Starting with
an estimate for y;, one obtains the corresponding estimate for I'; by successively
calculating Qw,j, @v,j, I;, and finally I'; with eqn. (68). Thus, eqn. (58) can be solved
for y; by means of a zero-seeking computer procedure via repeated bisection and
interpolation. Estimates of y; should not be greater than a maximum value which
is determined by the condition I';j—I%.1<o0; this maximum can be expressed in
terms of known expressions not containing y;. Repeated evaluation of I'; with each
new estimate of y; is not such a formidable task as might seem at first sight; the
involved summations in the various intermediate equations have to be evaluated
only once for each value of j.

Inspection of the pertinent formulae reveals that a prior knowledge of @r,0
is necessary in order to calculate y1. It was found that varying gr,0 between the
values o and 0.25 had no effect and a value of 10-12 was used throughout. It was also
found that the approximate solution could be used for < 0.01.

A value of d=0.01 was used for all calculations; temperature was assumed
to be 25°. Electrode potential was calculated by:

W(E—Ey)=(RT/F) In {y;/(x+1/p—I})}- (82)

Derivative E,A-curves were calculated by the procedure described earlier2. The cal-
culations were programmed in Algol-60 and carried out with an Elliott 503 digital
computer of the Israel Institute of Technology computer centre.

(b) Evaluation of eqn. (36)

The numerical evaluation of yo(1) and I'(4) from eqn. (36) follows the same
course as that of eqn. (19). The results of the integrations, however, differ, because
now I'(1) is a monotonously increasing function. Moreover, although yo(4) initially
also increases, this function decreases when stripping is nearly complete. Thus, eqn.
(36) leads to the expression:

yi=y+(jo)i—KJ, (83)
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where the subscript, O, has been dropped again, and with J given by:
mik=Fk_ i i b (7 iR Y —
J= {51 YG—k+1)[=R - {(—k+1)i (k) }—sk

&=l ‘1{] E+1)j—R) P+ {(j—k+1)i—(j—R)}}—sk
9=l —k t—(j—k
+2 2 tx~1 arctan G +,I) G ,)
k=m+1l(kxk_) tk'*'tk‘_l{(]—k“'l)(]_k)}2
o1 - F_(j—F)}
+2 X (Ry')!arctan — U ”+ D : =) 3 :
B=1(kg K_) (Re")+(Re") H(G—k+1)(—F)}}
NVYHG=A+D)G =R H{—R+D) - (R} Ry
Ri')-11
+k§§_( erln NV Y-k +I) (J-RNE—{(j-k+T)E= (j-R)H} - Rlc}
+ 0= (fim)+2W’ arctan W'); (84)
Yi—vk-1>0 for k<m; yr—yra<o for k>m; (85)
I1+y—Pr<o for k=K., 14+y9p—Pr>0 for k#K_; (86)
Ri'={(1 +p—Pi)[—Ar}}; (87)
Ry ={(1 +y—Px)[Ax}?; (88)
femy=v"In (x+v)/(x—v') for k<m; (89)
fmy=2v arctan v for k>m; (89a)
v —{ —yi-1)[yi}t; (90)
={(I— T/ (x+p—13)}* (91)

The quantities px, k-, P, Sk, tx, and v are defined by eqns. (60)—(62) and (64)—(60).
I'; is now given by:

Tj=y;+1;, (92)

and evaluation of I; follows exactly the procedure outlined in the previous section,
except that the right-hand side of eqn. (81) must be multiplied by —1 in order to
get the correct expression for Q,;.

Whereas the condition, 1+y— I'y=yr(j8) >0, leads to a maximal value of
the estimate of y;, the condition, I'j— I';.1 >0, leads to a minimum value. When an
estimate of y; lies outside the interval thus defined, this leads to a breakdown of the
calculations because of an attempted root extraction of a negative number (see eqn.
(91)).

The numerical calculations were done in the manner described above, except
that & was chosen to be ca. 1/100 of the theoretical transition time obtained in the
absence of double-layer chargings.

(c) Integral equation formulation according to Olmstead and Nicholson
The approach used by OLMSTEAD AND NIcHOLSON3 is much to be preferred to
that used presently. These workers formulated a non-linear integral equation in
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terms of the capacity current, 7.e., the quantity, 1 —¢r(4). Following this approach,
for an oxidation process:

yollyuih) =y exp [(x/2K) [ (=qa()}d] (93

and substituting the appropriate Duhamel integrals into this equation, gives:

NG A1 b u(®)
”’+?f0 (f-g)% df= exp [E{“ T 2K ) "’F(g)d&]x {I_%fo (f—g_)& dé—1I(2);,
(94)

with I(4) defined by eqn. (14). It is apparent that application of HUBER's method
to eqn. (94) yields an equation for gr,; which can be solved in the usual way (cf.
section (a); many formulae presented there can be applied with this approach).
Electrode potential is given by:
" RT [ A I 4
WE—Ey)=nEs—Ey) + - (ﬁ - 27]() ¢F(§)d§)- (95)

SUMMARY

Constant-current chronopotentiograms of an amalgam-forming metal at a
mercury-film electrode, distorted by double-layer charging, are calculated. The
problem is formulated as a non-linear integral equation which can be evaluated
numerically. The differential electrode double-layer capacity is assumed to be
constant. Reduction and oxidation chronopotentiograms are considered and evalua-
tion of results follows two main approaches: (i) a range of mercury-film thickness
and transition time (combined into one parameter, %) is established in which the
resulting E,{-curves can be treated in the same manner as those for semi-infinite
diffusion (4 =oc0); (ii) methods are outlined by which distorted chronopotentiograms,
for 4 — o, can be corrected, and the applicability of these methods for higher values
of 4 is investigated.
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INTRODUCTION

In programmed-current chronopotentiometry, the applied cell current varies
according to some power of timel:

io=iA =pt, (1)

with 7, the cell current and A4, the electrode area. This technique has received renewed
attention? in connection with a proposal of PETERS AND BURDEN? to measure the
dE/dtt-curve during a chronopotentiometric experiment, instead of the E,f-curve.
This offers a convenient means of measuring the transition time objectively and of
eliminating that part of the electrode double-layer charging that occurs near the
end of the chronopotentiogram. It has been demonstrated abundantly4-¢ that
double-layer charging, which causes the current efficiency of the faradaic process of
interest to be less than 1009, is a troublesome phenomenon: an accurate value of
the transition time can only be found from a distorted constant-current chrono-
potentiogram by more or less laborious correction methods4-7. A technique has been
proposed® which seeks to eliminate this error by holding the faradaic current at its
desired value.

Programmed-current chronopotentiometry has some advantages over the
conventional technique employing a constant cell current!.2. The technique em-
ploying » =% (current varying with the square root of time) is especially advantageous
in analytical applications because there is then a linear relationship between concen-
tration of electroactive species and transition time?®. This, and the fact that reversible
programmed-current chronopotentiograms distorted by capacity current are easily
calculated by a method developed earlier3, led us to investigate the effect of double-
layer charging also in this case.

THEORY

Derivation of pertinent equations will not be given here, as this has no new
features and follows exactly the course outlined earlierl.2:5. The assumptions are
that the electron transfer reaction proceeds reversibly, and a reduction process
which starts at an initial potential, E;, is considered. The initial concentration of

* Present address: Department of Chemistry, The Free University, De Lairessestraat 174,
Amsterdam (The Netherlands).
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0Ox, CoY, is constant throughout the solution, and this applies also to Red, the con-
centration of which is determined by E;. Mass transport is effected only by semi-
infinite diffusion. When the cell current varies according to eqn. (1), the equations
describing the potential-time curve in the absence of double-layer charging are:

n(E—E ) =(RT/F) In {y()[x+x/p—p(2)}; @)
y()') =C0(0,t)/co°=1_zr+%; 5
. 4

)

Tt =Co%Do (7 +3)/qo L (r +1); (5)
4o Zﬂ/”F} (6)
y=exp [(nF[RT)(Ei—E})], (7)
)

with y(4) the dimensionless surface concentration (at the electrode/solution interface
of Ox, 7 the transition time and I'(x) the gamma function with argument, x.

When double-layer charging is taken into account, the faradaic flux, gw, is
given by:

gr=qot' +(Ca/nF)-dE/dt, 8)

with Cq the differential electrode double-layer capacity per unit area. The dimension-
less integral equation describing programmed-current chronopotentiograms distorted
by double-layer charging is:

g [P S E ] L
y(A)=1—A+ Kf[, aé {y(f) +1fy—y(E) ] -9’ “
RT Ca I _ RT Ca [I'(r+3)

= WF uF Co(nDot)*  nF B+t T(r+1)° 16
Equation (9) can be evaluated numerically by Huber’s method?; the resulting
equation can be written as:

7(j0) =ys=1—(jO)* - K], (11)
where § is the width of the intervals into which the A-axis is divided, and J is given
by eqn. (29) of ref. 5.

The integral of the dimensionless faradaic flux, gr(4), is calculated in a slightly
different way:

A 3 J

[ oe@raz= - 34—; I{Ei’:;)) 3 we{(j—k+1)1=(G=A)1); (12)
¢r(4) =gz()/(qo77); (13)
x=yi—yi-1 (14)

(see eqns. (40) and (41) of ref. 5).
RESULTS AND DISCUSSION

The numerical calculations were carried out as described earliers. Some dis-
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torted E,A-curves are shown in Fig. 1, together with the variations of current efficiency
during electrolysis. In the absence of double-layer charging, the dimensionless
faradaic flux would be given by pr=A" (see eqns. (1), (6), and (13)), and thus the
quantity gr/Ar, plotted in Fig. 1, represents the fraction of applied cell current
consumed by the faradaic process. The course of the E,A-curves near the origin
arises from the fact that initially the electrode potential varies as the time integral
of the current, and only with »=o0 (constant current) does this result in an approx-
imately straight initial segment.

200
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& \ \ \
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r= _3 _5 b
= =2 5 = .
2 a \b 2 2
_,200 1 1 1

1 < —
e a
< 05 5| | L
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Ay

Fig. 1. E,J-curves distorted by double-layer charging, for » = %, 4, and §, and for K = 10-3
(a) and 1072 (b). The lowest curves are obtained in the absence of double-layer charging. The
lower set of figures depicts the variations in current efficiency during electrolysis.

The region of minimal potential change becomes narrower with increasing »
and K. Apparently, when » and/or K increases, the faradaic process occurs at a
greater average current density than in the absence of double-layer charging, or
with 7 < o. This is also reflected in the variations of current efficiency: the increased
average current density causes an increase also in the rate of potential change and
thus a decrease in current efficiency.

Notwithstanding the profound influence of double-layer charging, distorted
programmed-current chronopotentiograms can yield fairly accurate estimates of the
transition time, at least theoretically. A detailed investigation was carried out only
for the r-values, 3, 1, and $, for the range 10-4< K < 10-2.

One approach is offered by derivative chronopotentiometry?:3. As in the case
of a constant current?, linear relationships exist between Amax'/Amax and K; the
following equations hold for an initial potential of 200/# mV at 25°:
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7=%:Amax'[Amax=1+437.3 K, or (15)
T=2 tmax —I.0814 Ca/nft? (maximal error 0.3%,); (152)
7=1: Amax [Amax=I+35.4 K, or (16)
7=1.824 tmax’ —1.209I Cq/nft (maximal error 0.6%); (16a)
7=%: Amax'[Amax=I+35.0 K, or (17)
T=1.732 tmax’ —1.3494 Ca/nft? (maximal error 1.3%). (17a)

With increasing 7, the proportionality factors in eqns. (15)—(17) became less constant
in the range, 1074 < K <1072

In order to apply these equations, it is necessary to adjust the initial potential
at the value, 200/# mV. In the case of a constant currents.6, £, could be found by a
Delahay—Mattax construction?, and therefore programmed-current E,A-curves were
analyzed analogously. The lines, /1 and /;, were drawn in the chronopotentiogram
(between 4200/ and —200/n mV), tangent to the steep initial segment and to the
final segment, respectively. The line, /3, was drawn dividing the horizontal distance
between /1 and /s in the ratio Ao: (I — Ao) (for Ao, see Table 1). The intersection potential,
Es (at the intersection of I3 with the E,A-curve), was not equal to zero but varied
with both » and K. The quantity, Es/r, however, while varying with K, was found
to be nearly independent of 7. Values of Es/7 for several values of K are given in
Table 2; a plot constructed with the aid of this table and used in conjunction with

TABLE 1

PARAMETERS OF PROGRAMMED-CURRENT CHRONOPOTENTIOGRAMS IN THE ABSENCE OF DOUBLE-
LAYER CHARGING

Ao is the dimensionless time at which E = E;; at Amax, the derivative of the reduction chrono-
potentiogram attains its maximal value. Equations for these quantities are given in refs. 1 and 2,
respectively.

v Ao Amas v Ao Amaz

o 0.25000 0.44444 3 0.70711 0.57735
1 0.50000 0.50000 2 0.75787 0.60586
1 0.62996 0.54288 3 0.79370 0.62996
TABLE 2

VARIATION OF Ej/2v WITH K

Values of E; found by the Delahay-Mattax construction? do not deviate more than 1.3/# mV
from those given in the Table, for » = § and 10-¢< K< 10-2. For # = I, maximum error is o.5/%
mV; for » = £, 3.2/n mV. For an oxidation chronopotentiogram, signs should be reversed.

K Es|2y (mV) K Esl2r (mV)
0.0001 —1.6 0.001 —3.9
0.0002 -~ 1.9 0.002 —5.3
0.0004 =27 0.004 —47
0.0006 —3.2 0.006 —9.1
0.0008 —3.5 0.008 —10.5
0.00I0 —3.9 0.010 —1II1.7
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the graphical Delahay—-Mattax construction, should enable one to find E; and adjust
the starting potential at the desired value.

The various graphical correction methods studied earlier? were also applied.
It was found that Reinmuth’s procedure (c), when suitably modified gave good results
for =4, 1, and £ (Table 3).

Although this theoretical investigation indicates that it should be possible to
obtain accurate transition times from distorted E,A-curves, programmed-current
chronopotentiometry seems to hold little promise. Even in the absence of double-
layer charging, this technique has only slight advantages over that employing a con-
stant current, and the effects of double-layer charging seem to nullify these advantages
altogether.

TABLE 3
GRAPHICAL CORRECTION OF DISTORTED PROGRAMMED-CURRENT CHRONOPOTENTIOGRAMS

The construction method is that of REINMUTH (c)?, where I4 is shifted towards more positive
potentials by an amount, #AE. The measured transition time should be multiplied by the factor
given in the Table; the greatest error is given in the last column. For an oxidation chronopotentio-
gram, the shift of /4 should be towards more negative potentials.

% nAE (mV) Factor Maximal evvor (%)
3 190 1.038 2.¢
I 190 1.0I3 1.5
3 220 0.960 2.0

One advantage cited by SHULTS AND MUELLER? in favour of programmed-
current chronopotentiometry is the possibility of minimizing solution composition
changes by increasing 7. Certainly this can also be done, when employing a constant
current, by increasing the current: the charge consumed by the faradaic process
(without double-layer charging) is equal to ¢z, and this quantity varies inversely
proportional to 7.
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SUMMARY

The effect of double-layer charging on programmed-current chronopotentio-
grams (with current density varying according to the equation, 7o =p#) is investigated
theoretically. Calculated E,f-curves distorted by double-layer charging are analyzed,
and methods for obtaining an accurate estimate of the transition time are presented.
It is concluded that programmed-current chronopotentiometry offers no advantages
over the simpler technique employing a constant current.
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A theory of the admittance of the ideal reversible electrode was recently
reported from this laboratory?. This theory embodies the idea of coupling of charging
and faradaic processes, originally advanced by the writer2, and makes use of the
explicit forms of the time-derivatives of the surface excesses, as corrected?.4 from
previously used forms5. The theory! corresponds to a particular case, 7.e., for an
infinite exchange current, of the previously reported® more general theory. Some
aspects of theory and some problems raised by its application, which were not treated
before, will be considered here, and correlation with SLUYTERS’ recent work? will be
made*.

ADMITTANCE OF THE IDEAL REVERSIBLE ELECTRODE

We consider a simple electrode reaction, O +z¢=R(z >0), for the usual con-
ditions prevailing in electrode impedance measurements. Species R is in solution
either in the electrolyte or in the electrode (amalgam). The exchange current for charge
transfer is supposed to be so high that the kinetics of charge transfer can be ignored
for the frequency range considered here.

The electrode admittance was derived?! by solving** the diffusion problem on
the basis of the three previously proposed equations?. The surface excesses, I'o and
I'w, were expressed as I'o(co,E) and I'r(cr,E), respectively, it being understood that
there are only 2 independent variables (Nernst equation). These results were re-
derived by the writer by using I'o(co,E) and I'r(co,E). The new results, used in this
paper, are equivalent to the previous results! but differ somewhat from them,
particularly in the explicit forms of the parameters. Several errors were made in
the transcription of the final results (not in the derivation!8) in ref. 1***. The fact that
some error must have been made was pointed out by SLUYTERS?.

* Comments about ref. 7 would also apply to TIMMER’s thesis®, now in preparation, in so far as
it contains the same or equivalent statements as ref. 7. SLUYTERS? notes that his paper is abstracted
from this thesis. The manuscript of ref. 7 was kindly communicated to the writer by Dr. SLUYTERS.
** SLUYTERS states?, with reference to eqn. (4) of ref. 1, that one of our boundary conditions is
incorrect. There are in fact two eqns. (4) in ref. 1. The first eqn. (4) reduces exactly to the boundary
condition used by SLUYTERs after introduction of the explicit forms of the partial derivatives
correctly given by eqns. (5) and (6) in ref. 1. The second eqn. (4) in ref. 1 contains co® as the first
term on the right-hand side whereas this term should be cgs as it is in the first eqn. (4). This was
a mistake of transcription and not an error in the derivation?8.

*** See erratum, J. Electroanal. Chem., 18 (1968) 336.
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The resistance, R, and capacity, C, of the parallel equivalent circuit for the
electrode admittance are:
R =(crs/AB)(&r* +&:7) /(K& + HE) (1)
C=(AB[crsw){[(H&— K&i)[(6:2+&:2)] 4w} (2)

Notations are given in Table 1. The resistance, R, has the compact form of the
product of the following quantity (expressed in ohms cm?)

¢r¥/AB = —[RT[(2F)?](2/w)}(1[co*Do?) (3)

which is inversely proportional to w?, by a dimensionless function of powers of w?.

TABLE 1

NOTATIONS IN EQNS. (I) AND (2)*

B = —(zF|RT)cgs Dimensionless pavameters
H = Ho, + Hw? g = I'o!®(2w/Dg)*
K = Kiot + Ko m=I"r0)(2w/Dx)?
A = zFcos(wDo[2)} n = (I'o + I'n)®)(1/B)(2w/Dg)?
&= o Q = (co®[cr®)(Do/Dr)?
&= 0o + oiw? S = co’[crs
u = (1/zF)(2/Do)q©)
Frequency-independent parameters w = (1/BS)(2w/Do)%[(q/zF) 4+ I'o]®
=090+ 0Q)
o1 = (g + m)SQuw~*
Ho = ——ZQ
Hi= —Ki = —[On + (Qu + g5)Jo-!

Ky = n(Qu + gS)o?

* Notations: co® and cgs, bulk concentrations of O and R, respectively; ¢, charge density on the
electrode; I'o and I'g, relative surface excesses of O and R; D, F, R, T as usual; the superscripts
(O) and (E) represent the independent variables, cos and E, with respect to which the quantities
with one of these superscripts are differentiated.

The quantity, Q, is related to the potential, E, by the polarographic theory of reversible
waves if generation % situ is adopted. Thus

E = E, + (RT/zF)InQ

where E; is the half-wave potential. Q can also be calculated directly if the D’s are known or it
can be determined from electrode admittance data as shown in the section on analysis of data.

The coefficients of this function are indexed to indicate the power « of the factor
(w#)* by which each parameter is multiplied, e.g., K; is multiplied by w?, K» by
(w*)?, etc. The indexed parameters are expressed in terms of dimensionless quantities
and zero or negative powers of w?. Some elegance is claimed for this formalism, but
from a purely pragmatic point of view any formula can be regarded as satisfactory
as long as it is correct. A similar comment applies to the capacity, C.

The explicit dependence of frequency is shown in the following expanded
equations in which all coefficients are frequency-independent except A and w (both
proportional to w?)

R = 002+ (0o +1w)? )
AB (Kiwt+ Kaw)po+ (Ho+ Hiw?) (0o + 010%)
b — 1 3
C— AB [(H0+H1w )Qo2 (Kiw +Ii2(2u)(90+91a) ) + w] (s)
CR®W 002+ (0o + 010%)
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DOUBLE-LAYER PARAMETERS

Four double-layer parameters

If we leave out from eqns. (4) and (5) the quantities that do not pertain to
the double layer, we are left with g1, Ki(= —H1), Ka, H101, K201 and wow~*. This set
reduces to g1, Ki, Ko and ww—! and corresponds to the following dimensionless
quantities:

g+m=(l'o+Ix)©(20/Dr)} (6)
n=—(I'o+I'r)®(RT[2F)(1/cs?) 20/ Dr)? (7)
Qu+gS =(g/2F + I'o)© (co®/cx) (Do/ Dr)*}(2w/Do)* (8)
w=—(g/zF" + I'0)®(RT [2F)(1/co®) (20[ Do)* 9)

The corresponding double-layer parameters, (l'o+1'w)©, (I'o+Ir)®, [(¢/zF)+
I'6]©® and [(¢/zF)+ '0]®, are the first derivatives, with respect to co® and E, of
* the thermodynamic quantities, I'o+ I'r and (¢/zF) + I'o, which appear in the equa-
tion of the electrocapillary curve for the ideal reversible electrode considered here.
We write this equation®

dy=—(9—2FI'r)dE—(l'o+Ir)RT dIn cos (Toa)
=—[(q +ZFFO) —ZF(FO +I'r))AE — (Fo +FR)RT dln cos (zob)

where y is the interfacial tension. This equation is approximate because it is written
in terms of the concentration, c¢os, rather than the chemical potential of the salt-
producing species, O, in solution. This simplification is justified here because of the
large excess of supporting electrolyte in solution**. Note also that ¢ is not a thermo-
dynamic quantity for the ideal reversible electrode because g +2F o cannot be split
by thermodynamic argument alone.

It should be noted that the time-derivatives of I'o+ I'r and g +2F I already
appear in the starting three general equations? used in solving the diffusion problem.
Formulation in terms of 4 double-layer parameters is thus contained in the theory
from its very start.

Correlation with electrocapillary curve data

In the present theory, the electrode admittance is interpreted purely in terms
of (a) thermodynamic parameters characterizing the perturbation of the double layer
of an ideal reversible electrode, (b) the thermodynamics of the electrode reaction
(Nernst equation) and (c) the transport process, assumed to be purely diffusion in
presence of a large excess of supporting electrolyte. This is the only information
that one would expect to introduce into the theory, and also to obtain from exper-
iment, because kinetics of the electrode reaction is not considered.

More detailed information is necessary in the general theory® when the
kinetics of charge transfer is introduced. Séx double-layer parameters are then needed,
namely the first derivatives of I'o+['r and g¢+2FIo with respect to the three

* See MOHILNER? for a very thorough treatment.
** The diffusion problem could have been expressed in terms of activities rather than concentra-
tions, and correlation with the rigorous double-layer quantities would then have been made.
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independent varviables, co®, cr® and E. The exchange current (or some other kinetic
parameters) is also introduced.

The foregoing considerations show that nothing new is learned about the double
layer of the ideal reversible electrode that cannot be obtained by the time-honored
determination of electrocapillary curves for ideal reversible electrodes*. The elec-
trode impedance yields the first partial derivatives of I'o+I'r and g+2zF["o with
respect to the two independent variables characterizing the system, whereas electro-
capillary curve determinations give** the quantities, ['o+ /= and g+zFIb.
Integration of the derivatives, obtained from impedance measurements, requires one
integration constant for each quantity. These constants can be determined by electro-
capillary curve measurements or by introduction of non-thermodynamic arguments.
Accurate determination of electrocapillary curves with amalgam-electrodes is a fairly
arduous task (in contrast with simple but not very accurate drop-time measurements),
whereas impedance measurements are somewhat easier, especially if one is not too
demanding about cell and electrode geometry. Finally, it is noted that the thermo-
dynamic approach has the obvious and distinct advantage of not requiring a model,
whereas this is not the case in the interpretation of admittance measurements. The
theoretical path in the latter method is less direct and certainly much longer than in
the thermodynamic approach, as is clearly shown by the fact that the problem was
unravelled only 20 years after the first electrode admittance measurements for fast
processes*** (RANDLES and, independently, ERSHLER, 1947) and several unsuccessful
attempts in which the coupling between the faradaic and charging processes was not
recognized.

The foregoing comments also apply to other electrochemical relaxation
methods, and the current—overvoltage-time relationships recently derived!!.12 could
be rewritten, accordingly in the particular case of the ideal reversible electrode.
Four double-layer parameters would appear in the resulting equations, and the
additional thermodynamic relationship, about to be discussed, would also apply.

Reduction to three independent double-layer parameters

The four parameters, (I'o+I'r)(©, (I'o+1"r)E), [(¢/2F) + 6] and [(g/2F) +
I'60]®), reduce to three independent parameters as is realized if the cross-derivatives™****,
0%/0 In ¢coSOE and 0%y [0E 0 In cos of eqn. (10b), are taken. Thus

(Fo+I'e)® =(2F[RT)co{[(q/2F) + I} — (I'o + I'n) )} (1)
The three independent parameters are, e.g., [(¢/2F)+10]©, [(¢/2F)+1]%) and
(I'o+ I'r)(©), the parameter, (o + I'»)®), being then given by eqn. (11). One can of
course select any one of the three derivatives in eqn. (11) as the dependent parameter.

SLUYTERS?, referring to unpublished work by REINMUTH, expresses the elec-
trode admittance in terms of three double-layer quantities, one of these quantities
being a combination of two double-layer parameters. He did not state that the reduc-

* FRUMKIN1O in one of his first papers had already made such electrocapillary curve studies
with amalgam-electrodes in 1920!

** SLUYTERS states? that the quantities, I'o + I'r and ¢ 4 zFIo, are obtained from electrode
admittance measurements but he probably means the first derivatives of these quantities with
respect to the two independent variables.

***% FRUMKIN had already made such measurements in 1940 in hydrogen overvoltage studies.
**** The same procedure was applied to the ideal polarized electrode!3.
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tion from four to three parameters follows directly from the thermodynamics of the
electrocapillary curve. The choice of three parameters is not unique as is shown in
the discussion of eqn. (11), and neither is this point made by SLUYTERS?.

Equation (11) is now written in terms of our dimensionless parameters, namely

n=S(g+m)—(Qu +gS) (12)

One of the parameters, p;, K; or Ks, appearing in eqns. (4) and (5) for R and C can
now be eliminated. We eliminate Ky which is easily derived as

Ko = (01 —QK1)(K1—1)/Q(1~0)? (13)

We are left in eqns. (4) and (5) with the three independent parameters, g1, K1 and
wo L

In retrospect, one could re-derive R and C by using three independent double-
layer parameters from the start by means of eqn. (11). This would lead, of course,
to the same result as reported here. However, we did not follow this more direct
approach, and neither did SLUYTERS?.

The thermodynamic restriction of eqn. (11) on the four double-layer para-
meters also provides the explanation for the seemingly abnormal positive slope of
the Rw? vs. w? plot in Fig. 1 of ref. 1. SLUYTERS? considers this slope as abnormal
and infers from this and other arguments that our treatment! was in error. Actually,
the values plotted in this diagram are correct, as the writer ascertained by recalculating
the coordinates of several points. The abnormal slope simply results from the choice
of double-layer parameters which are not self-consistent. Thus, the diagram has no
physical significance but is correct for the parameters that were used.

It should be noted that dRw!/dw! - o for w? — o, and consequently the
curve in Fig. 1 should have a horizontal tangent at w? =o0. The same comment applies
to SLUYTERS’ Fig. 114 which shows a linear extrapolation for o<w!< 50 with a
negative slope down to w*=o.

Selection of independent variables

Instead of using cos and E as independent variables, one can just as well
select cgs and E or co® and cgrs. One can equally use the linear combination yp=
co*Do?+crsDrt and E, as was done by SLUYTERS?. The use of ¢ has the practical
advantage that this quantity is invariant when E varies in polarographic generation
in situ. The use of y has the disadvantages (a) of mixing purely thermodynamic
quantities with transport quantities (Do and Dz), and (b) of complicating the ex-
pressions for the double-layer parameters. If generation in situ is not adopted, there
is no advantage in using .

CONDITION FOR APPLICABILITY OF THE CLASSICAL THEORY (WARBURG ADMITTANCE)

In the limiting case, for which the Warburg theory holds, the elements R and
C of eqns. (1) and (2) are:

R_CRSZQO_RT (i%< T + 1 ) {24
" AB Ho  (zF)2 a)) co*Dot  crSDr! %
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AB  Ho ZF): 1 1
= L (E) = L (E)
CRS® 200 R RT (zw)% I/COSDO%'FI/CRSDR‘} + 97 (15)

Equations (14) and (15) are immediately obtained by setting (g +m) =n=Qu +gS =o,
and by introducing /'o® =o in w. Note that ¢(&) appears in eqn. (15) since C is the
capacity corresponding to the total electrode admittance and not the capacity for
the faradaic part only.

The conditions under which the classical theory can be applied for all practical
purposes can be established immediately by comparing eqns. (14) and (15) with
eqns. (4) and (5). Comparison of eqns. (4) and (14) yields the following two simultane-
ous conditions:

lexle? < o (16)
| Kzlw < |Hol (17)

Note: (a) go is always positive and the equality, Hy=—K; (Table 1), was used in
arriving at eqn. (17); (b) K2 is given by eqn. (13) in terms of g1 and K;. Comparison
of eqn. (5) with eqn. (15) yields the additional condition:

|2Ho +200] < | Ho| (18)

Conditions (16)—(18) must be satisfied simultaneously for the classical theory to be
applicable. Explicit forms of these conditions are:

|(F'o+I'r)®|(200/Dr)* < (1 +Q)/S (19)
|(L'o+I'r)®)(g/2F + I'0)@|(RT[2F)(1/cr%) (/(DoDr)}) < 1 (20)
o BT I 20\t /g (0) /20 |}
TorTay® o (5]~ + T9) (5 -
q (E) RT 1 [20\}
o T D o)

The quantity, (I'o+ I'r)®), in conditions (20) and (21) can be eliminated by means of
eqn. (11). These conditions, to be satisfied simultaneously, become more stringent
with increasing frequency. They are always satisfied for ® — 0. Note also that these
conditions may not be fulfilled, in principle, for sufficiently high positive or negative
values of double-layer parameters.

A particularly simple situation, in which the classical theory holds although
there is strong adsorption, could be observed when eqns. (1) and (2) reduce to eqns.
(14) and (15) but with (¢+2F10)® instead of ¢‘® in eqn. (15). In this case, the
double-layer capacity observed in presence of O can be significantly different from
that for the supporting electrolyte alone, but there is no other complication. The
analysis of data is then straightforward (e.g., by SLUYTERS’ complex plane analysis).

ANALYSIS OF EXPERIMENTAL DATA
The problem is to determine the three independent double-layer parameters.

This can be done in two ways: (a) determine g1, K; and ww~-* by making use of
eqn. (13) to obtain Ke; (b) determine the four parameters, g1, Ki, K2 and wo-},
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from experimental data. The second procedure has the disadvantage, in comparison
with the first, of involving the determination of one more parameter, but has the
advantage of providing an independent check of the computation by means of eqn.
(x3). This relationship is automatically verified in the first procedure and thus cannot
be used for further verification.

The analysis can best be carried out by using data obtained over the full
frequency range in which measurements are made. This is certainly more advantageous
than to use only the limits for o — 0 and w — oo because the computation of these
limits by extrapolation may be somewhat uncertain, particularly for w — oo. Recent
improvements5 in bridge design (use of transformer-ratio bridges) and a better
understanding of the requirements for cell and electrode design, which have made it
possible to push the upper limit of double-layer capacity measurements* well above
100 KHz, may reduce the uncertainty on the limits for @ — oo. It remains to be
seen whether accuracy would be sufficiently high, at the highest frequencies that
can now be used, especially in view of the serious limitation imposed by ohmic drop
in the cell.

It is suggested that analysis of data over the whole frequency range can be
accomplished by a variational method. Such methods have not been applied by
electrochemists, to the writer’s knowledge, primarily because there was no real need
for them**. The power of these methods, coupled with the high speed of present-day
digital computers, is such that the determination of the 4 or 3 parameters, discussed
here, from experimental data is an easy task. Of course, unambiguous assignment of
parameters is only feasible provided sufficiently accurate experimental data are
available. The last restriction is the only real one, and the complexity of the equations
is a relatively minor aspect of the problem***.

Variational computations can be started with any educated guess of the
values of the parameters to be determined, barring complications resulting from
oscillation or non-convergence of the solution. It is, however, profitable to start with
approximate values of the parameters to be determined. It will be shown how these
approximate values can be computed from the limits for o — 0 and @ — oo prior
to any variational computation. It is even possible, but by no means certain that
such a simple analysis suffices in some instances despite its disadvantage of using
only data in the lower and upper frequency ranges.

The points being made here can be summarized as follows: (a) it suffices to
have even very approximate values of the parameters to be determined as a starting
point; (b) these starting values can be computed by the method described below or
by any other suitable method; (c) the application of a variational method will then
improve the accuracy on the parameters to any degree that is justified by the accuracy

* LoreNz16 had already published in 1960 results of such measurements with frequencies reaching
above 1 MHz.

** Electrochemists learned to use the Laplace transformation, introduced by BRDICKA AND
KoUTECKY (1947) in electrochemical problems, when they attacked problems which could be
solved conveniently, but not uniquely, by this method.

*** This comment also applies to the possibility of application of our general theory®é. SLUYTERS
considers? that ‘“‘the resulting equations are so complicated that it seems impossible to use them
for analysing data”. This comment would have been almost valid before the advent of high-speed
digital computers. The real difficulty is the need for sufficiently accurate data and not the
complexity of the equations. No opinion is ventured here whether the accuracy requirements
can be met with present techniques of measurements.
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of experimental data; (d) the need for “‘manual” methods for the most accurately
feasible analysis of data, whether they be elegant or tortuous, is no longer so pressing
once it isrealized that the accuracy can be improved by rather powerful computational
techniques as much as is warranted by the acccuracy of experimental data. These
comments apply also to the analysis of data obtained by any of the relaxation methods
in electrode kinetics whenever there is a difficult computational problem. The use of
computers just for the sake of it is not advocated.

TABLE 2

SOME LIMITS

Ry o = 00

Ry 0 >0

Cw_o = ®©

Cow > (Blers)(Mwh)[—Ks/o1 + w/w?]

(@*R)w_0 = (cr¥/B)(w}1)(200/Ho) (= — cr*[B)(w}A) (1 + Q)
(@*R)w w0 — (cr*[B) (@A) @1%/(eoK> + o1H1)

@iC)w_0 > (Blew®)(Aw?) (Hol2go) (= — (Bcrs)(Aw?) 1/(1 + Q)

WRC)w_yoo — 0
(dw%R)
>0
dwt _50
/dwtR
( ) >0
dw? ® _,00
(daﬁC) B A [21‘11@0 s H()Ql w]
= e e
do? /o0  cr® ! 2002 w?
(dw*C) B 1 [ K, w]
do? Jo_ w0 crs Wt 01 w?

Some of the limits used in the analysis are listed in Table 2. The procedure
is as follows:

(a) Ho, and consequently Q (Table 1), is obtained from (w#R)e_o and/or
(*C) o 0.

(b) ww—* is computed from:

w4 = (ox¥ B) (@} D)[(0'RC)o o/ (@*R)w o] (22)
and from the independently determined value of Do (appearing in 1), e.g., from
polarographic diffusion current constant. The parameter, (g+zFl0)®), is thus

obtained.
(c) Compute Ka/p1 from Cy, ,« using the value of ww~* calculated in (b).
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(d) Note that

o1=(w*RC)o_, wfww =) [ (K2/01)00 + Hi] (23)
where ww-* and Kz/p1 are now known. Introduction of p; from eqn. (23) in
(dw*C/dw?)y o then yields a linear equation in H; which is solved. Compute then g1
from eqn. (23); g1 thus yields (I'o+I'r)(©.

(e) Compute K» from the values K2/p1 and p1 obtained in (c) and (d), respec-
tively.

(f) Determine nw-* from the values of Hy=—K; and K» in Table 1, the
combination of which yields

Qnow—t+(Ks/nw—*) +Hi=0 (24)
This yields (Lo + I'r)®.

(g) From Ks and nw—* determine (Qu +gS)w =4, t.e., (¢ +2F [0)©.

No use was made of the thermodynamic relationship (11) in this procedure,
and this equation can thus be used for the purpose of verification. One could use
eqn. (13), after division on the left-hand side and right-hand side by g1, and introduce
o1 from eqn. (23). The only unknown is then K; which can thus be determined. Once
K, (=—Hi) is known, g1 is obtained from eqn. (23) and Ks from eqn. (13). Steps (f)
and (g) then follow. This modified procedure avoids the use of (dw*C/dw?)e 0.

The foregoing method of analysis has the advantage of not requiring iteration
and the disadvantages of using only the limits. No claim is made here about the
accuracy that can be achieved, especially since there may be a propagation of errors
as the parameters are successively computed. Anyway, accuracy can be increased as
much as desired, and allowed by the accuracy of experiment, by further variational
computation, as already noted.

CORRELATION BETWEEN REINMUTH’S EQUATIONS, AS RE-DERIVED BY SLUYTERS, WITH
EQUATIONS (I) AND (2)

SLUYTERS states47 that equations for the electrode impedance for the ideal
reversible electrode were derived by REINMUTH on the basis of the writer’s three
general equations2. Use was also made of the correct time-derivatives of the surface
excesses given independently by SLUYTERs? and by us3. SLUYTERs re-derived
REINMUTH’s results, as yet unpublished, by following the procedure which we had
used before!.5.6 and which is inspired from GERISCHER'’s derivationls of the classical
theory of the faradaic impedance. The identity of SLUYTERS’ eqns. (A14) and (A15)
in ref. 7 with the foregoing eqns. (1) and (2) [that is with eqns. (10) and (11) of ref. 1
with the correct parameters] is shown in Appendix.
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APPENDIX

SLUYTERS’s eqns. (A14) and (A15), which are listed below under eqns. (25)
and (26), give the real and imaginary parts of the electrode admittance and contain
the partial derivatives of ¢ +2F I'o and o+ I'r with respect to the two independent
variables selected by REINMUTH, namely E and the linear combination, cosDo?+
crsDr? (our notations). Equations (A14) and (A15) are then transformed by SLUYTERs
to reduce the number of double-layer parameters from 4 to 3. Equations (A14) and
(A1s) were selected for comparison to avoid the inverse transformation.

SLUYTERS reports?:

Yo = 20:07; =t %RWE 2+zg+ U2 291:52201)]):6_07(/]2 (25)
with the following parameters transposed into our notations
0 ={RT/2}(zF)?}(1/co*Do* +1/crsDr?) (27)
or/o={1 +exp[— (zF/RT)(E—E)]}~* (28)
U =(20)}0(I'o + I'r)/0ye)re (29)

y=(co)z=0Do* +(cr) 2-0Dr* (30)
ye=[0(L0+I'r)/0Eelye (31)
qu=[0(q +2F I'0)[Oye]re (32)
qe=[0(¢+2F ['0)/0Ee]ye (33)

The various coefficients listed by SLUYTERS were calculated in terms of our
parameters, and the results are listed in Table 3. This conversion is quite straight-
forward and is as follows:

TABLE 3

CORRELATION BETWEEN SLUYTERS' PARAMETERS AND THOSE IN THE PRESENT PAPER

0 = —w(crs[2AB)(1 + Q) = —wi(crs[2ABQ)&:r
orlo = Q/(1 + Q) = Q%é&:
U=S@g+m/x+Q) =6&/&—1

ve = {S + M1 + Q} 1/(z0)t = (/s — 1) 1

/(20
o o

1 Q hi
gy = 2F[Qu + Sg] TE 0 a) = zF[Qu + Sg] ? 2t
MQ+Sg Do * I Do H
: = zFBS|w — — ) = —— Sg) [ [—
@x=+EB [w Q(I+Q)]( ) ZFBS[W g et g)](zw)
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One has
d(Lo+ I'r) =[0(I'0+ I'r)[0cos]eed(co) e=0+ [0(I 0+ I'r)[0Ec] e *dE (34)

d(Fo+I'x) =[8(Io + I'v)[0ye)s dps-0 + [0(I'0 + I'x)/6Ee)y AE

=yydypz—0 +yedE (35)
where y=ye for E =FEe. yy in SLUYTERS’ notation is yy..
One has
d‘lp =Do%d(00)z=0 +DR*d(CR)z=0 (36)

The differential, (dcr)z-o, is obtained by differentiating (c¢r)z-o expressed by a Taylor
series of the two variables (co)z-0 and E (truncation after the first derivatives). The
partial derivatives in the Taylor series are evaluated by the Nernst equation. Thus

d(cr)z=0=(cr%/c0%)[d(Co) z=0— (2F/RT)codE] (37)
Hence
dyz-0=Do*1 +(1/Q)]d(¢0) 2=0 + Dr!BdE (38)

Comparison of eqns. (34) and (35) after introduction of dy;-o in terms of
d(co)z=0 and d(cr)z-o0 yields after conversion to our notations, the values of y, and
ye listed in Table 3. A similar procedure is followed for ¢, and gg.

Substitution of the parameters of Table 3 into eqns. (25) and (26) yields after
some algebra:

1 CRS &2 4§52

Rl v s e o R e
Yo' =aC = g [‘Q<2+">—<Q%+g5>§ir;g@+(r+n)(Qu+gS)1§i . w} (40)

Tt is easily shown that eqns. (39) and (40) are identical with partially explicit forms
of eqns. (1) and (2).

SUMMARY

The following theoretical aspects of the admittance of the ideal reversible
electrode are examined: (a) description in terms of four double-layer parameters
related to the thermodynamics of the electrocapillary curve for an ideal reversible
electrode; (b) reduction to three independent double-layer parameters as a direct
consequence of the electrocapillary curve equation; (c) selection of independent
variables; (d) condition for applicability of the classical Warburg theory; (e) intro-
duction of variational methods in the assignment of parameters from experimental
data and the attending requirements for accurate experimental data; (f) analysis of
data from the limits for v — 0 and w — oo as a starting point for any variational
computation; (g) correlation with the general theory for any exchange current; (h)
correlation with SLUYTERS’ work.
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ON THE IMPEDANCE OF GALVANIC CELLS

XXIV. THE IMPEDANCE OF THE In3+/In(Hg) ELECTRODE REACTION IN
KSCN AND KCl SOLUTION*

B. TIMMER, M. SLUYTERS-REHBACH anp J. H. SLUYTERS
Laboratory of Analytical Chemistry, State University, Utvecht (The Netherlands)
(Received February gth, 1968)

INTRODUCTION

A recent paper! has presented a critical discussion of some important theories
for the electrode impedance in the case that the electroactive species are specifically
adsorbed at the electrode-solution interface. It was argued that the equations given
by ReinmMuTH!.2 are the most satisfactory yet available for reversible systems.
Experimental results were described for the Pb2+/Pb(Hg) system in M KNO3;-KCl
mixtures. It was shown that impedances for 0.5 mM Pb2+ could be analysed according
to the equations given by REINMUTH.

The concentration-dependence of the reactant adsorption has not so far been
studied. It was shown in Part XXII of this series? that indium is strongly adsorbed
from KSCN solutions at the electrode-solution interface. In this paper, the con-
centration-dependence of this indium adsorption is investigated.

Cell impedances have also been measured in the limiting current region ot
In3+, because interesting phenomena appear at these potentials. It is known that in
both KSCN and halides as supporting electrolyte, a minimum appears in the limiting
current region3-7. These minima have been investigated provisionally with a.c.
currents4—6, At the potentials at which the minimum appears in the d.c. current,
negative cell impedances were reported. Recently®, we have presented theoretical
equations for the faradaic impedance valid for systems with a potential-dependent
charge transfer rate constant, ksn. Under certain conditions a negative faradaic
impedance can be expected from these expressions. The negative impedances are
analysed here according to the complex plane method. An attempt has been made
to explain the resulting parameters of the faradaic impedance according to the
expressions based on a potential-dependent ksn®.

A minimum appears in the limiting current in KSCN as well as KCl solutions3-4.
Moreover, in both solutions the reduction of In3+ is catalyzed by SCN’ and Cl’,
respectively. These facts are possibly related to the adsorption of the electroactive
species as indium is known to be adsorbed from KSCN solutions2. The possible
adsorption of indium from KCl solutions has therefore been investigated.

* Abstracted from B. TIMMER, Ph.D. thesis, State University of Utrecht, 1968.
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EXPERIMENTAL

All impedance measurements were performed in the usual way with a DME2.9
(knock-off time, 3.6 sec). Solutions were prepared from reagent-grade chemicals and
acidified to pH 3 with 0.1 N HNOs. All potentials are referred to the SCE. Experiments
were performed at 25°.

For most electrode systems d.c. polarograms were also recorded, with a
Metrohm Polarecord type E 261 R. The currents at the end of drop-life were measured
with as little damping of the polarograph as possible. In this way instantaneous
currents could be measured. Diffusion coefficients were calculated from the limiting
currents using the Ilkovic equation in its classical form.

Impedance data are analysed according to the procedures given in Part XXIIIt.
We have shown? that the usual complex plane method®10 may also be used in the
case of negative impedances.

RESULTS

Concentration-dependence of the specific adsorption of indium from KSCN solutions

Experiments have been carried out with a solution of 0.2 mM In3+in 1 M
KSCN, in order to compare the results with those for 0.4 mM In3+, obtained pre-
viously2. The frequency-dependence of Ye' (real part of the electrode admittance)
is found to be 7ot in accordance with the classical equations?.1° between 320 Hz and
1500 Hz, because of the strong specific adsorption of indium, as was the case for the
0.4 mM In3+ solution?. If the adsorption of indium is proportional to concentration,
for every potential and frequency (cf. eqns. (1), (3) and (7) of ref. 1)

2 (Yell) 0.2mM = (Ye1')0.4mM

and
2 (Yelll —wCHF)o.ZmM = (Ye1' —Cur)o.amm
T T T T T T S Lg L T
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-E(V vs. S.CE.) -E(Vvs. S.CE)

Fig. 1. Double-layer capacitance curves for Ind+ in 1 M KSCN outside the peak region. Cm3*:
(0), 0; (A), 0.2; (@), 0.4 mM.

Fig. 2. (Cyg — Cur)-values for 0.4 mM In3t: (@), ref. 2 and o.2 mM In3+; (o), M KSCN. (---),
% (Cor — Car)-values for 0.4 mM In3+.

J. Electroanal. Chem., 19 (1968) 73-83



THE IMPEDANCE OF GALVANIC CELLS. XXIV 75

where Yei'' is the imaginary component of the electrode admittance, w the angular
a.c. frequency and Cur the high frequency double-layer capacitance. If Car=40
uF[cm? is taken in conjunction with the data of 0.4 mM In3+ of ref. 2, these relations
are obeyed.

For a quantitative comparison, Cvr, Cur and «’ should be evaluated from the
experimental data according to the procedures proposed in ref. 1 (Crr is the low
frequency capacitance and #’ a parameter describing the adsorption isotherm). It
appeared that the data could be interpreted very well with the equations given by
RemnMuTH!2, as was the case? for 0.4 mM In3+. The results obtained according to
the procedures (P3) of ref. 1, are presented in Figs. 1 and 2 and Table 1. As can be
seen from Fig. 2, Cor—Cur appears to be proportional to the In3+ concentration.

TABLE 1

DATA FOR 0.2 mM In3+ v 1 M KSCN

—E Gtheor- Oexp Crr Cir — Cur  Cur 1

(mV) (L cm?sec—t) (Q cm? sec*) (uFem=2) (uFcem=2) (uF cm—2) z;sec*)

570 4500 35004400 35.040.4

580 1470 1350100 37.541

590 515 49020 45+2 ~12 ~0.02
600 228 200+ 30 45+10 3545 0.03
610 105 160420 35410 0.04
620 228 220430 25415 0.02—0.03
630 5I5 140430 20430 0.01
640 1470 1000300 8646 60410 25415 <o.01
650 4500 41004500 5342 20410 3545 < 0.01
660 41.540.3

Otmeor has been calcd. according to eqn. (4) with om = 165 (2 cm2sec~% and E; = —610 mV.

Oexp are the exptl. Warburg coefficient values, obtained from plots! of Yel’/l/w vs. w; u =

Vz_[a(Fo =+ FR)/a’(PJE“.

In Part XXIII, the increased capacitance values, caused by the adsorption
of lead from KCl solutions, could be interpreted with a simple model?, z.e., a linear
adsorption isotherm for the oxidized species and no adsorption of the reduced form,
TI'o=kCo and I'n=0 ([ is the surface excess and Co the surface concentration of
Ox). We have shown earlier? that the same model holds for the capacitances evaluated
for 0.4 mM In3+. It can be derived that!

2 2
6q> _n F eXp Qm,o I'o* )
v

RT (1+eXp ¢m,s)3

where w:Col/Do +CR]/DR; @m,s=nF(E—E;)/RT and I'o*=kCo* with Co* the
bulk concentration; the other symbols have their usual meaning. Because (0¢/0E)y
is not known, it is assumed that! (0¢/0E)y~Cur. A plot of Crr—Car against expem,q/
(T +expem,s)? for the data of Table 1 shows that eqn. (1) is obeyed (cf. Fig. 6 of
ref. 2). It is found from such a plot that I'o* = (0.45 £ 0.15) - 10-10 mole/cm?2 for 0.2 mM
In3+. When this value is compared with that for 0.4 mM In3+, (0.85+0.25)-10-10
mole/cm? (ref. 2), it can be concluded from the concentration-dependence of I'o* as
well as from the potential-dependence of the enhancement of the capacitance,
Crr—Cur, that a linear adsorption isotherm holds for indium adsorption for Cin3+< 0.4
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mM. Unfortunately, this cannot be checked for much higher indium concentrations
because measurements are not feasible under these conditions (the faradaic impedance
becomes very small compared to the ohmic resistance of the cell).

The values of #’ of Table T may be explained with the same model as was
used for eqn. (1). It is easily verified that

' =)/2[0(I'o+ I'n)/0Y]e=k)/2/Do|[1 +exp (¢m.c)] (2)
Hence, «’ should be potential-dependent; at anodic potentials, ' ~ k[/m, decreasing
continuously to zero at cathodic potentials. The #'-values of Table 1 show this
behaviour reasonably well. At the half-wave potential, gm,¢=0, %’ :k/]/ﬁ, holds.
If the values, £=(2.14+0.6)-10~% cm and Do=6.0-10-¢ cm?2/sec are introduced,
u'=(6+2)-1072 sect is calculated, in agreement with the experimental value of u’
at —610 mV (Table 1).

Indium adsorption from KCl solutions

The possible adsorption of indium from KCI solutions has been investigated
by measuring impedances of 0.4 mM In3+ in 1 M KCI as a function of frequency
(320 Hz-1500 Hz) and potential. Surprisingly, the analysis of Y1’ shows zo indication
of adsorption of indium from chloride solutions. The frequency-dependence of Ye’
for potentials near E; cannot be accounted for with REINMUTH’s expressions!:2, since
experimentally, Ye'/)/w decreases with frequency. The decrease of Ye'/)/w indicates
some irreversibility of the electrode reaction?®10. The analysis according to the classical
equations, cf. procedure (P1) of ref. 1, with

I/Yell =0+0‘w—}+02w—1/(0+0w_;) (3)

where 6 is the charge transfer resistance and o the Warburg coefficient, vields
consistent results (Table 2). The experimental g-values are in agreement with theory?

0 =0m cosh? } gm.s (4a)
om=4 RT[n2F?)/2 (Co*)/Do+Cr*)/Dx) (4b)
with om=85+5 Q cm? sec? and E,= —593 mV.

TABLE 2

EXPERIMENTAL DATA FOR 0.4 mM In3+ 1Ny 1 M KCl

—FE o 6 Cd kch for ksh for —qcz_l
(mV) (0 cm2sec~*) (Qem2) (uFcm=2) «=o0.5 & = 0.2 (uC cm=2)
(cm sec1) (cm sec—1)

550 29004150 <16 36.2+0.4 >o0.15 =>0.7 7.6
560 1000430 = 34.74+0.5 >o0.25 = 8o 7.
570 350410 1.74+0.7 34.540.5 0.2+0.1 0.440.1 6.7
580 152410 1.540.3 33 41 (12 4+2)-10-2 (20 £3)-1072 6.3
590 85+5 2.240.2 34 +1 (7 £1)-10"2 (6.240.5)-10"2 5.9
600 100+10 3.540.4 32 41.5 (4.740.6)-10-2 (3.54+0.4)-1072 5.6
610 180415 7.34+0.5 30.940.6 (3.140.4)- 1072 (1.740.2)-10-2 5.3
620 490- 50 2142 29.740.3 (r.8+0.3)-1072 (0.740.1)-1072 5.0
630 19504150 5946 28.4+0.3 (r.240.3)-10"2 (0.340.1)-1072 4.7

The gc1-! values have been given by GRAHAME AND PARSONS18.
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The 6-values of Table 2 may be used for obtaining the charge transfer coeffi-
cient, «, and the rate constant, Zsn. For Cr*=0 and Do=Dgr with f=1—« (eqn.
(13a) of ref. 11)

6 =(RT/n?> F2ksuCo*) {exp fm,o +eXp (—0@m,c) } (5)

Thus, for the faradaic region, 0/{exp fgm,c+eXxp (—xgm,s) } should be constant. For
«=0.9+0.1 this appeared to be the case. Furthermore, one obtains ksh =0.06 +0.02
cm/sec. Note that the ““d.c. reversible” equations for § and ¢ hold for this Zsn-value
and the general equations (eqns. (12) of ref. 11) need not be used.

From the experimental Ye’ values, the double-layer capacitance, Cq, was
calculated with?.10

wCa=Ya" = Ye'[(p+1) _ (6)

where p =0/ow—*. The resulting capacitances were found to be frequency-independent
and equal to the Cg-values for the supporting electrolyte alone over the whole
potential range. Consequently, the classical Randles’ circuit holds for the In3+/In(Hg)
system in 1 M KCl and it appears from both the potential- and frequency-dependence
of Yer', and the Cq-values, that indium is not specifically adsorbed from KCI solutions.

Minima in the In3+ limating curvent

D.c. polarograms have been recorded for some solutions of indium (Fig. 3).
Only the curves for 2 mM In3+in 1 M KCIl and 1 M KSCN have been presented in
Fig. 3, as for other (lower) concentrations almost identical polarograms were obtained.
As can be seen from Fig. 3, a minimum appears in the limiting current in 1 M KCl
and 1 M KSCN solutions, in agreement with the literature3-5. In 1 M KNO3z +12 mM
KCl, the limiting current is not reached at all (¢f. ref. 7).

Cell impedances have also been measured for the solutions of Fig. 3. In 1 M
KCl and 1 M KSCN, negative faradaic impedances were found at potentials of the

05 15 05 10 1.5

10
-E(Vvs. SCE.) -E(Vvs.S.CE)

Fig. 3. Direct current polarograms for: (1), 2 mM In3+ in 1 M KCIl; (2), 2 mM In3* in 1 M
KSCN; (3), 0.43 mM In3+in 1 M KNOs + 12 mM KCI. The current is given as a fraction of the
limiting current, %q.

Fig. 4. The real component of the electrode admittance as a function of potential (in-phase a.c.
polarogram) for 2 mM In3+in: (0), 1 M KCl; (@), 1 M KSCN.
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minimum in the d.c. current when the experimental data were analysed with the
complex plane method®:8.9. The frequency-dependence of Ye' (eqn. (3)) shows no
effect of diffusion polarization (Ye'~1/0, constant with frequency) at these poten-
tials, although it should be remembered that for small Ye'-values, ¢.g. <3:1073
Q-1 cm~—2, it is difficult to draw this conclusion. The Cq4-values were evaluated from
Yo'’ (eqn. (6) with p=o00) and found equal to the Cqa-values for the supporting
electrolyte alone, indicating that no adsorption of reactants is present at these
potentials. In Fig. 4 are shown the experimental Ye)'-values for 2 mM In3+ in 1 M
KCland 1 M KSCN. No accurate measurements could be made in the peak potential
region because of the high In3+ concentration.

Finally, the measured cell impedances for the third solution of Fig. 3, i.e.,
0.43 mM In3+in 1 M KNOs;+12 mM KCI, were investigated. From the frequency-
dependence of Ye' for 480 mV< —E< 570 mV, the values of § and ¢ were evaluated
with eqn. (3). The results are summarized in Table 3. The Cq-values calculated with
eqn. (6) were found to be equal to those for the supporting electrolyte, indicating
that no specific adsorption of indium is present. Yei'~0 was found for 600 mV <
—E <1000 mV; for —E >1000 mV, increasing positive Ye1' were computed (cf.

Fig. 4).

TABLE 3

EXPERIMENTAL DATA FOR 0.43 mM In3+ 1x 1 M KNO;3 4+ 12 mM KCI

—E o 0 Ca —E o 0 Ca

(mV) (82 cm?sec—*) (2cm2)  (uFcm-2) (mV) (Qcm2sec—t) (R2com?) (ull cm=2)
480 15000 31.240.1 530 <120 36+2 31.840.2
490 47004300 < 50 3I.740:2 540 < 200 5842 31.540.2
500 14004200 3846 31.74-0.2 550 11345 31.440.2
510 500+ 80 30+3 31.740.3 560 270420  31.240.1

520 2304-70 2941 31.840.3 570 730 30.840.1

It is not possible to determine om and E, accurately from the experimental
o-values with eqn. (4), as o is known only at the anodic side of E . If om is taken as
equal to 79 Q cm? sec—?* (¢f. om=85 Q cm? sec—? for 0.40 mM In3+ in 1 M KCl, so
that for 0.43 mM In3*, 0 =4.0-85/4.3=79) it follows from the experimental o-values
that E,=—537+1 mV. An attempt can then be made to analyse the f-data using
this E,;-value. The evaluation of ksn and x cannot be made with eqn. (5) because the
system is too irreversible, so that the ““d.c. reversible” equation no longer holds over
the whole peak potential range!l. Note that the “d.c. reversible” eqn. (4) is still
valid at potentials anodic of E ;. One has for § (eqn. (12a) of ref. 11) with Do =Dr=D
and Cr*=0

0=(RT[n? F2ksnCo*) {@ +exp agm,¢ +€XP (—BPm,o) }/eXP (—PBpm,0)[4f +eXp xpm,o]
(7)

where a =D|/0ksn with 0 the diffusion layer thickness; 6=]/3nDt/7 for a DME. If the
fO-data of Table 3 are analysed according to eqn. (7) as described for the data of Table
2, it follows that ksn=(3.1+0.4) 1073 cm/sec and & =0.90+0.05.
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DISCUSSION

(i) The o-values necessary for the analysis of the experimental data for 0.4 mM
In3+ (vef. 2) and 0.2 mM In3+ (this paper) in 1 M KSCN were calculated from eqn.
(4) with the diffusion coefficient obtained from d.c. polarograms (Do=6.0-1076
cm?/sec). For potentials not too close to E it is also possible to obtain accurate
experimental o-values by extrapolation of Yel'/Vw to w — o (eqn. (4) of ref. 1). In
general, these values agree with theoretical o-values (¢f. Table 1). For potentials
near E,, the extrapolation of Ye'[)/w is barely feasible. As shown in a preceding
section, there is no adsorption of indium in 1 M KCI and experimental o-values can
be obtained over the whole peak potential region in 1 M KCI (Table 2). It was found
that om=85+5 Q cm? sec—*, which is exactly equal to the value for om calculated
with Do=6.0-10-¢ cm?/sec from eqn. (4b). As the limiting currents in 1 M KCI and
I M KSCN are equal for the same In3+ concentration it can be concluded that the
correct theoretical o-values have been used for the analysis of the data for 1 M
KSCN.

(i) There is no explanation yet for the fact that indium is specifically adsorbed
from KSCN solutions and not from KClI solutions. More is needed to be known about
the specific species (z.c., indium complexes) that are adsorbed and about their con-
centrations in certain solutions. The first is not known, the latter only rather in-
accurately in most solutions!2:20, The fact that the indium couple in KCI is not
completely reversible and that indium is not adsorbed simultaneously at the interface
from KCl solutions, whereas in KSCN the electrode reaction is reversible together
with adsorption of indium, supports the hypothesis that adsorption of reactants
renders an electrode reaction reversible2.

The minimum in the limiting current (found in 1 M KCl as well as in 1 M
KSCN) cannot be related to the specific adsorption of indium as adsorption is present
only for the latter solution. Moreover, the surface concentration of In3+ and thus
the In3+ adsorption, will be very low at these negative potentials.

(ili) The experimental f-values for the indium electrode reaction in 1 M KCl
and in 1 M KNOs+12 mM KCl (Tables 2 and 3) can be interpreted with a potential-
independent ksn and a-value. However, the evaluated x-value (x=o0.9) is rather
extreme. Earlier investigations on the charge transfer reaction of indium have yielded
less extreme o-values!3-16, although most of the reported a-values should be considered
carefully, e.g. because of the potential-dependency of ksn which complicates the
analysis of d.c. current—voltage curves. The irreversibility in the d.c. current reported
for 1 M KSCN13 cannot be true because in that case we would have found a com-
pletely different behaviour of Ye' for indium in 1 M KSCN. It should be noted that
in refs. 4 and 5 it is stated that the d.c. polarogram is reversible, in contradiction
with ref. 13.

The analysis of the -values of Tables 2 and 3 yields for x< 0.8, a potential-
dependent ksn. A potential-dependency of ksn is not unlikely in view of the shape of
the polarograms in Fig. 3. The minimum in the curves for 1 M KCl and 1 M KSCN
indicates that some peculiarity in the electrode reaction is present. The curve for
1 M KNO;+12 mM KCl is even stranger. If ksn=3.1-1073 cm/sec and o =0.9 were
correct, as was evaluated from the 6-data of Table 3, a normal d.c. wave should
have been found (e.g., i/ia =0.90 and 0.95 for E = —650 and —700 mV, respectively)
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in contrast with the experimental cuive (Fig. 3). Consequently, it is reasonable to
suppose that Agp is potential-dependent.

Recently, we have presented equations for the faradaic impedance valid for
systems with a potential-dependent %si®. The 6-values of Table 2 have been analysed
according to these equations (eqn. (8a) of ref. 8) for « =0.5 and o.2. The resulting
ksn-values were found to be dependent of electrode potential (Table 2). Also similar
results may be obtained for other x-values. It appears, therefore, that ksy for the
indium electrode reaction in 1 M KCl is potential-dependent. The lower the « chosen,
the larger is this potential-dependency. Because an accurate value for « is not yet
known, no definite set of potential-dependent Zsn-values can be given.

Recently!?, we have presented a study on the zinc electrode reaction in mixed
potassium halide solutions. For these systems, the variation of ksn at the standard
potential with iodide concentration could be interpreted by assuming that ksn depends
on the specifically adsorbed charge, g1, of the anions of the supporting electrolyte,
as follows:

ksn=hsn* exp (bg?) (8)

where ksn* and b are independent of g1. Equation (8) infers that the activation energy
for the charge transfer step depends linearly on ¢'. This relation was found by
varying ¢! by changing the supporting electrolyte. Of course, ¢! may also be changed
by varying the electrode potential as in our experiments. If the potential-dependent
ksn-values of Table 2 for the indium couple in 1 M KCI are plotted against gci?, as
given by GRAHAME AND PARSONS!$, it appears that eqn. (8) indeed may be used also
when ¢, and consequently ksn, varies with potential (Fig. 5). No Frumkin correction?®

log kg, (cm sec")

L A L i A

6
-l (uC/cm2)

Fig. 5. Plots of the potential-dependent ksn-values of Table 2 according to eqn. (8); x-values:
(@), 0.5; (0), 0.2.
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has been applied in Table 2 as this correction will not change much in the small
potential range covered. It is possible that the electrode reaction is completely
reversible in 1 M KSCN, and quasi-irreversible in 1 M KCl, not because indium is
adsorbed from the former solution, as argued in section (ii), but because SCN’ ions
are more strongly adsorbed than Cl’ ions, cf. eqn. (8).

The charge transfer data of Table 3 could also be analysed in the same way
as presented above for the data of Table 2, but as there is no available g'-data for
1 M KNOs+12 mM KCI, this has not been done here.

(iiii) Finally, the phenomena at the minimum of the d.c. wave (Figs. 3 and 4)
can be interpreted, at least qualitatively, with the equations given in Part XX of
this series® for systems with a potential-dependent ksn. Equations?-1! based on a
ksn constant with potential, are useless in this respect because they can never explain
a minimum in the d.c. wave, nor negative Ye'-values. With Do=Dgr =D and exp
@m,s< T, valid for the negative potentials at the minimums,

ifia = 1/(1+a exp f@m,o) (9)

ds a i 1\ I

dE ~ a+exp(—pfom.qs) i (I B E) 7] 5]
6 = (RT/n® F2han(E)}(1 +a exp Bpmo)/[a(f—g) +expagmalCo®  (11)

where a =D/ksn(E) as in eqn. (7), 7 and 4q are the currents at the end of drop-life
and
g={RT [nFksn(E)}(dksn/dE) (x2)

In order to explain the phenomena described with these equations, we assume
that ksn depends on ¢!, e.g. according to eqn. (8), (¢f. refs. 17 and 20). It is known that
the anions of the supporting electrolyte are desorbed at sufficiently negative poten-
tials?, just at the potentials of the minimum. Thus, for these potentials, ¢!, and thus
ksn, decreases, a~ ksn~! increases sharply and 7/iq becomes smaller than unity, al-
though exp fBgm,s still decreases (eqn. (9)). Also, a Frumkin correction!?, for which
« and the charge, z, of the reactant should be known, causes ksn to be potential-
dependent. However, this effect is much too small to explain the phenomena.

Equation (10) shows that the slope of the d.c. polarogram has a sign equal to
that of @ (=1/Yer'). It can be seen by comparing Figs. 3 and 4, that Ye' is indeed
negative for potentials at which 7 decreases. At the minimum of the d.c. polarogram
(di/dE =0), Ye' is also zero, as it should be according to eqn. (10). The “peak poten-
tial” of the negative Yer'-wave does not correspond to the inflection point in the
negative branch of the d.c. polarogram (47/dE minimal), because of the term a/[a +exp
(—Bpm,s)] =I—1%/7q in eqn. (10) that is smaller at less negative potentials.

SCN’ ions are more strongly adsorbed than Cl’ ions and desorbed at more nega-
tive potentials. Consequently, the collapse of the d.c. current begins earlier for 1 M
KCl than for 1 M KSCN (Fig. 3). At the same time, the minimum is deeper for 1 M
KSCN. The corresponding Yer'-curves show a similar behaviour: after the normal
first positive peak, Ye'-curves show a similar behaviour: after the normal first
positive peak, Yei'~0 is found for above 100 mV, and larger negative Ye'-values
are calculated for 1 M KSCN.

From eqn. (12) it follows that ¢ may be large when ksn changes rapidly with
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potential. As soon as g is larger than f, 0 (and Yer') becomes negative, ¢f. eqn. (11)
with exp cgm,s small.

It is not possible to interpret the results of Figs. 3 and 4 quantitatively
according to eqns. (9)—(12) because too many parameters, especially «, are unknown.
Only eqn. (10) can be used directly for comparing a.c. and d.c. curves. It is easily
checked that the curves of Figs. 3 and 4 obey eqn. (10). Consequently, the experiment-
al data are in agreement with the theoretical relation between a.c. and d.c. curves,
as given by eqn. (10).

In general, exp ogm,; may be omitted in eqn. (11). In that case eqn. (11)
becomes, by introducing eqn. (9)

0=(RTd[n*F2DCo¥)+ (iafi) 1/(B—g) = (RT|nF)1/i(f—g) (13)

Thus, the Yer'-values (=1/0) of Fig. 4 together with ¢4/ from Fig. 3, yield f—g as
a function of potential. In this way, at the potentials of the minimum of Ye', we
obtain for 1 M KSCN, f—g~ —o.15 and for 1 M KCl, —g~ —0.06. From the d.c.
curves of Fig. 3, ksn may be calculated from eqn. (9) by choosing a value for f. The
ksn-values obtained are potential-dependent and if g is evaluated from this potential-
dependency with eqn. (12), the same f—g values are found as evaluated from Y’
with eqn. (13). Therefore, f—g can be evaluated from the experimental data but
because f itself is not known, no ksp-values as a function of potential can be obtained
and eqn. (8) cannot be checked. It should be noted that eqn. (8) may not be valid
for very low g'-values because the reaction mechanism changes for these cases, e.g.,
the electrode reaction becomes controlled by a preceding chemical reaction in the
double layer?, cf. ref. 20. Also, the nature of the wave after the minimum should be
known* if the whole polarogram is to be interpreted.

The phenomena at the minimum (Figs. 3 and 4) can therefore be explained
qualitatively with eqns. (9)—(12) based on a potential-dependent ksy; for a quanti-
tative treatment, additional experiments are needed to provide the necessary data
(cf: ret. 21).

SUMMARY

The In3+/In(Hg) system in KSCN and KCl solutions has been investigated
using both d.c. and a.c. measurements. The experimental data are analysed and
interpreted according to theoretical equations presented recently.

It is shown that the specific adsorption of indium from 1 M KSCN follows a
linear adsorption isotherm up to 0.4 mM. No specific adsorption of indium can be
detected from KCI solutions. The electrode reaction in 1 M KCl is not completely
reversible: ksn=(6+2)-10"2 cm/sec at the standard potential, supporting the
hypothesis that adsorption of reactants renders an electrode reaction reversible.

Also, the minima in the In3+ limiting current have been studied. It appears
that the faradaic impedance is negative at the potentials of the minimum.The
phenomena are explained qualitatively with equations based on a potential-depen-
dent &sn. Some arguments are presented for this potential-dependency; it is proposed
that &sn depends exponentially on the specifically adsorbed charge, ¢!, of the anions
of the supporting electrolyte. The exponential dependence of kgy on q! was verified
for 0.4 mM In3+in 1 A7 KCl at potentials near the half-wave potential.
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INTRODUCTION

Recently?, we presented a study concerning the relation between the standard
heterogeneous rate constant, ksn, of the Zn2+/Zn(Hg) electrode reaction and the
composition of the base solution, consisting of 1 M mixed halides.

In the case of [(1—x) M KCl+x M KIJ base electrolyte the increase of ksn
with increasing x was especially marked; this could be plausibly interpreted by the
hypothesis that the specific adsorption of iodide (or iodide +chloride) anions in the
inner part of the double layer reduces the activation energy of the charge transfer
reaction. In fact, a linear correlation was found between log %sn (¢.¢., activation energy)
and the specifically adsorbed charge, q'. However, following a theory of BLACKLEDGE
AND HusH? in a more generalized form, another explanation was possible, based on
the assumption that the electrode reaction proceeds via two or more zinc—iodide
complexes at a much greater rate than vsa the zinc—chloride or zinc-aquo complexes
(complex reactants model). Although we preferred the first explanation (specific
anion adsorption model) no definite decision between the two could be made on the
basis of the reported experiments, which were performed at constant potential, g1,
the eventual concentration of ZnI, complexes in the solution being varied simultane-
ously by changing the iodide concentration.

If, for any base electrolyte, the electrode potential is varied, the amount of
specifically adsorbed anions changes independently and, consequently, a decision
between the two models is possible in this way: if the specific anion adsorption
model holds, the rate constant will depend on the electrode potential. We therefore
investigated the kinetics of the Zn2+/Zn(Hg) electrode reaction as a function of the
electrode potential by means of the faradaic impedance method. In our opinion this
method is pre-eminently suitable for this purpose because of the easy introduction
of a d.c. polarizing circuit3. Moreover, a theory of the potential-dependence of the
faradaic impedance in the case of a potential-dependent ksn is available4. In this
paper, the results obtained in 1 M KI, KBr, KCl and NaClOy solutions are described
and discussed.
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EXPERIMENTAL

Cell impedances were measured in the usual way, using a cell with a dropping
mercury electrode (drop time, 3 sec) and a mercury pool electrode connected to the
leads of the a.c. bridge described earlier3. The potential of the DME was measured
against a SCE by means of a vacuum tube voltmeter. The cell was kept at 25° and
the solution was de-aerated with tank nitrogen, purified by passage through a vanadous
sulfate solution. The cell solution was usually made up of 1 M base electrolyte, 10-3 M
HCI or HCIO,, and ZnSOy in concentrations varying from r0-3 M for measurements
in 1 M KI near to the half-wave potential, to 2-10-2 M for measurements at far
cathodic and far anodic potentials. In the other base electrolytes, the Zn2+ con-
centrations were 1-10-2 and 2-10-2 M throughout. For all systems, the double-layer
capacitance of the DME in the supporting electrolyte was also measured.

In order to correct the d.c. potential scale in the a.c. measurements for the
1R drop occurring in the cell at these high concentrations, d.c. polarograms were
recorded with a Metrohm three-electrode polarograph. The R drop never exceeded
1o mV.

RESULTS

As we intended to calculate the faradaic impedance by means of the complex
plane analysis of Randles equivalent circuit3.5.6, it was necessary to check whether
the chosen electrode system is in accordance with this circuit. Therefore, the compo-
nents, Z' and Z", of the cell impedance were measured at fixed potentials (—0.92,
—1.00 and —1.25 V vs. SCE) as a function of frequency, together with the value of
the ohmic resistance, Rq, at a potential outside the faradaic region. From these
data we calculated the components, Ye' and Ye”, of the electrode admittance as
described earlier?.?. The frequency-dependence of Ye' and Ye'” appeared to be con-
sistent with the expressions:

-3

Yol = 6+ow _ 1 p+1I frx)
(O+owH2+o2w-t  ocw? pi42p+2

ow—?* 1 I
(0+o0w—*)2+ 0201 g = o=t p2t2p+2

Yel” = + (qu (Ib)

In other words, application of the so-called frequency variation method3.5.7 yielded
frequency-independent and reasonable values for the charge transfer resistance, 6,
the Warburg coefficient, ¢, and the double-layer capacitance, Ca. Moreover, the latter
was equal to the value obtained in the supporting electrolyte, and it is concluded
therefore that the electrode system can be described by the Randles circuit with no
significant adsorption of Zn2+ or Zn at the electrode—solution interface.

This result led us to conclude that the more sensitive concentration variation
method could be used for the definite experiments. Therefore, Z' and Z'* were
measured as a function of potential for various Zn2+ concentrations at a fixed fre-
quency. At each potential, Ye)'’ was plotted against Ye’ with the Zn2+ concentration
as varying parameter, and from the slope, equal to 1/(p +1), the so-called “‘irrever-
sibility quotient”, $ =0/ocw~*, was obtained. This was done for 0.42, 1, 2 and 4 KHz
in the case of KI and KCI but only for 1 KHz in the cases of KBr and NaClO4. The
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values of p/wt=p'=0/c calculated at the various frequencies were found to be
consistent within experimental error. The mean values are plotted against the d.c.
potential in Fig. 1. From $ and Y, the values of 6 and ¢ were calculated according
to eqn. (1a). The results for a Zn2* concentration of 2-10-2 M are given in Figs. 2
and 3. In the case of the 1 M KI base electrolyte, the values close to the half-wave
potential are calculated from measurements at 10-3 or 5-10~2 M Zn?* concentrations
but multiplied by 1/20 or 5/20, respectively.

For NaClOy, the values of #’ and ¢ near the peak potential are very inaccurate
because of the high irreversibility and only the plots at far anodic and cathodic
potentials are given. For the sake of clarity, accuracy limits are indicated only at
some relevant points.

O3k

o.2F

[oX] &

=19 =12 =13
E (Vvs SCE)

Fig. 1. Potential-dependence of p’ = /o for the Zn2?+/Zn(Hg) reaction in different 1 M base
electrolytes. (@) KI, (x) KBr, (0) KCI, (A ) NaClOs.

=09 10

T T T

log @

-09 -10 =13 =12 =13
E(V vs SCE)

Fig. 2. The transfer resistance as a function of potential for 2-10-2 M Zn?+. (@) KI, (x) KBr,
(o) KCI, (A ) NaClOa.
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In all cases the measurements were possible over a wide potential range,
—0.9 to —1.35 Vvs. SCE. This is not surprising for KCl and NaClO4 solutions, because
ksn-values of approximately 3-10-3 and 5:10-3 cm sec~! (as usually reported for
the Zn2+/Zn(Hg) reaction in these solutions!.2:8) are sufficiently low to give rise to
irreversible behaviour, i.e., the values of ¢ at far negative potentials are relatively
low so that the faradaic admittance is substantially different from zero® (¢f. eqn. (1)).

-09 —1.0 =ila] =12 =13
£(V vs SCE)

Fig. 3. The Warburg coefficient as a function of potential for 2-10-2 M Zn2+. (@) KI, (x) KBr,
(0) KCI, (A) NaClO4.

Irreversible behaviour is not to be expected if ksn=ca. 10-1 cm sec-!, as is relevant
to the Zn2+/Zn(Hg) reaction in 1 M KI%.8. For example, at —1.25 V, log ¢ would be
equal to about 5, whereas we measured log o =3. The similarity of the values in the
far cathodic region for all solutions is a first indication that, at these potentials,
ksn is of the same order of magnitude irrespective of the base electrolyte. As the
values of ff and p at more positive potentials, near —1.0 V, are markedly dependent
on the base electrolyte, this must mean that ksn decreases significantly with decreasing
potential in the case of 1 M KI and probably also for 1 M KBr.

ANALYSIS OF FARADAIC IMPEDANCE PARAMETERS

Theoretical expressions for f, ¢ and p’ in the present case of an irreversible
electrode reaction at the DME with potential-dependent apparent rate constant and
the Red-component initially absent, can be derived from the general equations,
published earlier4.?, by introduction of ao/ar =(Do/Dx)* and Cr* =0

_ RT  ao(Dn/Do)trexp(f)) +exp(j) +1
W FCo*kn® ao(p—g) + (Do/Dr) Pexp(xj)

RT ao(Dx/Do)* %exp(Bf) +exp(j) +
n2F21/z Co*Do**Dr*#  ao(B—g)+ (Do/Dx)*sexp(«f)

(2)

2 {exp(ag) +expl -#} ()

' =0/o=(Do**Dx!8)/2 [ken?) 1/{exp(ey) +exp(—pj)} (4)
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with
g=(RT|/nFksn?)(dksn®/dE) =(RT [nF)(d Inksn?/dE) (5)
j=nF|RT)(E—E,")=(nF|/RT)(E—Eo) —In(Dx/Do)* (6)
ao=Do/(3/77ut) Yesn® (7)

The introduction of the reversible half-wave potential instead of the standard
potential has been made for convenience.

The subject of interest, the apparent rate constant, Zsn2, as a function of E,
will most easily be calculated from p’ if 7 and « (or g) are known. The values of the
diffusion coefficients may be taken from d.c. polarographic experiments; we will
accept the literature values®, Do=31Dr =8 1076 cm2sec-1. Evidently, an error in
these values will cause only a systematic error in ksn® without influencing the relative
potential-dependence.

1. Determination of E "
If ksn® is sufficiently large, the terms in ao can be dropped in eqns. (2) and
(3), so that the so-called ““d.c. reversible equations” for 6 and o result3.?:

Orev = (RT [n*F*Co*ksn®)(Dr/Do) #{exp(f7) +exp(—uj) } (8)
Orev=(RT[n2F?|/2 Co*Do?) {exp() +2 +exp(—j) } =}om{exp(j) +2+exp(—7)} (9)

If, in addition |j] is sufficiently large, 7.e., E—E,* >(0.08/n)V, the plot of log o vs. E
becomes a straight line with slope, #/0.059 V-1

According to Fig. 3, this case occurs for the KI system in the potential
regions, —0.9<E< —0.95 and, —1.04<E< ~1.09. The intersection ordinate of
these two linear sections appears to be equal to log om—1log 4, as eqn. (9) prescribes.
Therefore, the abscissa of the intersection point may be set equal to the reversible
half-wave potential, yielding £ = —o0.995 V vs. SCE.

For the KCl system, the theoretical 1/0.03 V-1 slope in the log o-plot is found
only in the anodic region, but with the literature value ksp2=ca. 5-10-3 cm sec-!
and ¢=3 sec it can be calculated that the difference between eqns. (3) and (9) is
negligible down to ExE}. Consequently, Ey will be equal to the potential where
the extrapolated ordinate of the anodic straight section is equal to log om—log 4.
The resulting value is E}=—1.005 V vs. SCE. The same procedure can be applied
to the plot for the KBr system (ksh=ca. 1073 cm sec~1) giving Ey=—1.00 V.

In the case of NaClOy4 base electrolyte, no use could be made of oy, because of
its high inaccuracy and the non-validity of eqn. (9). Only between —0.90 and —0.94 V
is a straight line in the log o-plot (Fig. 3) found, parallel to the other plots, about
13 mV positive to the plot for KI. As there is no reason to suppose that the diffusion
coefficients of Zn2+ in 1 M NaClO4 and 1 M KI solution differ significantly, it can
be deduced that the reversible half-wave potential in NaClOy is ca. 0.98 V vs. SCE,

11. Determination of (x+g)

A separate determination of the transfer coefficient, which necessarily in-
volves the examination of 6 or " as a function of potential, is theoretically impossible
when &sn is expected to be potential-dependent. Only the “apparent” transfer coeffi-
cients, x2=wx +g or fa=f—g, can be obtained, in which g itself may also depend
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on the potential. A careful estimation at as many potentials as possible is thus
required.

A plot of log p’ vs. E will be most generally applicable, for which can be
derived from eqn. (4):

0.08 dlog p'

at E—E;r> TV: E - on (x+g) (10a)

. 0.08 ~ dlogp’ n
at E=Eyr< = —=Vi — b = (B0 (10b)
Otherwise dloglp'{exp(j)+1}] _ = (B—2g) (1oc)

dE 0.059

In the case of d.c. reversible behaviour, as shown by a straight line with slope,
7/0.059 V-1 in the log ¢ vs. E plot (see above), the information may be obtained
directly from 6, as

0.08 dloghrev  n

atE_E%r> ” V: dE = 0.059 (ﬂ_g) (IIa)
. 0.08  dloghrev "
atE—E;r< — " v dE 0.059 (x+¢) )
, d log[frev/{exp(j) + 1}]
otherwise, adE - 0.059 (x+¢) e

This procedure is essentially identical with the first one, but it is to be preferred
when ksp is rather low (as for the KCl medium) because then the accuracy in 6 is
much better than in p’. Note that, although in the anodic region the d.c. dependence
obeys reversible behaviour, the faradaic impedance itself is still almost completely
charge transfer-controlled.

In the far cathodic potential region, eqn. (2) can be simplified, as in the case
of constant ksp?, to

RT (3mt)y 1  RT 1
n2F? Co*Do* f—g  nFiq f—¢
where 7q is the limiting current density in the d.c. polarogram. Thus, 0 is independent
of ksn and potential (see Fig. 2), and (8—g) can be obtained directly from the com-

bination of the a.c. and d.c. polarographic experiment. In the same potential region
we have from eqn. (3)

0_:

(12)

0-=(RT/n2F?)/2 Co*Do**Dr8) {ken?(*[rt) texp(—pj)[Dot (B~g) } (13)
and if g is not strongly potential-dependent,
d logo[dE = — (n/0.059) (8—¢) (14)

The results of the application of these procedures to the experimental data,
summarized in Table 1, appear to be satisfactorily consistent in each of the reported
potential regions. The inaccuracy is ca. 0.03, except at potentials more negative
than —1.2 'V, where it is ca. 0.01. The potential divisions in Table 1 have been
chosen so that the change of the transfer coefficient with potential is clearly evident.
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TABLE 1

APPARENT TRANSFER COEFFICIENTS AS A FUNCTION OF POTENTIAL

E NaClOy KCl KBy KI Obtained from
x+g B—¢g at+g B—¢g atg B—g at+g B—¢g

0.48 0.42 0.40 0.37 P’
0.90-0.95 0.57 0.65 0.63  Orev
0.42 0.45 0.38 0.43 P’ (expj + 1)
0.95-0.98 0.57 0.66 0.60 Orev (exp 7 + 1)1
0.45 0.28 o012 P’ (expj + 1)
0.99—-I1.01 0.57 0.66 0.90 Orev (expj + 1)1
0.21 0.22 0.02 P’ (expj + 1)
1.02-1.04 0.82 0.95 Orev (expj + 1)1
0.23 0.23 0.11 0.05 P’
1.05-1.08 0.98 Orev
1.08-1.15 0.23 0.19 0.12 g
1.2-1.3 0.23 0.20 0.21 0.13 i
0.22 0.22 0.22 0.22  0-ig
1.3-1.4 0.22 0.22 0.21 0.19 0-

The marked potential-dependence of &« +g and f—g needs further considera-
tion, which will be based on the specific anion adsorption model postulated in our
previous paperl. In principle, the origin of a substantial value for g may be twofold:

_ RT dlnksn®  RT dlnken! dos

=%F 4B aF dE @ x3)
where kgn! is the true formal rate constant! and ¢ is the potential of the outer Helm-
holtz plane. If In ksnf is a linear function of the amount of specifically adsorbed
anions, ¢1, the first term on the right-hand side of eqn. (15) will be proportional to
dgl/dE. Consequently, it will be positive and its value will in general decrease in
the order KI > KBr > KCl >NaClOa.

In the far cathodic region, the observed values of f—g are the same in all
base electrolytes. As the specific adsorption of even iodide ions at these potentials
is extremely weak!?, this result indicates that here, g=—wnd¢s/dE, which can be
calculated to be —0.03 from double-layer data for 1 M KI 19, 1 M KBr!tand 1 M
KCl 12 and will most probably be the same for 1 M NaClOs. The most probable
value for § is therefore 0.22 —0.03 =0.19 +-0.01. For NaClO4 and KCI base electrolytes,
B—g=0.2240.02 is maintained up to ca. —1.02V, fully in accordance with the
fact that specific adsorption from these solutions is only minor in that potential
region. In the case of KI, and to a lesser extent for KBr, lower values for §—g and
higher values for « +g are found on going to more positive potentials; this can be
interpreted as due to the contribution of d(In £snf)/dE to g, parallel to the increase
of dgl/dE 10,

Near the reversible half-wave potential, however, a sudden increase in f—g
(decrease in o +¢) is observed in all supporting electrolytes, which continues until a
constant value, f—g=0.60+0.03, is reached in the anodic region. Along the lines
of our interpretation this would mean that g becomes largely negative, which is
improbable and cannot, of course, be explained with our model. Since the same
value for —g is found at —0.9 to —0.95 vs. SCE in all solutions, the effect of dgt/dE
seems to have vanished, though the differences in 6 and p’ still indicate a marked

J. Electroanal. Chem., 19 (1968) 85-97



92 M. SLUYTERS-REHBACH, J. S. M. C. BREUKEL, J. H. SLUYTERS

dependence of the charge transfer rate on the nature of the base electrolyte. Our
results are in agreement with those of HusH AND BLACKLEDGE!3 who interpreted
the anomalous low value of «x(their ) at anodic potentials as being indicative of a
two-step electrode reaction mechanism with the Zn+-ion as an intermediate.

111. Rate constant as a function of potential

Concluding that in the cathodic potential region the experimental data seem
to come up to our expectations, we calculated ksn2-values from p’ for all base elec-
trolytes at potentials between —1.0 and —1.35 V (see Fig. 1) using eqn. (4) with
B=0.19, x=1—f, and E;*=—0.98, —1.005, —1.002 and —0.995 V vs. SCE, respec-
tively for NaClO4, KCl, KBr and KI solutions. The results (see Fig. 4) show a marked

-10 -1 =1.2 =13
E (V vs SCE)

Fig. 4. Apparent standard heterogeneous rate constants as a function of potential, caled. with
f =o0.19. (@ KI, (x) KBr, (0) KCI, (A) NaClOs.

TABLE 2

APPARENT RATE CONSTANTS AT THE REVERSIBLE HALF-WAVE POTENTIAL AND IN THE ANODIC AND
CATHODIC REGIONS

Base Rsn®- 103

electrolyte
E>—o0.95 E=E;yy E= —1.3
(V wvs. SCE) (V vs. SCE)

1 M NaClO4 5.3 3.6 11

1 M KCI1 9.6 6.3 6.5

1 M KBr 34 11 7.5

1 M KI 350 125 10

potential-dependence of the apparent rate constant, and for KI and KBr, the expected
significant increase of ksn® with E. The ksna-values at the reversible half-wave poten-
tial, listed in Table 2, are in good agreement with literature data8. Table 2 also contains
the ksn2-values calculated from 6 or ' at the anodic potentials, taking 8 =0.6 (see
discussion) and at the far cathodic side, taking 8 =o0.19.
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DISCUSSION

Adequacy of the theory

Our theory of the potential-dependence of the faradaic impedance is based
on the diffusion layer theory, which is known not to be exactly representative for
the mass transport at a DME. A more rigorous treatment based on the semi-infinite
linear diffusion theory, but only for constant ksn, has been given by DELMASTRO
AND SMITH!4, especially for the theory of a.c. polarography. The final expression in
this work is given in terms of 4/irev, which represents the deviation from reversible
behaviour. It is easily derived that the potential-dependence of our ¢ and 6 can be
expressed with the aid of the function, F(At?):

Orev Orev 7 * (I-6I+lﬁ) :
= 37) s P exp(=) o] (16)

where Orev and orev are given by eqns. (8) and (g) and
A= (ksn*/Dot*Dx#)[exp() +exp( )1 =)/2/p’ (17)

Note that the anodic transfer coefficient is represented by « in our notation, and
by f in SMITH's notation. Different expressions are given in ref. 14 for F(4#*), depend-
ing on the type of electrode model. The most rigorous theory leads to a very com-
plicated expression but a good approximation for a DME seems to be the “expanding
plane model” which leads to eqn. (16). This can be compared with our treatment
after combination of eqn. (2) with (8), or (3) with (9), together with (7) and (17):

Orev/ =0Orev/0 =1 + {(B —g)exp(—7) — (o +&) }/{T + 23/t } (18)

This suggests that  and « appearing in eqn. (16) must be considered as apparent
transfer coefficients, in which the potential-dependence of the rate constant is in-
corporated.

It can be calculated that the difference between eqns. (18) and (16) is always
less than 159, and as a rule does not exceed a few percent if At* >7. In our case,
with =3 sec, this means 1>4, or p'<o0.35. Except for NaClOs, this condition is
met for the Zn2+/Zn(Hg) reaction (Fig. 1). Moreover, the potential-dependence of p’
is independent of the nature of F(At}), so there are no serious objections to the use
of the diffusion-layer theory, which has the advantage that the idea of a potential-
dependent rate constant is easily introduced into the equations. The only condition
for this is negligibility of the effect of higher-order derivatives of ksn to E by the use
of low amplitudes?.

- F(Aﬁ):m(

Significancy of the potential-dependency of ksn®

The error in log ksn?, caused by the inaccuracy in p’, is indicated for the KI
case in Fig. 4 by the vertical bars. For the other systems, similar limits are relevant
in the far cathodic region but as a rule the error is less than in the KI case at the
other potentials. For NaClO4 and KCl, p’ is very inaccurate at potentials near E;r
and more reliable values for ksy® were obtained from 6 using eqn. (2) in which ao,
being of only minor influence, is estimated according to eqn. (7). In principle, a
successive approximation procedure is possible, but this appeared to be superfluous.

Other sources of uncertainty are the choices of E;* and «. An error of 10 mV
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in E,r—which is certainly not exceeded in our study—would cause a negligible
error if Ex E;, and a systematical error increasing to 0.06 in log ksn2for E — E ;* < — 40
mV with o~ 0.8. The inaccuracy of 0.02 in « (see Table 1) causes an error in log ksn®,
increasing from zero at E—E ;r=0t00.14 at E—E ;=350 mV.

Thus, it can be concluded that the apparent rate constant of the Zn2+/Zn(Hg)
reaction, calculated from our experiments as indicated above, is significantly poten-
tial-dependent in the cases of 1 M KI, 1 M KBr and 1 M NaClOyq as supporting elec-
trolytes. In the case of 1 M KCl it is just on the border of significance, probably as
a result of the compensating effect of the attributions of specific adsorption (ksn!
increases with E) and the Frumkin correction (dde/dE is positive, see eqn. (15).

Nevertheless, it may be noted that this conclusion is based on an unproved
—and improvable—assumption, namely a constant, f=0.19+0.02, in the whole
cathodic region. The observations in the anodic region suggest that another inter-
pretation of our experimental facts, namely a constant, ksn®, and a potential-depen-
dent 3, should not be excluded a priori. In other words, § could be calculated as a
function of E with eqn. (4) in which the measured values of p’ are introduced, together
with the ksn2-value (determined at E=F,) where o and § disappear from the ex-
ponentials. However, in the cases of KI and KBr this would lead to improbably low
f-values of 0.1, and even 0.0, and it is difficult to explain why this does not occur
in the other base electrolytes, where f=0.22 would suffice. Moreover, in the very
far cathodic region (E< —1.3 V vs. SCE) one would have $=o0.17 for KBr and
p=o.10 for KI, which is definitely inconsistent with the potential-dependence of 0
and o (see Figs. 2 and 3 and Table 1). Also, the maximum in the ¢ vs. E plot for KI
can be explained only by a decrease of ksn® with decreasing E and so even if f is
potential-dependent, a potential-dependent rate constant is very likely for KI and
KBr.

Relation between ksn and double-layer structure

The qualitative correlation between log ksn? and the amount of specific
adsorption of halide ions is evident after inspection of Fig. 4 in connection with
g'-datalo-12, For a quantitative comparison it seems most realistic first to apply
the Frumkin correction using ¢o-data from refs. 10-12 and x=0.81. The resulting
“true formal” log ksnf-values (see ref. 1) appear to be nearly independent of potential
for NaClOyq solution: only a slight gradual increase in log ksn! is observed from —3.66
at E=FE,to —3.55 at E= —1.35 V vs. SCE. This is easily ascribed to a small system-
atic error in the chosen value of 8. Thus, in 1 M NaClO4 solution anion adsorption
is either absent, or has no influence on the rate constant of the zinc reaction. For the
three other solutions, ksnf is found to be a function of potential. The values obtained,
pertaining to various potentials, are plotted against the corresponding g'-values, in
Fig. 5*. It should be noted that the plots for KCl and KBr may have to be shifted
upwards somewhat if a correction for complex formation is required!. The shift will
not exceed 0.2 in log Asnf.

The following conclusions may be drawn: (a) if g'=o0, the rate constant is
the same for all base electrolytes within experimental error; (b) the accelerating

* In the original data, the g!-values for Br- are positive at far cathodic potentials!l. On consul-
tation with one of the authors, we shifted the ¢! vs. E curve upwards until it coincided with those
of Cl1- and I- at potentials between —1.3 and —1.4 V vs. SCE, in order to have a better comparison.
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effect of specifically adsorbed chloride and bromide ions seems to be larger than that
of iodide ions; (c) the accelerating effects of adsorbed iodide ions at negative potentials
(up to ca. —1.1 V) is larger than at more positive potentials (—1.1 to —1.0 V vs.
SCE). This may be interpreted as a decrease in effectiveness when ¢! is large (a kind
of saturation effect) but, in our opinion, it is more probable that the anomalous
behaviour at anodic potentials (vide infra) is already incipiently present at moderately
cathodic potentials. In KCl, KBr and KI this seems to cause %sn? to attain a limiting
value near E=E,. Note that the decrease in ksn? at E£>FE,, indicated in Fig. 4,

>4 6
-q! (pC cm™?)

Fig. 5. ,,True” rate constants, plotted against the amount of specially adsorbed anions. (—)
From the present work, with potential as varied parameter; (---), from ref. 1, at constant potential
(—1.0Vuws. SCE) in (1 — ») M KCI 4+ » M KI soln. (@) KI, (x) KBr, (0) KCI.

will be eliminated by choosing a higher value for #, which would be in accordance
with the experimental facts. It is of interest in this connection that the smaller slope
in the KI-curve in Fig. 5 closely resembles that of the straight line we obtained in
our previous work? for log ksnf vs. ¢* measured at the standard potential (ca. —1.0V
vs. SCE) in mixtures of (1 —x) MKCl+x MKI (dashed line in Fig. 5).

The kinetic parameters of the Zn2+|Zn(Hg) reaction

The kinetic aspects of the zinc reaction although frequently considered as a
classical subject have not to our knowledge been studied before in such a wide
potential range as presented in this work. As in most relaxation methods, no d.c.
polarisation is applied, the potential range covered by variation of the Ox/Red ratio
is very small and close to Eo. Also, analysis of the d.c. current—voltage curve yields,
as a rule, kinetic parameters pertaining to the half-wave potential. It may be clear
that the physical meaning of such results should be considered preferably within
the scope of a larger potential range if there is reason to suspect complications in
the reaction mechanism. For example, the frequently reported value, f2=o0.3,
pertains to a potential region where the gradual increase from 0.2 (for KI, even from
0.0) at the cathodic side, to 0.6 at the anodic side starts.

An apparent rate constant of 0.0 for the zinc reaction in 1 M KI at moderately
cathodic potentials was also observed by BLACKLEDGE AND Husu?. They interpreted
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this as being indicative of a chemical reaction in the double layer, preceding charge
transfer. However, our interpretation based on the idea of a potential-dependent
rate constant seems more reasonable, since there is little doubt that f is different
from zero at more cathodic potentials. It was mentioned earlier! that more of these
authors’ results could be interpreted with the specific anion adsorption model.

Our experiments in the anodic range confirm the anomalous transfer coefficient
found already though less convincingly, by HUSH AND BLACKLEDGE!3. In principle
an “‘apparent” transfer coefficient is also concerned here, but in view of the common
value found in all base solutions, we believe that we determined a ‘“‘true’” transfer
coefficient (only the Frumkin correction might introduce g~ —0.03) and that the
mechanism of the electrode reaction is indeed different at anodic and cathodic
potentials. As HusH AND BLACKLEDGE suggest, there may be a two-step reaction
mechanism. Another possibility is the interference of a chemical reaction preceding
the oxidation and following the reduction, 7.e., coupled to the Red component. This
reaction could be the formation and dissociation of Zns molecules in the amalgam,
the occurrence of which has recently been reportedis. In both cases, however, the
question remains, why does the effect of the base electrolyte on the rate constant
still exist (see Table 2), whereas the potential-dependence of this effect is absent
(g¢=0), or at least equal in all base electrolytes. If g=o0, the apparent rate constants
in the anodic region can be calculated from 6 with eqn. (8) or from p’ with eqn. (4).
The results, listed in Table 2, are substantially higher than the ksn3-values obtained
at the half-wave potential.

In conclusion, the impedance of the Zn2+/Zn(Hg) reaction in different media
is consistent with the assumption that specific adsorption of anions accelerates the
electrode reaction. However, the experiments in the anodic potential region reveal
a complication in the reaction mechanism which cannot be clarified at present. It
will be of interest to investigate this further and also to study the effect of specific
adsorption on a system that is not complicated by a potential-dependent transfer
coefficient.
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SUMMARY

The impedance of the Zn2+/Zn(Hg) electrode in 1 M KI, KBr, KCl and NaClO4
solutions has been measured as a function of potential, using an externally polarised
dropping mercury electrode. The potential-dependence of the faradaic impedance
has been carefully analysed. It is shown that, in general, both the apparent rate
constant and the apparent transfer coefficient are potential-dependent. In the
cathodic potential region (—1.05 to —1.35 V vs. SCE) the results are in accordance
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with a constant value, 8 =0.19+0.02 for the “true” cathodic transfer coefficient and
a potential-dependent rate constant which increases if the amount of specifically
adsorbed anions increases. In the anodic potential region (—0.90 to —0.95V vs.
SCE) a significantly different transfer coefficient is found, f=0.60+0.03, which
indicates that the mechanism of the electrode reaction depends on the d.c. potential.
It is suggested that the interpretation of kinetic parameters and the testing of simple
theories with such systems should be approached with caution.
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Although the theoretical basis of chronopotentiometry is well established for
many types of reactions, relatively few analytical applications have been described.
Futher, little attention has been paid to the case of quasi-reversibility, and there is a
tendency to report results as either reversible or irreversible. We present here a dis-
cussion of quasi-reversibility of reactions of the type illustrated by the formation of
AgCl upon silver, and in addition we show that this system can be used for a simple
and accurate analysis for the chloride ion.

DELAHAY, MATTAX AND BERZINS! investigated theoretically the case of anodic
oxidation of a metal with formation of an insoluble substance and gave the equation
for the chronopotentiometric wave assuming that the Nernst equation applies to the
reaction. In addition, they showed that reproducible transition times can be obtained
for the Ag—AgCl system at a chloride concentration of 5 mM. They reported, however,
that the slope which they obtained from the conventional plot of log [1— ({/7)}] vs.
potential was 67 mV rather than the theoretical value of 59 mV, at 25°. Furthermore,
the value of the solubility product which they calculated from their results is some-
what higher than the generally accepted value, a result which they attributed to the
small diameter of the particles of AgCl. They also suggested that reactions of this type
might be useful for analytical purposes.

THEORY

The shape of chronopotentiometric waves has been the subject of many treat-
ments and excellent reviews are available2—4. However, little consideration has been
given to the general case of quasi-reversible kinetics. Recently, ANDERSON AND
MACERO? have treated the quasi-reversible case for forward and reverse waves. Their
treatment covers the case of the reaction, Ox + ¢~ = Red, where both species are
under diffusion control. For the case considered here (.e., the case of a single diffusing
reactant ion and an insoluble reaction product) the equations are somewhat different
and a graphical method can be used to determine the kinetic constants of the reaction.
These equations are given below because our results show that under the conditions
investigated here, the formation of AgCl proceeds quasi-reversibly; .e., the exchange
current and the polarizing current are of the same general order of magnitude.

We assume, as did DELAHAY ef al.1, that the presence of AgCl on the electrode
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surface does not significantly affect the general rate expressions*. JAENICKE, TISCHER
AND GERISCHER® have shown that compact highly resistive films are not formed at
the current densities used in our work, and therefore no significant resistance is to be
expected.

The overall expression for the current density is given by the following
equation:

[1=10(Ci/Co) exp [xz(E — Eo) F|RT] —1¢ exp [ — (I —x)z(E — Eo) F/RT] (1)
where
[to=2FkaCoexp [+azEoF|RT)=2Fkcexp [— (1 —x)2zEoF/RT] (2)

In these equations, k. and k. are heterogeneous rate constants for the anodic and
cathodic reactions, respectively. C; is the concentration of the diffusing ion at the
interface, Co the initial concentration throughout the solution, « the transfer coeffi-
cient for the anodic reaction, and the rest of the terms have their usual significance.
The equilibrium potential, Ey, is the potential that a Ag—AgCl electrode system will
attain at the concentration, Co; at this potential C; = Co. Implicit in these equations
is the assumption that the activity of AgCl remains constant during polarization.

The standard boundary conditions for chronopotentiometry are satisfied for
this case and therefore2-4,

CifCo=[1—(t/7)}] (3)
where

ti=ngizFP*Col21 (4)
and where 2 is the diffusion coefficient of the diffusing ion and 7, the transition time,

is the time at which C; theoretically decreases to zero.

Setting exp [2(E —Eo) F/RT) =0, we have from eqns. (1) and (3),

ifio=(Cy/Co) 9611~ (s)
or

(1= (t7)¥] = (ifi0)0-% 401 (6)

If (E—Eo) and 7 are known, then the unknown parameters, xz and 7o, may be
obtained from the chronopotentiometric waves by plotting the data according to the
following equation, which is derived from eqn. (6).

log {[x—(¢/7) ] =0~} = log (ifio) = (x2/2.3) (E—Eo)F[RT (7)

The quantity on the left is plotted vs. (E —FEo)F/RT, and the slope and intercept
yield &z and 7o, respectively.
From eqn. (6) we note that if < 7o, then

E=F.—(2.3RT[z2F) log [1—(t/1) 1] (8)
and if ¢ > 70, we have
E=Eo+(2.3RT|xzF) log (i[t0) — (2.3RT |z F) log [1—(¢/7) ] (9)

Equations (8) and (g) are, respectively, the equations for reversible and irreversible

* By making this assumption, we do not consider the complexities that could arise due to crystal
growth and related phenomena. Our justification for this assumption is that the equations so
derived adequately describe the chronopotentiometric waves. A study of the mechanism of forma-
tion of AgCl would be interesting but beyond the scope of this work.
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waves. If the reaction is completely irreversible, then the term -1 in eqn. (7) is
negligible, and a plot according to eqn. (7) is essentially identical with the standard
treatment of irreversible waves. As the reaction approaches reversibility, this method
of determining the kinetic constants becomes less accurate, for the expression
(1 —(¢/7)*—0-1) approaches zero (cf. eqn. (8)).

If xz = 4, then eqn. (6) may be solved explicitly for E. For positive values of ¢,
we have after setting s = 0

i/io=(Ci/Co)s—1/s (10)
This is a quadratic equation in s which can be solved to give:

s = [3/io+ {(i/i0) +4C1/Co} 11/(2C4/Co) (1)
or

E=Eo+4.6(RT|F) log {{ifio~+]/(¢/io)? +4[1 — (t/7) 1]}/2[1 — (¢/7) T} (12)

Chronopotentiometric waves of the three types are plotted in Fig. 1. For the
reversible case (¢f. eqn. (8)) the potential begins to depart from the equilibrium poten-

350

300
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200

(E-E,), millivolts

150

100

50

Fig. 1. Theoretical chronopotentiometric waves for the process, M + X~ — ¢~ = MX (insoluble).
T = 10sec, z = I,x = ; quasi-reversible case, i/ip = 1;irreversible case, ¢/i9 = T0.

tial smoothly and slowly, and the rise in potential at the transition time is quite dis-
tinct. For the other two cases (¢f. eqns. (9) and (12)) there is a marked jump in poten-
tialinitiallyand a less distinct rise in potential at the transition time. However, with the
use of appropriate techniques, the transition time may be determined without diffi-
culty in all cases.

In practice, the potential does not increase indefinitely to infinity as indicated
in Fig. 1. Rather, the potential tends to level off at the next electrode reaction, and a
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point of inflection is observed very near the transition time. For many cases, it is
preferable to determine the transition time by observing this point of inflection through
electronic differentiation. At the point of inflection, a peak in the derivative curve is
observed, and the transition time can be determined with much more precision. This
differentiation technique is especially useful if the reaction is irreversible or quasi-
reversible, for in these cases the potential will shift much more than in the reversible
case and the potential may then move into the region of the next halt before a well-
defined rise is observed.

The use of the derivative to determine the transition time by this method has
been reported by IwamoTo?. More recently?.?, derivative chronopotentiometry has
been used to determine the transition time by a different technique.

EXPERIMENTAL

Apparatus

The design of the cell was based on that of MORRIS AND LINGANE!? and is
shown in Fig. 2. The electrode was cut from silver sheet and held firmly in place by the
large stainless-steel bolt. The working area of the electrode was defined by the cut-out

TO STIRRING
MOTOR
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i

AMMETER R,

70 mm
— TIMER

/ RELAYS

+— Pt DISC
|

__/H_Ag-AgCI REF.

Pt

Ag DISK

SILVER

Dual
Channel
Recorder| C2,

Fig. 2. Cell for chronopotentiometric waves and their derivatives. See text for details.

Fig. 3. Schematic diagram of apparatus for recording chronopotentiometric waves and their deriva-
tives. See text for details.

in the nylon bottom of the cell, and had an area of 1.13 cm2. The counter-electrode was
a platinum disk placed symmetrically above the silver disk, and the reference electrode
was a silver-silver chloride electrode placed directly into the solution. Care was
taken to place the electrode near, but just to the side of, the silver disk. All but a few
millimeters of the top of the silver reference electrode were insulated with epoxy resin.
Measurements with a calomel reference electrode showed that during polarization the
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potential of the Ag—AgCl reference electrode stayed constant to within one or two
millivolts.

Care had to be taken to keep the electrode clean. Before use, the electrodes
were inspected for visual imperfections, polished with a very fine abrasive (e.g., silver
polish) and thoroughly degreased and rinsed with alcohol and distilled water. Periodi-
cally, the electrode was removed and treatment was repeated. Poorly defined chrono-
potentiometric waves and irreproducible transition times were generally the signal
for recleaning. Care was also taken to prevent gas formation due to excessive polariza-
tion. Finally, it was found necessary to reduce the AgCl on the surface after each
oxidation cycle with the relay system described below.

The measurement circuit is shown in Fig. 3. Constant current was supplied by a
John Fluke Model 407 regulated power supply (John Fluke Manufacturing Co.,
Seattle, Washington) feeding through an adjustable bank of resistors (R:). The voltage
and resistance were always great enough to insure constant current. The polarity of
the current was reversed for the oxidation and reduction cycles by means of a switch
operated by a timer relay. The potential of the silver electrode was monitored with a
Keithley model 610 electrometer (A;) (Keithley Instruments, Inc., Cleveland, Ohio)
coupled to one channel of a Hewlett-Packard model 7100B dual-channel recorder
(Hewlett Packard-Moseley Div., Pasadena, Calif.) The derivative of the E~ curve was
also monitored and recorded on the other channel of the recorder. The derivative was
supplied by a derivative unit which made use of a Philbrick P65AU operational ampli-
fier (As) (Philbrick Researches, Inc., Boston, Mass.) The differentiating capacitor had
a value of 20 yF and the resistor (Ra) was varied to give gain sufficient to drive the
recorder. The current was monitored either with ammeters or by measuring the vol-
tage drop across precision resistors. When ammeters were used, they were always
calibrated by the ORNL Standards Laboratory. The sequence of operations (explained
below) was controlled by adjustable timer relays (Cycl-Flex HPj5 series) (Eagle-Signal
Co., Moline, I1L.).

Reagents

No special reagents are required for the analyses. One series of test solutions
was made up from Long Island Sound sea water. Sulfuric acid, sodium nitrate, or
sodium sulfate were used as inert electrolyte, generally at 0.5 M.

Analytical procedure

Solutions containing inert electrolyte and known amounts of sodium chloride
were used to determine the chronopotentiometric constant, K = 7%/Co (cf. eqn. (4)),
over the concentration range of interest. The unknown solutions were made up to
approximately (+ 25%,) the same concentration of inert electrolyte, and the current
was adjusted until the observed transition time was about equal (generally + 10%,)
to that used for the standard solutions. The concentration was then calculated from
the relation, Co=7%/K. For maximum accuracy, the electrode was calibrated imme-
diately before use. Analyses with an accuracy of +39%, can be obtained with only
occasional calibration (e.g., daily) if care is taken not to damage the electrode surface
by abrasion or allowing it to dry out. Electrodes were pre-aged as discussed below by
running them through a cycle of at least ten formations and reductions of the AgCl
film at the highest concentration of Cl- in the concentration range of interest.
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The transition time was determined by the following sequence of operations:
initially, a reduction current was applied to reduce any AgCl formed on the surface.
Stirring was also applied during and for a short time after the reduction cycle. A delay
of usually about 30 sec was followed by the actual oxidation cycle. The recorder drive
was turned on a few seconds before the initiation of the oxidation cycle, and, after the
wave was recorded, the reduction cycle was begun again. Thus, the total cycle was
repeated in about one minute for the shorter transition times. The reduction was
always carried out with the same value of current as the oxidation cycle but extending
over a slightly longer time to insure complete reduction of the AgCl. After a few
complete cycles, the transition times in an individual series were generally reproduci-
ble to within 19%,.

RESULTS AND DISCUSSION

Typical chronopotentiograms are shown in Figs. 4 and 5. The derivative of
each E—£ curve is shown on the same time axis but with an arbitrary vertical axis. The
transition time so measured corresponded closely to transition times measured by
conventional techniques applied to the E— curves?3. However, for unfavorable con-
ditions, the graphical techniques were quite arbitrary, and the use of the derivative
was essential to the accurate determination of the transition time.
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Figs. 4-5. Chronopotentiometric waves and their derivatives for formation of AgCl on Ag. (4)
Co = 4.86 - 10-3 M NaCl,? = 3.26 - 104 A/cm?, T = 35.6 sec, 0.5 M NasSOs. (5) Co = 4.95 + 102
M NaCl,i = 3.35 - 1073 Afem?, T = 29.7 sec, 0.5 M NaySOy.

A small amount of overshoot is observed in Figs. 4 and 5 at the initial section
of the E~¢ curve. This overshoot was observed also when an oscilloscope was used to
monitor the potential. However, if the AgCl was formed on a previously formed AgCl
layer, the overshoot was not observed. We conclude that a slight amount of crystalliza-
tion overvoltage may be involved. The overshoot did not interfere with the analysis.

Figure 6 is a plot of log (1 — (¢/7)?) vs. E for the case shown in Fig. 4. Examina-
tion of eqns. (8) and (9) show that such a plot should be linear if this E—¢ curve repre-
sents either the reversible or the irreversible case. Except for the initial section, the
plot is linear and has a slope of g1 mV/decade. If the reaction were reversible, the
slope would be about 59 mV/decade. The deviation from 59 mV/decade is too large
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to be explained by a small perturbation from reversibility. Examination of the poten-
tial scale of Figs. 4 and 5 shows that the potential has not departed far enough from
the equilibrium potential for the reverse reaction (cathodic) in this case to be neglect-
ed. Generally, the reverse reaction cannot be neglected unless there is at least a
120-mV difference from the equilibrium potential. For these reasons we have analyzed
the reaction as a case of quasi-reversibility, and eqn. (7) may be used.

[}
<]
T

(E-E,y ), millivolts
T

50—

~0.5 1.0 15
106 [1-( ¢/ 7 )v2]

Fig. 6. Plot of log [1 — (¢/7) }] vs. E; test for reversibility. Co = 4.86 - 103 M NaCl, 7 = 3.26 - 10-4
Afem?, T = 35.6 sec, 0.5 M NagSOs.
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Figs. 7-8. Determination of 49 and &z from chronopotentiometric waves. (7) Co = 4.86 - 1073 M
NaCl, i = 3.26 - 10-4 Afcm?, T = 35.6 sec, 0.5 M NaySOq. (8) Co = 4.95 - 1072 M NaCl, ¢ = 3.35 -
10-3 Ajem?, T = 29.7 sec, 0.5 M NasSOas.

Figures 7 and 8 show plots according to eqn. (7). The plots are linear except
for the initial sections of the curve and the kinetic constants are reasonable. Values of
« ranging from about 0.5 to 0.8 have been found and generally the exchange current
is about the same order of magnitude as the polarizing current. Table 1 shows some
of the results. Since the formation of the AgCl on a solid silver electrode is not a
well-defined, reproducible process, variability in the kinetic constants is to be expect-
ed. It should be emphasized that these constants refer to the formation of thin, porous
films of AgCl on silver. Deviation of the initial section of the curves of Figs. 7 and 8
results from the fact that overshoot is observed on the initial section of the E— curve.

Table 2 shows the variation of the chronopotentiometric constant with transi-
tion time at 0.01 M. Here it is shown that this constant varies only slightly from transi-
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tion times of about 60 sec to about 3 sec. Below 10 sec the constant rises, and below
about 0.5 sec it is difficult to obtain a reproducible time. Analyses at transition times
of 1-10 sec can be performed by carrying out calibration and determinations at approx-
imately the same transition times. The amount of variation in transition time that
can be tolerated depends on the precision required. According to Table 2, a variation
of about —1 and + 5 sec must not be exceeded at a transition time of 5 sec, in order to
keep the permissible error within 1%, For the same precision, a much larger variation
can be tolerated at transition times greater than 10 sec. At lower concentrations, the

TABLE 1

R. E. MEYER, F. A. POSEY, P. M. LANTZ

KINETIC CONSTANTS DERIVED FROM CHRONOPOTENTIOMETRIC WAVES

Cy, NaCl ) T x o

(M - 1073) (Afem?2 » 1074) (sec) (Afem? - 1074)
4.9 2.56 56.7 0.63 3.32

4.9 4-42 20.6 0.52 4.07

4.9 6.63 9.7 0.56 6.19

4.9 8.85 5.8 0.56 5.92

4.86 3.20 35.60 0.61 317

9.93 8.40 19.75 0.79 6.10

49.5 335 29.7 0.71 22.8

TABLE 2

VARIATION OF CHRONOPOTENTIOMETRIC CONSTANT WITH TRANSITION TIME

0.01 M Cl-, 0.5 M NasSO4

Curvent density

Transition time

K(=14i|Cy) - 10-2

(mA [cm?) (sec)

0.460 56.1 3.45
0.535 45.0 3.60
0.663 30.0 3.64
0.918 20.0 3.63
1.154 10.0 3.65
1.657 5.0 P
1.88 4.0 3.76
2.21 2.96 3.81
277 1.98 3.90
4.09 1.03 4.16
5.66 0.50 4.0
TABLE 3

COMPARISON OF CHRONOPOTENTIOMETRIC AND CHLORIDOMETRIC METHODS FOR
CHLORIDE ANALYSIS OF LONG ISLAND SOUND WATER

Chlovidometric( M) Chronopotentiometric (M) % Difference
0.2171 0.2123 -2.2

0.1094 0.1098 0.4
0.05537 0.05570 0.6
0.02749 0.02769 0.7
0.01388 0.01398 0.7
0.006961 0.006933 —0.4
0.001865 0.001866 0.05
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variation in the chronopotentiometric constant with transition time becomes some-
what greater. We therefore always reproduce the transition time to + 10%, at con-
centrations below 0.005 M Cl-.

Table 3 shows a series of actual determinations which were done under condi-
tions designed to obtain maximum precision. The electrode was calibrated with solu-
tions of known concentration at transition times of close to 5 sec (these analyses have
been carried out at transition times of 5 sec rather than the more usual 20—40 sec
because of our interest in applying this method to flow cells, as described below). With
the same electrode surface and interspersed between the calibration runs, the un-
knowns were run also at transition times of 5 sec. These unknowns were prepared by
dilution with distilled water of a sample of the Long Island Sound sea water as shown
in Table 3. Analyses of the unknowns were carried out by a Buchler-Cotlove Chlorido-
meter (Buchler Instruments, Inc., Ft. Lee, N. J.) an instrument which makes use of
coulometric titration and which we have found to be accurate to 1%, The agreement
between the two methods of analyses is within the sum of the precisions expected for
the two methods.

Table 4 shows a test of reproducibility and stability of an electrode that was
prepared as described above and cycled through a series of oxidations and reductions

TABLE 4

TEST OF REPRODUCIBILITY OF ELECTRODE

Ordey of Concen. Cl- K(=1%|Cy) Mean K Rel. Std.
determination (M) - 1072 - 1072 Dev. (%)
I 0.0005 3.74
7 3.91
3 4.10 3.98 3.8
19 4.08
25 4.00
2 0.00075 3.95
9 3.87
15 3-92 3.94 1.3
18 3.97
23 4.0I
3 0.001 4.07
6 3.84
16 4.08 3.98 2.5
20 3.94
22 3.96
4 0.005 3.72
10 3.73
IT* 3-79 3-75 0.8
14 3-75
24 378
5 0.01 372
8 3.70
12 3.76 3-74 1:5
17 383
BT 3.70

* Run No. 11 begun after leaving cell standing overnight containing o.005 M Cl-.
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at a concentration of 0.0r M Cl- before use. The entire series was run over a period of
two days. Examination of this table shows that analyses in this range of concentra-
tions should be accurate to within a few per cent without frequent calibration. We
have not been able to obtain reproducible transition times at concentrations below
0.0003 M because the derivative peak broadens. In addition, we have found that
extensive use of the elctrode at concentrations above 0.1 M changes the electrode sur-
face so that it is advisable to recalibrate the electrode if it is to be used again in the
concentration range of Table 4. This is not a serious disadvantage, however, since
calibration is a very simple procedure.

The substances used as inert electrolyte (Na2SO4, HoSO4, NaNOs, all at 0.5 M)
were interchanged without changing the value of the chronopotentiometric constant.
In so doing, the pH was also changed significantly without effect. Other experiments
using HCI as the unknown and NazSOj as the inert electrolyte also confirmed this re-
sult. Reducing the concentration of inert electrolyte from 0.5 M to 0.1 M increased the
transition time by a few per cent. In general, we tried to maintain its concentration at
0.5 M + 259%,, but satisfactory analyses could easily be accomplished at 0.1 M. De-ae-
ration was found to be unnecessary even at the lowest concentrations. Operation of a
second cell with diffusion upward rather than downward also did not affect the results
under the conditions of this work.

Aging of the electrode had a beneficial effect at the lower concentrations (below
0.002 M). Silver which was freshly prepared generally showed high transition times at
concentrations of 0.002 M or below. After an electrode had been aged and used for
several determinations, only slight increases in transition times were noted. For this
reason, we generally preaged electrodes by running through a series of at least ten
oxidations and reductions at the highest concentration of Cl-.

Finally, we have found that well-defined chronopotentiometric waves can be
produced on silver already covered with a thin layer of AgCl. However, this type of
surface was much more difficult to reproduce over a wide range of concentrations and
currents than the surface formed by complete reduction of the silver chloride.

DISCUSSION

The transition time was easily and precisely determined by the derivative
method described above. Whether the transition time so determined corresponds
accurately to that defined by the condition, C; =0, is not certain, however. For cases
where the potential changes sharply enough so that the transition time can be deter-
mined directly from the E—f curve, the two methods give closely corresponding results.
For use in analysis, accurate determinations of = are not necessary, however; only
precision and reproducibility are required.

More serious is the validity of the assumption that the chloride ion is depleted
uniformly across the electrode surface with 1009, current efficiency. A small rise in
transition time at low concentrations is frequently observed, (cf. Table 4), and this may
indicate that all of the silver ion does not form AgCl at the surface. Either another
compound, perhaps the oxide, is formed, or the silver ion leaves the surface without
forming insoluble AgCl in a distance short compared to the thickness of the diffusion
layer. The fact that aging lowers the transition time at low concentrations suggests
that freshly cleaned silver surfaces may not offer many nucleation sites for formation
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of AgCl. Alternatively, at freshly prepared silver surfaces there may be an excess of
active sites so that Ag+ may diffuse from the electrode surface before it can form AgCL

From the practical standpoint, it is only necessary to reproduce the current
efficiency in each run in order to use this technique for analysis. The most important
factors for doing this are first, to remove completely the AgCl formed before repeating
a run; second, to run the calibration curves and the unknown curves with a carefully
reproduced cycle of operations, and finally, to pre-age the electrode as described above.

Use of this techniques offers certain advantages compared to other methods
of analysis for the chloride ion. It should be noted that a much simpler apparatus
than that shown in Fig. 2 can be used and that, although a Ag—AgCl reference elec-
trode is used, it is only necessary that the potential of this electrode remain approxi-
mately constant or drift uniformly during the measurement. Highly accurate measure-
ment of potential therefore is not required as in potentiometric methods of analysis.
In fact, it is not even necessary to measure the potential, for only the derivative of the
E—t curve is required for analysis.

The rapidity and simplicity of this method suggests its use in a flow cell; use
of this method is projected in desalination research for routine monitoring of certain
process streams. The useful concentration range of the method (0.5 — 5 * 1074 M) is
ideal for this application, for thisis just the concentration range of interest in desalina-
tion.
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SUMMARY

Chronopotentiometry of the formation of AgCl upon silver electrodes is de-
scribed. The kinetic constants for this reaction are derived from the chronopotentio-
metric waves, which are interpreted to be quasi-reversible. A method of analysis for
the chloride ion based upon this system is described.
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THE ELECTROREDUCTION OF NIOBIUM(V) IN HYDROCHLORIC ACID
SOLUTIONS AT MERCURY ELECTRODES
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The polarographic and chronopotentiometric behavior of niobium(V) in
concentrated hydrochloric acid solutions was described in a previous article!. This
paper describes the results obtained in controlled-potential electrolyses under
comparable conditions. The products of these electrolyses were identified by coulo-
metry and polarography.

EXPERIMENTAL

The potentiostat and current integrator, originally obtained from Analytical
Instruments, Inc. (Wolcott, Conn.) and previously modified as described elsewhere?-3,
were further modified during this work to simplify the adjustment of the gain of the
potentiostat and to increase the accuracy of the integrator. Details may be obtained
from the junior author’s thesis.

Electrolyses were performed at 24+2° in a three-compartment cell with a
mercury-pool working electrode stirred by a propeller. A cell having a conical working-
electrode compartment4 was used initially to maximize the ratio of electrode area to
solution volume. However, experimentation showed that electrolysis rates were
more nearly proportional to the area stirred by the propeller than to the total
electrode area. This observation led to the design of the cell shown in Fig. 1.
Its cylindrical working-electrode compartment, 5 cm in diameter, permits the use of
a much larger propeller. When this is at rest, its four blades are almost covered by
the mercury, as shown by the dashed line. When it is rotated fast enough, the
mercury pool is deeply dished, as shown by the solid lines, but little or no splashing
occurs. A mass-transfer constant (#) equal to 10-2 sec~! could be obtained; a simple
half-reaction characterized by such a value would be 99.9%, complete in about 12
min. The working-electrode compartment was closed with a Neoprene stopper, drilled
to admit the propeller shaft through a Teflon bushing, a fritted-glass gas-dispersion

* This paper is based on a thesis submitted by Joux G. McCuLLouGH to the Faculty of the
Polytechnic Institute of Brooklyn in partial fulfilment of the requirements for the Ph.D. degree
in June, 1967.

t Present address: Union Carbide Chemicals Division, P.O. Box 65, Tarrytown, N.Y., U.S.A.
# To whom correspondence and requests for reprints should be addressed.

§ Present address: Department of Chemistry, Clarkson College of Technology, Potsdam, N.Y.
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cylinder for de-aeration, a nitrogen exit tube, a dropping mercury electrode, and
the reference electrode, whose tip dragged in the surface of the working electrode.
The formation of calomel by reaction with dissolved oxygen was obviated by thorough
de-aeration of the solution to be electrolyzed, followed by introduction of mercury
through the stopcock at the bottom of the working-electrode compartment.

teflon
N
5 14/35 neoprene\

N

coarse

fine

§\

medium
Ptor W /
H

9

Fig. 1. Double-diaphragm controlled-potential electrolysis cell providing high values of the mass-
transfer constant, .

The volume of solution electrolyzed was always 75 ml and the concentration
of hydrochloric acid was always 10.75 F. A silver-silver chloride-1 F potassium
chloride reference electrode! was used, but all potentials given in this paper are
corrected to refer to the SCE.

All other experimental techniques have been described previously?.

RESULTS AND DISCUSSION

Current—time curves

Solutions containing between 0.9 and g mF niobium(V) were reduced at
—0.65, —0.70 and —o0.75 V vs. SCE; these potentials lie between the foot and the
half-wave potential of the second polarographic wave! The resulting plots of log
current versus time were concave upward, and were dissected into several linear
segments in the manner described previously®. The quantity of electricity represented
by each segment was calculated from its slope and intercept, and was combined with
the known amount of niobium in the sample to compute the corresponding value
of n. The results are shown in Table 1. When the line segments were well-defined,
the sum of these n-values agreed within 19, with the overall value, #r, obtained
coulometrically in the same electrolysis. Occasionally, the first segment was ill-
defined, and its n-value was then found by difference, as indicated in Table 1. The
precision of the graphical z-values was usually about +0.03 F/mole. In the reduction
of g mF niobium at —o0.656 V, however, the electrolytic rate constants, Sz and fs,
were so nearly equal that accurate dissection was difficult. In this case, the un-
certainty in #g and #s3 is about 0.12, although the uncertainty in their sum is much
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TABLE 1

RESULTS OF CONTROLLED-POTENTIAL ELECTROLYSES

No. Cno(mF) Ey.e. Stage n B

of (V vs. SCE) no. ( F[mole) (ksec—1)

samples

4 8.1-9.3 656+2 1 0.494-0.02 9.824-0.25
2 0.604-0.13 1.664-0.11
3 0.824-0.11 0.73+0.04
4 0.184-0.04 0.20-40.02
2+ 3 1.42+0.04
nr 2.0740.005

I 8.1 709 1 0.54 8.90
2 1.22 1.32
3 0.25 0.5I
nr 2.03

6 8.1-9.5 757+2 1 0.4I40.02 12.040.9
2 1.5940.02 2.0640.15
nr 2.0040.01

3 0.86-0.93 65642 1 *0.83+0.03 T741.4
2 0.5640.03 1.26+0.15
3 0.7240.02 0.384-0.06
nr 2.1140.03

7 0.86-1.08 754+2 I *0.31+40.02 14.5+1.7
2 T.38 3-54£0.34
3 0.48 I1.55
2+ 3 1.86+0.06
nr 2.17£0.03

* By subtraction: 1 = nr — (#2 + n3)

less. The overall coulometric value, #r, depended only on the niobium concentration
and the potential of reduction, and not at all on the history of the solution: boiling,
prior reduction and oxidation, and aging for up to 6 months had no effect. Within
the experimental precision, the quantity of electricity consumed in reoxidizing any
reduced solution at —0.30 V was exactly equal to that consumed in preparing it
from niobium(V).

Disproportionation of niobium(IV)

The reduction of g mF niobium(V) at —0.65 V consumes about 2 electrons/
atom and appears to involve four separate electron-transfer steps. It was thought
that this unusually large number of steps might be illusory, and that the mechanism
proposed by VIVARELLIé-# might account for the current-time curves:

Nb(V)+e > Nb(IV) (1)

2Nb(IV) % Nb(V) + Nb(III) (2)

For this scheme it is shown in Appendix 1 that a plot of 2—* vs. ¢ should become
linear for large values of . Such a plot for the reduction of 8.1 mF niobium at —0.656
V did have a linear segment, but this occurred at intermediate values of ¢ and its
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slope corresponded to 2=0.071 mole-! sec. This is much smaller than the rate
constant obtained by VIVARELLI (0.56 1 mole-! sec~1) which was in turn much too
small to account for the polarographic data reported earlier!. In addition, as is
shown below, electrolytically-produced niobium(IV) is quite stable under the con-
ditions employed here. It was concluded that reaction (2) played a very minor role,
if any, in the electrolytic reductions, and that the coulometric #-values in Table 1
were real.

Polarography of reduced niobium solutions

In order to identify the reduction products, polarograms of partly reduced
solutions were obtained in the electrolytic cell at various stages of electrolyses under
different conditions. Figure 2 shows the envelopes of polarograms obtained during
the reduction of 5.5 mF niobium at —o0.654 V. Curve a shows the two reduc-
tion waves of niobium(V). Curve b shows the composite cathodic-anodic wave of
the niobium(IV)—(V) couple. Curves ¢ and d show another anodic wave, which is

T T T T T T

j | A
307400 600 800 400 600 800
S gy TV _Ede’mv
Fig. 2. Envelopes of polarograms of a soln. initially containing 5.5 mF Nb(V) after successive
partial reductions at —0.654 V vs. SCE to average oxidation numbers of: (a), 5; (b), 4.78; (c),
4:36; (d), 3.71; (e), 3.0.

Fig. 3. Polarograms of a soln. containing 1.08 mF Nb(V) (a), before reduction, # = 5; followed
by (b), reduction at —o0.75 V, n = 2.75; (c), oxidation at —o0.45 V, » = 3.20; (d), further oxida-
tion at —o0.30V; (e), reduction at —o.75 V; (f), oxidation at —o.45 V; and (g), reduction at
—o0.75 V.
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due to the oxidation of niobium(III). Curve e, obtained after all of the niobium
had been reduced to niobium(III), shows the same anodic wave (which has a max-
imum at this concentration) but no other identifiable wave. Subsequent reoxi-
dation at —o0.30 V regenerated the first polarogram. Each of these polarograms
remained unchanged on allowing the solution to stand for as long as an hour, showing
that the reduced niobium species are stable in the absence of air.

A solution containing 1.08 mF niobium(V), whose polarogram is shown in
Fig. 3a, was reduced at —o0.75 V to an average oxidation number, 71, of +2.75 as
indicated by coulometry, and its polarogram, Fig. 3b, was recorded. Oxidation at
—0.45 V increased 7 to +3.20, and the polarogram in Fig. 3¢ was obtained. Further
oxidation at —o0.30V then regenerated niobium(V), and the polarogram of the
resulting solution was identical with Fig. 3a. Further electrolyses gave similar coulo-
metric and polarographic results, as shown in the figure. In addition to the anodic
wave of niobium(III) at about —o0.38 V, Fig. 3b shows another anodic wave at
about the same potential as that due to niobium(IV). It cannot be due to niobium(IV),
however, since the average oxidation state of the niobium in this solution was
considerably below 3. A plot of log [7/(¢a—1)] for this wave had the non-linear form
characteristic of two closely overlapping waves. It was found previously? that the
cathodic current at —0.65 V was approximately proportional to the concentration,
Cs, of niobium(V), so that 75 =ksCs. A value of ks under the conditions of Fig. 3 was
obtained from curve a and employed to calculate Cs for the solution of curve c.
Subtracting this from the total concentration of niobium gave Cs, the concentration
of niobium(III) responsible for the anodic wave at —o0.38 V, and permitted the
evaluation of %3 in the equation, 75 =ksCs, for the limiting current of this wave. The
values of ks and ks thus obtained in replicate measurements were in close agreement.
The former was used to compute Cs for the solution of Fig. 3b. Subtraction of the
sum of these from the total concentration of niobium gives C., the concentration of
niobium(x) respoasible for the anodic wave at —o0.52 V. Conservation of mass and
charge require for Fig. 3b

Cxo=C3+Cy (3)
Cxp=3C3+xCy (4)

where Cnp is the total concentration of niobium and 7 is its average oxidation state
as determined by coulometry. An average of all the results gave x =2.2+0.3, showing
that the extra anodic wave is due to niobium(II). Niobium(II) having been identified,
the processes occurring during each of these electrolyses could be enumerated in
Table 2, where the stoichiometric coefficients are fractions of the total amount of
niobium.

Reduction at positive potentials

An 8.1 mF solution of niobium(V) was reduced at potentials on the rising
part of the first polarographic wave. Successive reductions at —0.407 and, —0.459 V
gave linear plots of log 7 vs. ¢, for which f=[—d In #/df] was about 10 ksec—1, and
reduced the niobium to an average oxidation state, #n=4.75. Polarograms obtained
after each of these reductions resembled Fig. 2b, and showed the presence of nio-
bium(IV) and (V). When, upon subsequent reduction at —o0.509 V, the plot of log
1 vs. ¢ began to become concave upward, the reduction was stopped, and a polaro-
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gram like Fig. 2c was obtained, showing the presence of niobium(III), (IV), and (V).
Similar results were obtained with a solution containing 0.93 mZ niobium(V), except
that 71 could be decreased to +4.20 at —0.529 V before the plot of log ¢ vs. f became
concave upward and the anodic wave of niobium(III) appeared. Figure 4 shows the
effects of 71 on the heights of the cathodic and anodic portions of the composite wave
of the niobium(V)—(IV) couple at a total niobium concentration of 0.93 mF.

TABLE 2

OVERALL REACTIONS OCCURRING IN ELECTROLYSES OF A 1.08 m [ NIOBIUM SOLUTION

Process —Ey.e(mV) Reaction

Reduction 748 Nb(+5) = 0.80 Nb(+3) 4 0.20 Nb(+2)
Oxidation 451 0.20 Nb(+2) — o.11 Nb(+5) + 0.09 Nb(+3)
Oxidation 300 0.89 Nb(+3) — 0.89 Nb(+ 5)

Reduction 750 Nb(+5) = 0.78 Nb(+3) + 0.22 Nb(+2)
Oxidation 452 0.22 Nb(+2) — 0.17 Nb(+5) + 0.05 Nb(+3)
Reduction 749 0.17 Nb(+5) — 0.05 Nb(+3) + 0.12 Nb(+2)
< 2

3

s L
40 42 44 46 48 50

Fig. 4. The effects of the average oxidation number, #, on the polarographic diffusion currents
of (0), Nb(V); (£4), Nb(IV) in mixtures in which the sum of the concns. of Nb(V) and Nb(IV)
is 0.93 mF.

Mechanism of veduction

The products of reduction at various potentials having been identified, the
data in Table 1 can be explained and reconciled with the polarographic results?!.
Consider first the reduction of 8-9 mF niobium(V) at —o0.65 V. Since #n;=o0.5, the
first step must be the one-electron mass-transfer-controlled reduction of a dimer:

[NB(V)Jo+ ¢ e s [NB(V)NB(IVY] (5)

The product is electrolytically inert and is converted successively to a reducible form
and another inert form:

[Nb(V)NDb(IV)] Ay [Nb(V)Nb(IV)]’; (6)

0.2< ka< 360 sec1
[NB(V)NbB(IV)]’ <= [Nb(V)Nb(IV)]"; (7)
kb
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0.0I< ky< 0.2 sec™!
kp~fa=1.7-10- 3 sec!

The rate constants are estimated as follows. According to the Nernst diffusion-layer
hypothesis the mass-transfer constant, f, is given by

B=DA|Vé (8)
The mean time, 7, of diffusion across such a layer is approximately!0
7=0%D (9)

Polarographic results! and the Ilkovi¢ equation, together with measured values of
B1, A, and V and the above equations, give D =4.0-10-% cm? sec™!, § =1.1-1074 cm
and 7=2.8 1073 sec. Reaction (0) is complete at the dropping electrode, where the
drop life is about 5 sec, and [Nb(V)Nb(IV)]’ is further reduced before it can undergo
reaction (7). These considerations establish the lower limit of 2. and the upper one
of ks At the stirred pool, [Nb(V)Nb(IV)] is swept into the bulk of the solution in
2.8 msec, so that £, must be less than (2.8 msec)—1; it undergoes reactions (6) and
(7) in much less than the mean residence time, 1/f1, in the bulk of the solution, so
that ke > f1=0.01 sec~L. If [Nb(V)]z is a doubly-charged anion as previously sugges-
ted!, reactions (6) and (7) may be

0
[Cl4Nb(V)/ \Nb(IV) Cly)-3+H:0—Cl- 25
g
O\
[Cl4Nb(V)/ ‘Nb(IV)Cls(OHg)]-2 s
\\O/ kb
O\
[(HzO)ClaNb(V)< /\Nb(IV)Cla(OHz)]“— Hz0 +Cl- (10)
0

where only the intermediate product can be further reduced.

Because the rate constant, Bz, for the second reduction step is independent of
potential, it cannot correspond to an electron-transfer process; because it is much
smaller than the mass-transfer constant, fi, it cannot correspond to a diffusion-
controlled process. It must therefore represent the rate of a chemical reaction such
as the reverse of (7) (thus kp=F2=1.7-10-3 sec~1), followed by (11)-(14):

[Nb(V)NDb(IV)]"+e ;_EL [Nb(IV)]2 (11)
[Nb(IV)]e == 2 Nb(IV) (12)
[Nb(IV)]2 —kg [Nb(V)Nb(III)] (13)

[Nb(V)Nb(IIT)] +¢ [Nb(IV)Nb(III)] (14)

About 809, of the [Nb(IV)]zis swept into the bulk of the solution, where it dissociates;
the remainder undergoes reactions (13)—(14), so #s is about 0.6. In a polarographic
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measurement, most of the [Nb(IV)]z remains at the surface of the electrode, where
its concentration is relatively high; the proportions are approximately reversed, and
reactions (5), (6), (11), (13) and (14) produce a first wave for which # is approximately
I1.4.

The third and fourth steps of the reduction of g mF niobium at —0.65 V are
due to reactions (15) and (16), respectively:

Nb(IV) 42 ¢ — Nb(II) (15)
[Nb(IV)Nb(III)] +2 ¢ — Nb(III) +Nb(II) (16)

Some of the niobium(II) thus produced is consumed by reacting with niobium(IV):

k

Nb(IV) + Nb(IT) 2 2 Nb(III) (17)
[Nb(IV)Nb(III)] +Nb(II) — 3 Nb(III) (18)

but some of the niobium(II) escapes these reactions, with the result that the overall
value of # is appreciably above 2.

At —o0.71 'V, reaction (15), whose rate is potential-dependent, becomes faster
than the reverse of reaction (7), and the second and third reduction steps merge.
At —0.76 V the fourth step, reaction (16), is so fast that it too merges with the second
step. In addition, an appreciable fraction of the [Nb(IV)]: is reduced directly,
bypassing reactions (12)—(18):

[NDB(IV)]a+2 ¢ - [ND(IV)NB(IT)] — 5 2 Nb(III) (19)

Because of reaction (19), very little monomeric Nb(II) is produced and #r approaches
2.00. At the dropping electrode, reactions (5), (6), (11) and (19) yield an #-value of
2.0 for the combined waves.

Both monomers and dimers are present in 0.9 mF solutions of niobium(V),
and the first step in their controlled-potential reduction at —0.65 V is due to reac-
tions (5) and (20):

94V

Nb(V)+e — Nb(IV) (20)

The experimental value, #: =0.83, indicates that about 66%, of the niobium(V) atoms
are monomeric. The second step is due to reactions (7) and (r1)—(14) and the third
step to reactions (15), (17) and (18). A fourth step, due to reactions (16)—(18), could
not be detected by the graphical dissection procedure at this low concentration, but
its presence lowered the apparent slope of the third segment of the log (current)-time
plot sufficiently to make #s somewhat lower, and #s somewhat higher, than is pre-
dicted by the above scheme.

The reduction of 0.9 mF niobium(V) at —o0.75 V proceeds in the first step
according to reactions (5) and (20), as before. The rate of the third step indicates
that it must be due to reactions (7), (11) and (19). At this low concentration and
negative potential, unlike all the other cases, monomeric niobium(IV) can be reduced
before [Nb(V)Nb(IV)], and the second step is due to reactions (15), (17), (21) and
(22).

Nb(IT) +Nb(V) — Nb(III) +Nb(IV) (21)
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Nb(II) 4+ [Nb(V)Nb(IV)]"" — Nb(III) +[Nb(V)Nb(ILI)] (22)

It is shown in Appendix 2 that reactions (15) and (17) constitute a catalytic
scheme for which a plot of log ¢ vs. ¢ will be concave downward, and that graphical
dissection of such a plot will over-estimate the value of #. In the present case, the
reactant is also regenerated by reactions (21) and (22). This increases the downward
curvature of the log 7 plot and makes the over-estimate of #2 worse, and conse-
quently leads to erroneously low values for #:. A similar effect is probably responsible
for the fact that 7 is a little below 0.5 for the reduction of g mF niobium(V) at
—0.75 V.

In the experiments described above, when niobium(V) solutions were reduced
at increasingly negative potentials on the rising part of the first polarographic wave,
only reactions (5)-(7) and (20) occurred at the more positive potentials. Linear plots
of log 7 vs. t and polarograms like Fig. 2b resulted, and only niobium(IV) was produced.
At more negative potentials, reactions (11)—(14) occurred, plots of log 7 vs. ¢ were
concave upward, and the presence of niobium(III) was indicated by its anodic wave
in polarograms like Fig. 2c. More dilute niobium(V) solutions, in which monomers
predominated, could be reduced further without producing niobium(III), owing to
the occurrence of reaction (20) simultaneously with reaction (5). In Fig. 4 the height
of the first wave of niobium(V) is extrapolated to 7#=4. The intercept is positive,
showing that [Nb(V)NDb(IV)], which had not been reduced electrolytically at positive
potentials, could be reduced at the dropping electrode at —0.65 V to an average
oxidation number below 4 by reactions (6), (11), (13) and (14).

One solution containing 0.93 mF niobium(V) was carefully reduced at positive
potentials until it contained about 80%, niobium(IV) and about 109, each of nio-
bium(V) and (ITI). It was then reduced completely at —o0.75 V to 24%, niobium(II)-
76%, niobium(III). The principal reactions were (15) and (17), and the initial con-
ditions for the kinetic scheme discussed in Appendix 2 were approximately satisfied.
In the notation used there, [A]® was 0.74-10-3 F, R was 0.24, and ' was 2.8 1073
sec—L. These values yield f=~1.5-10-3 sec~! at —0.750 V for reaction (15), and k2=7.6
1 mole-1 sec~! for reaction (17).

In the succession of electrolyses described in Table 2 and Fig. 3, the mechanism
of the first two reductions at —o.75 V was given above. The oxidations at —0.45 V
involved reactions (23) and (20)

Nb(II) - Nb(IV) 42 ¢ (23)

accompanied by reactions (17) and (21). The complexity of this mechanism undoub-
tedly accounts for the shape of the niobium(II) polarographic wave mentioned above.
The oxidation at —o0.30 V was due simply to

Nb(III) - Nb(V)+2e (24)
Since the last reduction in Table 2 was begun with only one-sixth of the
niobium in the 45 state, the second-order reactions (17) and (21) were much slower,
and relatively more niobium(II) and less niobium(III) were produced.
CONCLUSIONS

The electrochemical behavior of niobium in 10.75 F hydrochloric acid can
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be explained by assuming the existence of several dimeric species, whose niobium
atoms are joined by two oxygen bridges!, and probably by an intermetallic bond
such as has been inferred in solid NbI414.15. Dimers containing niobium in the same
oxidation state, [Nb(V)]z and [Nb(IV)]e, can dissociate reversibly, and more or less
rapidly, to give the respective monomers. Dimers whose niobium atoms differ in
oxidation state by one, [Nb(V)Nb(IV)] and [Nb(IV)Nb(III)], dissociate much more
slowly and the odd electron may be shared by the metal atoms. [Nb(V)Nb(III)] is
probably equally stable. The intermetallic bond in [Nb(IV)]s and [Nb(IV)Nb(II)]
permits these to disproportionate rapidly, while the corresponding second-order
reactions between monomers are much slower. VIVARELLI's6-8 solutions apparently
contained monomeric fluoroniobium complexes!:16, which underwent bimolecular
disproportionation and oxidation by protons much more readily than the chloro-
complexes studied here.

SUMMARY

The electroreduction of niobium(V) in concentrated solutions of hydrochloric
acid was studied by stirred-pool controlled-potential chronoamperometry and
coulometry. In dilute solutions, niobium(V) is monomeric and is reduced stepwise
to niobium(IV) and niobium(II), which react to form niobium(III). In more con-
centrated (10 mF) solutions, niobium(V) is dimeric, and is initially reduced to
[Nb(V)Nb(IV)], which can exist in three hydrolytic forms. Only one of these forms
is further reduced to [Nb(IV)]e. The latter may dissociate or disproportionate to
form [Nb(V)Nb(III)], which can be reduced to [Nb(IV)Nb(III)] and, at more negative
potentials, to Nb(III) and Nb(II). At very negative potentials, [Nb(IV)]z is reduced
to [Nb(IV)Nb(IT)], which decomposes rapidly to form two Nb(III) ions. Niobium(II)
can be oxidized to a mixture of niobium(III) and (V), while niobium(I11) is oxidized
entirely to niobium(V). The dimeric species are probably joined by two oxygen
bridges and an intermetallic bond. The latter permits the rapid disproportionation
of [Nb(IV)]z and [Nb(IV)Nb(II)], and may stabilize [Nb(V)Nb(IV)], [Nb(V)Nb(III)]
and [Nb(IV)Nb(III)] against dissociation.

APPENDIX I

Disproportionation of the product of controlled-potential electrolysis
If a solution of A is reduced to B, and B disproportionates:

A+ ne i B (25)
2B A5 AqcC (26)
then the differential equations and initial conditions for the concentrations are:
d[A]/di= —B[A]+k[B]?; [Al-o=[A]° (27)
d[B]/d¢=B[A] -2 k[B]?; [Blt=o=0 (28)

At some stage of the reduction, the second-order chemical reaction (26) will become
much slower than the first-order electrochemical reaction (25); i.e.,
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kB]<p, t - 0 (29)
[B]>[A], t > o (30)

and A will be reduced electrochemically almost as fast as it is produced chemically.
That is, after a certain time,

d[A]/d¢=~o0 (31)
Equations (27), (28) and (31) can be combined to yield

d[B]/dt = —k[B]2 (32)
whose solution is

[(B]-1=ki+a (33)
where a is a constant. Now the current, ¢, (in, say, F/sec) is given by?

i=npV[A] (34)
Combining eqns. (27), (31), (33) and (34) yields:

1=Y=(RnV) Y% +a(nVk)-} (35)

which can be differentiated to give

dlni/dt=—2 k/(kt+a) (36)
For such a scheme, a plot of log ¢ vs. ¢ will be concave upward, but a plot of i-% vs. ¢
will approach a straight line of slope, (k/nV)?3.

APPENDIX 2

Chemical veaction of reactant and product of the electrochemical process
Consider the scheme:

Adne 5B (37)

A+B 5 2cC (38)
with the differential equations and initial conditions:

d[A]/dt=—B[A]—k[A][B]; [Ali=o=[A]° (39)

d[B)/di =H[A]—*[A)[B]; [Blio=0 (40)

In terms of the dimensionless variables
x=[AJk[B, x°=[A]%/B, y=[Blk[f, y=°=[B]°k/p (41)

where the superscript, co, denotes a final value, GESKE AND BARD!! have shown that

x=y+x°+2zIn(1—y) (42)

0=y®+x0+2In(r—y*®) (43)
Define R as the 1elative yield of B:

R=[B]*[[A]0 =y =[x (44)

Figure 5 shows how R and y are affected by variations of x°.
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In order for eqn. (42) to be real, (1 —y) must be positive. This implies, through
eqns. (40) and (41), that [B] increases continually throughout the electrolysis:

d[B]/d¢ >0 (45)

Figure 5 shows that as x° is increased, the relative yield of B falls to zero, but the
absolute yield, [B]®, increases to a limit of §/k. Thus high values of [A]° and f§ favor
a high absolute yield of B, while a low value of [A]° and a high one of § favor a high
relative yield of B.

ye==[B1" /8

=]

0
log (x°= [A]° k/B)
Fig. 5. The effects of #° on y®, R, and 8'®/f, according to eqns. (43), (44) and (47).

The electrolysis current will be given by eqn. (34). The actual slope, f’, of the plot
of In ¢ vs. ¢ is defined by

g'=—dInd/dt (46)

The above equations can be combined to show that
Pl F=F =plty) =B =Sfo=frty)<ef @)

That is, # will increase with time from f§ to f’®< 2f; the plot of In 7 vs. ¢ will be
concave downward. Figure 5 shows how ' ® depends on x°. Plots of log ¢ vs. ¢ cal-
culated numerically by GESKE AND BARD confirm these results and show that g’
approaches '® very rapidly; the curvature is barely noticeable if x° is either very
small or very large. It would be very difficult to estimate the initial slope  of such
a plot in order to calculate 2. In one application of these ideas, GESKE!2 estimated
B by an independent method, but this is unnecessary. The experimentally measured
value of R may be combined with the plot of Fig. 5 to yield values of x° (=[A]%/B)
and f'*/f and values of both § and % are easily obtained on combining the latter
with experimental values of §’® and [A]°.

If processes (37) and (38) are intermediate in some more extensive sequence
of steps, as is true in some of the cases described above, the current integral will
be estimated from a plot of log z vs. ¢ as:

Q' =10’ (48)

where ¢'0 is the extrapolated intercept of the final portion of the curve, whose slope
is f'®. It is easily shown, however, that the true current integral is
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Q=nV[A]°(} +4R) (49)
so that
Q'[Q ="/ (B/B" ) {2/(x +R) } (50)

Numerical integration of eqns. (39) and (40) for °=10, 1, and 0.1, gave Q'/Q =1.00,
1.14, and 1.08, respectively. Thus, Q would be appreciably over-estimated by the
graphical dissection procedure.

This derivation implicitly assumes that reaction (38) occurs in the bulk of
the solution, and hardly at all in the ditfusion layer. KaARP13 has shown that when the
characteristic time for such a reaction, #1, is much greater than the average time
required for an ion or molecule to cross the diffusion layer [¢f. eqn. (9)] this assump-
tion is valid ; otherwise the treatment must fail. It was shown above that 7 was about
3 msec. Taking ¢ as 1/k[A]°, the requirement is

(K[AJ®) 1 = (8x9) 1 > 3-103 sec. (51)
Here # was about 10-2 sec~1, so

20 =[A]°%k/f< 3-10* (52)
Inserting this value in eqns. (42) and (43) yields:

R=[B]®/[A]o > 106 (53)

The above treatment can therefore be safely relied on whenever the formation of B
can be detected coulometrically.
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Purity control of cobalt implies first the determination of its main impurity
element, nickel. Traces of nickel are often determined photometrically!-7, usually
with dimethylglyoxime as colorimetric reagent. The detection limit of about 10 p.p.m.
is sometimes too high for the analysis of very pure cobalt compounds. Spectral
analysis®-13, which is also frequently used, has a similar sensitivity. On the other
hand, several authors'4-18 have described various supporting electrolytes that allow
the direct polarographic determination of nickel without separation. LINGANE AND
KERLINGER!® determined down to 0.019%, nickel in cobalt and steel samples by
classical polarography using a pyridine-pyridinium chloride buffer solution (pH 5.5).
DoreZAL AND HorFmann14 detected as little as 0.0059%, nickel in a mixture of ethylene-
diamine tartrate and potassium pyrophosphate. After removal of the bulk of cobalt by
precipitating with 1-nitroso-2 naphthol, DYATLOVA AND LAVROVA!3 determined the
nickel remaining, down to 10-49,. Recently, JACKWERTH AND HOBEL!8 used a diffe-
rential cathode-ray polarograph to determine approximately 10-4%, nickel in a pyri-
dine-thiocyanate solution. Cathode-ray polarography was also applied by GoTo AND
TukUsHI!® to the determination of about 0.01%, nickel in an ammonia—ammonium
chloride buffer.

The present investigation deals with the determination of traces of nickel in
cobalt by pulse polarography in pyridine and thiocyanate, respectively. The nickel
content of analytical-grade cobalt samples varies from + I-100 p.p.m.; without a
prior separation procedure, this concentration range is beyond the reach of classical
polarography.

EXPERIMENTAL

1. Apparatus and reagents

Pulse polarograph, Southern type A 1700 Mark II. The possibilities, measu-
rement of peak heights, and working conditions of this instrument were described in
previous papers20.21,

Very pure potassium thiocyanate was prepared by a 24-h electrolysis of a
10 M solution in water at a cathode potential of —1.5 V vs. a saturated calomel
electrode (SCE); the electrolysis was carried out in separate electrode compartments
under a nitrogen atmosphere.

Analytical-grade pyridine was redistilled.
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Water and all other analytical-grade reagents were purified as previously
described?20.21,

2. Polavographic data

(a) Pyridine. The half-wave potentials of the reduction of nickel (II) and cobalt
(IT) are, respectively, —0.82 and —1.11 V vs. SCE. The first experiments were perfor-
med in a 0.25 M pyridine — 0.25 M pyridinium chloride buffer (pH 5.5). In this me-
dium it was possible to determine about 10-3 M nickel in a 0.1 M cobalt solution
without recording a blank polarogram. However, the reduction peak of a 10-6¢ M
nickel solution was situated completely in the slope of the rising base-line. This unfa-
vourable position is probably due to the presence of trace organic compounds in
pyridine, which are reduced at the dropping mercury electrode and the reduction
wave of which is situated between the nickel and cobalt peaks. On raising the pH,
the peak height of this interfering wave gradually decreased, and the wave disappear-
ed completely at pH 8-9. Consequently, low nickel concentrations (< 5-10-8 M) were
determined in pyridine without the addition of hydrochloric acid, the cobalt com-
pound acting as supporting electrolyte. The sensitivity of detection of nickel in 0.25 M
pyridine — 0.1 M potassium chloride medium is about 2-10-8 M, corresponding with a
peak height of + 11 mm at maximum sensitivity of the polarograph (drop time 4 sec,
1 V/60 min).

Investigations of the most suitable pyridine concentration showed that a two-
fold excess with regard to cobalt was sufficient. Higher concentrations did not inter-
fere, at least not up to a certain limit; high pyridine concentrations (> 1 M) decreased
the sensitivity, and the nickel peak became asymmetrical. Finally, determinations
were usually performed in 0.25 M pyridine — 0.1 M cobalt (as chloride, sulphate,
nitrate etc.). In this medium it was possible to determine nickel in the presence of
excess cobalt up to a molar concentration ratio, Co/Ni = 108 (i.e., 10-7 M nickel in
0.I M cobalt, or about five times the detection limit in the absence of cobalt). This
corresponds with a detection limit of 1 p.p.m. nickel in metallic cobalt and approxima-
tely 0.2 p.p.m. nickel in cobalt compounds such as Co(NOs)z*6 H20, CoClz-6 H20 and
others. For unfavourable Co/Ni ratios (> 103, or less than ten times the detection
limit) the exact peak height was determined by recording a blank polarogram of a
cobalt solution freed from nickel by separation on an anion exchange column22.23, The
linearity between peak height and nickel concentration for the analysis of various co-
balt compounds (chloride, sulphate, nitrate) was verified by a calibration graph
which was linear in the range 104 — 10~7 M nickel. The stability of the solution (pH
8-9) and eventual sorption or precipitation of nickel was checked by regularly record-
ing pulse polarograms of the same solution, which proved that even after 24 h the
nickel concentration remained unchanged.

A typical derivative pulse polarogram of traces of nickel present in analytical-
grade Co(NOsg)2+6 H20, recorded in pyridine medium, is given in Fig. 1. Although the
polarogram is recorded using the mercury pool as the reference electrode, the poten-
tials in Fig. 1 are given versus SCE.

(b) Potassium thiocyanate. In comparison with pyridine, potassium thiocyanate
has some advantages as supporting electrolyte. The half-wave potentials of nickel and
cobalt, —0.70 and —1.03 V respectively vs. SCE, differ by 0.33 V when using a tenfold
excess of thiocyanate with respect to the cobalt concentration (> o.r M). A larger
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excess gives practically no improvement; neither does the use of thiocyanate-acetate
mixtures24. The sensitivity is increased by more than 509, ; the peak heights for a
2-10-8 M nickel solution in 0.1 M cobalt-1 M potassium thiocyanate and 0.4 M
cobalt—-6 M potassium thiocyanate are about 16 and 13 mm respectively at maximum
sensitivity of the apparatus, in comparison with 10 and 6 mm in 0.1 M/ cobalt-0.25 M
pyridine and 0.4 M cobalt-1 M pyridine. This means that the sensitivity is increased
fourfold ¢.e., 0.25 p.p.m. in metallic cobalt and nearly 0.06 p.p.m. in cobalt compounds.

-

-090 -0.85 -0.80 -075 -070 = O.éO = O.‘75 -0.70 ~0.65 = O.éO
E vs. SCE.,Volts E vs. S.C.E.,Volts

Fig. 1. Pulse polarogram of 1.83-10-¢ M Ni and 10-1 M Co in 0.25 M pyridine, representing 3.69
p-p-m. Niin Co(NOs)2-6 H20 (sample 1). Conditions: S 1/5, 35 mV, 3 int., 60 min/V, rec. 1 in./min.

Fig. 2. Pulse pelarogram of 3.70-10-¢ M Niand 10~ M Co in 1 M KSCN, representing 7.47 p.p.m.
Ni in Co(NOj3)s2-6 H20 (sample 3). Conditions: S 1/20, 35 mV, 3 int., 60 min/V, rec. 1 in./min.

Nevertheless, some disadvantages have to be considered. In 1 M potassium
thiocyanate, cadmium can interfere as its half-wave potential is —0.665 V vs. SCE,
a difference of only 35 mV from that of nickel. The interference from cadmium is
negligible for a molar concentration ratio, Ni/Cd > 1. This is always the case in com-
mercially available cobalt samples. In 1 M potassium thiocyanate there is no inter-
ference from copper, as the half-wave potentials of nickel and copper differ by 150
mV. However, in 6 M potassium thiocyanate, both cadmium and copper interfere;
for exact nickel determinations the molar concentration ratio, Ni/(Cu+Cd), must be
higher than 30/1. Although such a concentration ratio is often found in commercially
available cobalt samples, it is more convenient to perform the analysis in 1 M potas-
sium thiocyanate. Because of these interferences and as potassium thiocyanate may
contain traces of nickel, this electrolyte must be purified before use. No detectable
amounts of nickel were found in analytical-grade pyridine and it is therefore preferred
for the determination of more than a few p.p.m. of nickel.

A typical derivative pulse polarogram of nickel in the presence of excess cobalt,
recorded in thiocyanate medium, is shown in Fig. 2.

3 Procedure
Prepare a 0.1 M (0.4 M) cobalt solution by dissolving the cobalt salt in the
minimum quantity of twice-distilled water. Add 0.5 ml (2 ml) pyridine or 2.5 ml (15 ml)

J. Electroanal. Chem., 19 (1968) 125-129



128 A. LAGROU, F. VERBEEK

10 M potassium thiocyanate and dilute to 25 ml. Record a pulse polarogram and
determine nickel by the standard-addition method.

When analysing metallic cobalt, dissolve the sample in concentrated hydro-
chloric acid with the addition of a few drops of hydrogen peroxide or nitric acid, evapo-
rate to dryness and treat the residue as described above.

The analyses were usually performed in 0.1 M cobalt solutions. For very low
nickel contents (< T p.p.m.) it is preferable to use more concentrated solutions. The
limiting concentration ratio, Ni/Co, remains the same (10%), but more concentrated
solutions permit the polarogram to be recorded at a lower sensitivity of the apparatus
thus giving increased stability.

TABLE 1
DETERMINATION OF NICKEL IN COBALT (0.1 M Co IN 0.25 M PYRIDINE)
Ni added Ni found
(M-108%) Ni in Co (M-108) Ni in Co
p.p.m. p.p.m.
Q.25 2.49 0.262 2.61
0.50 4.98 0.488 4.86
1.0 9.960 1.03 10.3
2.5 24.9 2.45 24-4
5.0 49.8 4.95 49.3
10 99.6 10.1 100.6
TABLE 2
DETERMINATION OF NICKEL IN COMMERCIALLY AVAILABLE COBALT SAMPLES (ANALYTICAL GRADE)
Product Co conen. CsH5sN or KSCN concn. Ni
(molejl) (p-p-m.)
Co(NO3)z2+-6 H20 0.1 o.25 M pyridine 3.69
c.8 1.2 M pyridine 3.62
Co(NOs)z2:6 H20 0.1 0.25 M pyridine 4.93
Co(NO3)2+-6 H20 0.1 o.25 M pyridine 7.65
0.4 1 M pyridine 7-51
0.1 1 M KSCN T A
0.1 6 M KSCN 7.44
0.4 6 M KSCN 7.78
Co(NOs)2:6 H20 0.1 0.25 M pyridine- 62.3
0.25 M pyridinium chloride
CoClz-6 H20 0.1 0.25 M pyridine 132
CoClz-6 H20 0.1 0.25 M pyridine— 79.6
0.25 M pyridinium chloride
CoCl;z-6 H20 0.4 I M pyridine 23.5
0.4 6 M KSCN 23.0
CoClz-6 H20 0.1 0.25 M pyridine 16.6
0.1 0.25 M pyridine 16.8
0.2 o.50 M pyridine 16.3
0.4 0.8 M pyridine 16.4
CoS04:7 H20 o.I 0.25 M pyridine — 48.3
0.25 M pyridinium chloride
CoAcz-4 HyO% 0.05 0.25 M pyridine — 810
0.25 M pyridinium chloride
Co metala 0.04 0.25 M pyridine — 1400

0.25 M pyridinium chloride

a pure
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RESULTS

A number of analyses was performed on synthetic samples prepared by adding
a known quantity of a standardised nickel solution to a cobalt solution freed from
nickel on an anionic resin. The results are summarised in Table 1.

In order to check the practical efficiency, the method was also applied to the
analysis of various commercially available cobalt samples. Every analysis was dupli-
cated at least, and gave reproducible results within 5%. The results are shown in
Table 2. This Table shows that in all the samples analysed, the nickel content is well
above the detection limit of the pulse polarographic technique. Also, determinations
of nickel carried out in potassium thiocyanate, in pyridine, and at different cobalt
concentrations, are in good agreement.

SUMMARY

A pulse polarographic method is described for determining traces of nickel in
cobalt, and its compounds, without separation. The detection limit in pyridine is as
low as I p.p.m. in metallic cobalt, and 0.25 p.p.m. in cobalt compounds, while in po-
tassium thiocyanate these limits are decreased to 0.25 and 0.06 p.p.m., respectively.
The method was applied to the analysis of synthetic and commercially available
cobalt samples and showed satisfactory sensitivity at various nickel levels.
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INTRODUCTION

The properties of chemisorbed carbonaceous species that are produced during
the anodic oxidation of organic fuels or by the interaction at open circuit may be
studied!-1! conveniently on electrodes of large real surface. After forming the species,
the net composition of which is designated by CsHpOq, the bulk concentration of
liquid or gaseous fuels is reduced to an acceptable level by appropriate washing or
stirring procedures. Then anodic or cathodic charging curves are taken. Anodic
charging curves on platinized platinum display arrests due to the oxidation of the
chemisorbed species at potentials where the coverage of the surface with OHaq and
Oagq is small in acidic electrolytes. Similar arrests are obtained during the oxidation
of COaq3:9:11 and the so-called!? reduced carbon dioxide, (COz):. The latter species
result11-17 from the interaction of COz with platinum at open circuit or at constant
potential.

The charging curves for the oxidation of equivalent amounts of CsH,Oq,
COaq, or (COs)r, at the same current and electrode, have a similar shape?-11. The oxida-
tion arrests do not appear at sufficiently different potentials to allow a distinction
between the species on this basis at room temperature. The experimental determina-
tion of the average number of electrons required for the production of one COs
molecule during the oxidation of CsHpOgq, COaq, or (COz)r yields®-1t similar values
(= 2) in acidic solutions. A value of 2 was reported! for the oxidation of (CO2), in
alkaline solutions. A differentiation between species with the same oxidation state
is not possible in this way either.

New experimental results that allow CsH;O4, COaq, and (CO2): to be classified
are described in this communication. The method is based on studies of the tem-
perature-dependence of the oxidation of the chemisorbed species on the same
platinized platinum electrode between 1° and 60° in 0.5 M H.SO..

EXPERIMENTAL

The experiments were carried out in a Pyrex vessel of conventional design
on the same platinized cylinder with a geometric surface of 50 cm2 The test electrode
was aged so that the charge, sQu, for the oxidation of a monolayer of H atoms in
the absence of organic species did not decrease during the experiments, because of
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sintering effects, by more than 59,. The average value of sQu was 70 mC/cm2. The
temperature was maintained within +1° by water from a precision Jow-temperature
bath, flowing through a jacket around the vessel. Measurements were made at 1°,
10°, 20°, 30°, 40°, 50° and 60°. The electrode potential, U, was measured and is
subsequently given versus a hydrogen electrode in the same electrolyte and at the
same temperature as the test electrode. The electrolytic solutions were prepared
from reagent-grade chemicals and doubly-distilled water. The electrolyte was stirred
with, purified helium at 0.5 cm3/sec.

An anodic chaiging curve was taken with a current, / =50 mA, at the begin-
ning of every series of runs in fresh electrolytic solution to verify the absence of
organic fuel in the electrolyte and chemisorbed species on the surface. The electrode
was brought back to 0.10 V by a cathodic current of 50 mA. Then the chemisorbed
species were formed at the same temperature, 7', at which they were oxidized sub-
sequently. The layer of CsH,O, was produced by adding methanol at 0.10V and
maintaining an anodic current of 50 mA for 2000 sec in 0.1 M CH30H +0.5 M H2SO4.

The potential-time curve has a shape similar to that of curve 2 in Fig. 6 of
ref. 6. There is an arrest between about 0.15 and 0.25 V. After the arrest, the poten-
tial increases at first rapidly, and then more slowly, towards the steady-state value.
The arrest is longer than the hydrogen branch in 0.5 M HsSOy. It results from the
removal of H atoms and the oxidation of CH3OH on a surface partially free of
CsHpOq4. In contrast, the steady-state oxidation of CH3OH occurs on a surface
largely covered with CsH,O,.

The electrode potential was adjusted to 0.05 V before replacing the electrolyte
five times by fresh sulfuric acid solution freed from molecular oxygen by extensive
stirring with purified helium. The washing procedure had proved adequate in previous
work10,11, The layer of COaq was formed by starting the stirring with carbon monoxide
(about 1 cm3/sec) at 0.1 V and letting carbon monoxide interact with the test elec-
trode for 2000 sec at open circuit. Stirring with helium for 2000 sec served to remove
the carbon monoxide from the electrolyte. The carbon monoxide was research-grade,
Matheson. Reduced carbon dioxide was produced by starting the stirring with carbon
dioxide (about 1 cm?/sec) at 0.1 V and letting carbon dioxide react with the platinum
cylinder for 2000 sec at open circuit. Helium stirring for 3000 sec was used to flush
the carbon dioxide (bone dry, Fischer Scientific) from the solution.

EXPERIMENTAL RESULTS

The potential of the electrode on which CsH,Oy4, carbon monoxide, or reduced
carbon dioxide were chemisorbed was adjusted to 0.05 V. Charging curves were
taken at 50 mA. The U~ curves for the oxidation of C;H,O, and of COaq at 1°,
20°, 40°, and 60° are compared in Fig. 1.

The curves a’, b’, ¢/, and d’, have a short hydrogen branch between 0.05 and
0.3 V and the characteristic arrest for the oxidation of CsH,O,. The electrode potential
does not increase much with time ¢ during the initial two-thirds of this arrest. The
last third of the arrest consists of a hump which becomes more pronounced with
increasing temperature. The total length of the oxidation arrest increases slightly
with temperature. The initial potential of the oxidation arrest of CsH,O, decreases
by less than 100 mV from 1° to 60°.
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The corresponding curves, a, b, ¢, d, for the oxidation of COaq consist11.18 of
two parts. A certain portion (< 259%) of the COaq, designated as type-II species, is
oxidized at less anodic potentials than the rest, called type-I species. The two parts
that are marked for curve a are separated by an overshoot of the U—f curves in
Fig. 1. The oxidation behavior at room temperature of type-I species is similar®-11
to that of C;H,O, and (COq);. Only the temperature-dependence of the oxidation
of type-I species is considered in the subsequent discussion. The initial potential of
the oxidation arrest of type-I species decreases by about 0.17 V from 1° to 60°. The
oxidation arrest of type-I species is longer at a given temperature than that of
CsH,0, and also of (COz), under the present conditions. The hump in the last portion
of the oxidation arrest becomes more pronounced with 7', as during the oxidation
of CsHpOq.
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Fig. 1. Anodic charging curves taken at 50 mA in the presence of CsHpOq (---) or COaq (—) at
different temps. (a, a’), 1°; (b, b’), 20°; (c,c’), 40°; (d, d’), 60°.

Fig. 2. Plot of the initial potential of the oxidation arrest vs. log I at different temps. (a), 1°;
(b), 20°% (), 40°; (d), 60°; (O), CsHOg; (£), COaa; (), (CO)x.

The charging curves for the oxidation of (COg)r are not shown in Fig. 1, to
avoid overcrowding. The U—¢ curves are similar in shape to the curves, a’, b’, ¢, d".
However, the location of the oxidation arrests of (COz): depends upon temperature
as with the oxidation arrests of type-I species of carbon monoxide. Thisis demonstrated
clearly by the results in Fig. 2.

Plots of the initial potential of the oxidation arrests of CsH,Oyq, type-I species
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of COaq, and (COg)r, versus log I are shown at 1°, 20°, 40°, and 60° in Fig. 2. Since
the increase of potential with time is small in the initial two-thirds of the oxidation
arrests, it was possible to determine the values of U for 50 and 100 mA during one
run. A current of 50 mA was imposed for this purpose until the desired initial value
was reached. Then the current was rapidly increased to 1oo mA. The potential was
recorded. It levelled off after a short time. The subsequent decrease of I to 50 mA
was used as a check that the measurement was still within the first third of the
arrest. A similar procedure was employed in a second run to obtain the values of U
at 50, 30, 20, 10, and 50 mA. The accuracy in the determination of U during this
procedure is about +5 mV. This appears satisfactory since the reproducibility of the
initial U-value at 50 mA in different runs is not better than 45 mV.

DISCUSSION

The experimental points for one type of species scatter around a Tafel line
at a given temperature, in Fig. 2. The slope b of the Tafel line

U=a+blogI (1)

is practically the same (75+5 mV) between 1° and 60° for C;HpO,. A similar temper-
ature-dependence was reported for b in ref. 19. The slope of the Tafel lines for COaq
and (COg) is also equal to 7545 mV between 1° and 40° while it has the larger value
of g2+5 mV at 60°. These results illustrate that slope b cannot be used as a diagnostic
criterion for a classification of the species between 1° and 40°. The origin of a b-value
of g24+5 mV at 60° for COaa and (COz), is not known.

1000

T T

T T T[T

| 1 | 1 L | 1
30 5 35
1077(°k™")

Fig. 3. Plot of log I vs. 1/T at U = 0.6, constructed on the basis of the Tafel lines in Fig. 2.
(0), CsHpOg; (4), COaq; (0), (COq)r.

The results in Figs. 1 and 2 demonstrate that the initial U-value of the
oxidation arrest of CsH,O, depends much less on temperature at a given current
than the corresponding U-value for COaq or (COz),. This is shown in a quantitative
way by the plot of log I versus 1/T at 0.6 V in Fig. 3. The plot was constructed by
interpolation or extrapolation from the experimental Tafel lines. The points obtained
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from the oxidation of COaq and (COg), scatter around a common line. A straight line
with a different slope has to be drawn through the points for the oxidation of CsH,O,.
The corresponding grouping of the experimental points is obtained at 0.5 V.

It is concluded that (COs): is identical with type-I species of COaq on platinized
platinum in sulfuric acid solution between 1° and 60°, while C;H,O, represents
another type of species.

The preceding statement confirms previous conclusions®-11. These conclusions
were of a tentative nature because the arrests for the oxidation of CsH,04, COaq,
and (COz)r at room temperature appear at potentials that are too close to allow a
differentiation between these species. It follows from the results in Fig. 3 that a
distinction of the three species is difficult on the basis of oxidation studies in the
temperature region where the log I~1/T curves intersect. This applies to temperatures
between 10° and 30° at 0.6 V, and temperatures between 5° and 20° at 0.5 V in the
present case.

The formation and oxidation of (COgz)r was studied recently!? on smooth
platinum in 12 M HsPO4 at 130°. It was suggested that (COg): is the same as the
O-type chemisorbed species reported previously as resulting during the oxidation of
CsHg 20,21 and #-C¢Hi422. At room temperature, the O-type species correspond in
their properties to CsHpO4 formed from methanol, formaldehyde, or formic acid.
They are not dehydrogenated and desorbed at potentials of the hydrogen region.
The preceding conclusion that CsHpO4 and (COz)r are not identical is valid only at
temperatures between 1° and 60° for platinized platinum in 0.5 M H.SOs. There
need not be a contradiction to the interpretation!? of similar measurements on smooth
platinum in 12 M H3POj4 at 130°.

The experimental heat of activation, AHan, of the oxidation of CsHpO,4 or
COaq and (COz)r may be determined at U=0.6 V and constant coverage, 0, from
the slope of the straight lines in Fig. 3:

AHup= —R (6 In I) (2)
0 I/T U,6

A value of 7 kcal/M was obtained for CsHpO, and of 14+1 kcal/M for
type-I species of CO4a4 and (COz)r. The AH an-value is the same for COaa and (COs);
and is much larger than for C;H,O,.

SUMMARY

The oxidation of chemisorbed carbon monoxide, reduced carbon dioxide, and
carbonaceous species produced during the anodic oxidation of methanol was studied
on platinized platinum in 0.5 M H,SO4 at currents between 10 and 100 mA and
temperatures between 1° and 60°. The initial potential of the oxidation arrests in
anodic charging curves depends upon temperature in nearly the same way for type-I
species of adsorbed carbon monoxide and for reduced carbon dioxide, but in a dif-
ferent way for the chemisorbed carbonaceous species formed from methanol. Reduced
carbon dioxide is identical with type-I species of carbon monoxide while the compo-
sition of the species originating from methanol differs from that of carbon monoxide.
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The adsorption of methanol on smooth!.2 and platinized3-5 platinum has been
studied recently by a number of investigators. BREITER AND GILMAN! were the first
to report quantitative data for the potential-dependence of coverage during cyclic
voltammetry with a triangular sweep of 30 mV/sec; they showed that maximum
adsorption corresponded approximately to a monolayer. These studies were extended
by KHAZOVA, VASIL’EV AND BAaGoTsKIr?, and HIRA LAL, PETRY AND PODLOVCHENKO3
to conditions of steady-state polarization at constant potentials.

In the study of methanol adsorption on platinum, it is fortunate that methanol
does not undergo any noticeable hydrogenation at room temperature. This led
PODLOVCHENKO AND GORGONOVA# to estimate quantitatively the products formed
when a clean platinum electrode, initially free from adsorbed hydrogen or oxygen,
comes into contact with methanol in acid solutions. They showed that methanol
adsorbs dissociatively according to the following scheme:

CH3OHaas. > B Haas. + HCO aas. (I)

These results were later confirmed by Hira Lar, PETRY AND PODLOVCHENKOS for
methanol adsorption from acid as well as alkaline solutions. It seems, therefore, that
the adsorbed species present on platinum in contact with a methanol solution is a
radical of composition, HCO. This is, however, applicable to coverages not exceeding
0.5, since coverages larger than 0.5 are not experimentally observed when a platinum
electrode, on open circuit, is brought into contact with a methanol solution®. The
nature of species adsorbed at higher coverages, normally observed under conditions
of polarization1-3.5, is still not known. Indeed, the results of BREITER AND GILMAN?
suggest that some other species is present at high coverages.

The adsorption of formic acid on platinum has been studied by BREITER? who
showed that maximum adsorption corresponded to 260 uC/true cm2 The fact that
the dehydrogenation current is relatively small at a potential of 200 mV has been
attributed by BREITERS to the adsorption of the formic acid moleculeitself. BRUMMER?
has reported that one hydrogen site is freed for every two electrons involved in the
oxidation of the adsorbed organic. These results have not been confirmed by
MEENAKSHISUNDARAM, VASIL'EV AND BacoTskirl® who showed that one hydrogen
site is freed for every electron involved in the oxidation of the adsorbed organic.
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They have suggested that the adsorbed species is the COOH radical occupying one
site.

HCOOH 445, — Haas. + COOH gas. (2)

The fact that little dehydrogenation current is observed at low potentials (where the
platinum surface is already covered with adsorbed hydrogen) has been attributed by
them to the following reaction,

Haas. + HCOOH — COOH a45. +Ho (3)

The removal of adsorbed hydrogen as molecular hydrogen, according to reaction (3),
accounts for the fact that when an initially clean electrode, free of adsorbed hydrogen
or oxygen, comes into contact with formic acid, the adsorbed hydrogen and organic
are not present in equivalent amounts as is expected from reaction (2).

Therefore formic acid seems to be adsorbed as COOH radicals, each radical
occupying cue site. This conclusion is, however, not in accord with the results of
JounsoN AND Kunx'l, and BREITER!? who determined the quantity of carbon
dioxide formed, together with the anodic charge passed, during the oxidation of the
adsorbed film. Their results suggest that the adsorbed species is CO, HCOOH or
H2C20;. In a subsequent paper, BREITER!3 has postulated H:C:0s; as the likely
composition of the adsorbed species*. A similar conclusion has been reached in
regard to films formed in methanol and formaldehyde. The results of BIEGLER AND
Kocn?s for methanol are not at variance with the above conclusion.

The reductive adsorption of carbon dioxide on platinum from acid solutions
has been studied by GINER16 who has suggested that the “reduced” carbon dioxide
is adsorbed CO or COOH radical. He has further suggested1? that the adsorbed species
formed during the oxidation of methanol and formic acid on platinum is the same as
“reduced”” carbon dioxide.

The present communication throws some further light on these problems.

EXPERIMENTAL

The platinum electrode (2.0 cm x 0.5 cm) was platinized from 19, HzPtCls
solution at a current density of 2 mA/cm?, and allowed to age for several weeks before
use. The roughness was evaluated from the hydrogen region of the charging curve,
assuming that 0.21 mC/true cm? are required for the ionization of a monolayer of
hydrogen adsorbed on platinum?8. The roughness factor ranged from goo to 1300.

The experimental technique was essentially the same as described earlier3.5.
All studies were made at 25 + 2°. All potentials (¢r) refer to the reversible hydrogen
electrode in the same solution at pu, =1 atm.

The adsorbed films were formed as follows. In experiments with methanol and
formic acid, the electrode was anodically polarized (usually at 0.5 mAj/cm2) in
1 N H2504 containing the organic (0.5 M) until it attained a steady potential in the
Tafel region. The polarization was then stopped and the potential allowed to fall to
its steady-state value on open circuit. The cell was then washed with Os-free acid
solution. Eight washings were usually sufficient to remove all organic except that
adsorbed on the electrode.

* The possibility that the species adsorbed on platinum in formic acid solutions may have a net
composition, H2C2O3, was also suggested by PODLOVCHENKO ef al.14.
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In the case of experiments with carbon dioxide, the electrode was first
brought to the desired potential in the acid solution, and carbon dioxide introduced.
The potential was kept constant by cathodic polarization, until the current required
became negligibly small (1—2 h). The dissolved carbon dioxide was then removed by
bubbling Os-free nitrogen.

The various parameters required in this study were evaluated from the charging
curves taken at an apparent current density of 0.1 mA/cm2. Typical charging curves
are shown in Fig. 1. Qsu, the charge density required to ionize a monolayer of adsorbed
hydrogen, and Qwm, the charge density passed for the complete oxidation of the
adsorbed organic, were estimated from the charging curves without and with the
presence of adsorbed organic on the electrode, respectively. The charge density,

800,

600

@ (mV)

400

200

t(min)

Fig. 1. Charging curves at 1-10-¢ A/cm? (apparent) for the oxidation of films formed from 1 N
H2S04 solns. containing: (A), o.5 M CH30H; (B), 0.5 M HCOOH; (C), COz2-A’, B/, C’ are the
corresponding charging curves in 1 N H2SOj.

Qw’, required to adsorb hydrogen on the bare sites during the course of the oxidation
of the adsorbed organic was estimated as follows. After a certain charge, Qa, had been
passed for the oxidation of the adsorbed organic, the current was reversed and a
cathodic charging curve was taken. From the hydrogen region of this cathodic
charging curve, Qu’ could be readily evaluated. The technique is similar to that used
by BRUMMER? for evaluating the dependence of Qu’ on Q. during the oxidation of
adsorbed formic acid films. In view of the relatively slow charging technique used by
us, a certain time will elapse, during cathodic charging, before the electrode potential
falls to a value of 400 mV, below which the adsorbed organic does not oxidise. This
may tend to make the ratio Q./Qn’ somewhat smaller than it should be. Itis estimated,
however, that this uncertainty should not exceed 59%,.

Methanol, formic acid, HoSO4 and HCl were analytical-grade reagents, and
were used after double distillation. All solutions were made in doubly-distilled water.
Cylinder nitrogen and electrolytically prepared hydrogen were purified by the usual
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techniques. Carbon dioxide was prepared in a Kipps apparatus and freed of possible
traces of HsS and oxygen by passage through pumice impregnated with copper
sulfate, and freshly prepared vanadous sulfate in sulfuric acid, respectively. The
carbon dioxide thus prepared caused no significant change in the residual current
required to maintain the electrode potential at ¢ =500 mV, and was thus considered
sufficiently pure for our purpose.

RESULTS AND DISCUSSION

The dependence of coefficient K (Qx/Qsu) on the potential at which reduced
carbon dioxide was formed is illustrated in Fig. 2. In HsSOy solutions (Fig. 2A) the
coverage is essentially zero at 0.4 V, and above. As the potential of film formation is
reduced below 0.4 V, the coverage increases rapidly and becomes reasonably constant
at potentials below 0.25 V. A similar general trend is observed in HCl solutions
(Fig. 2B). The coverage is virtually zero at potentials above 0.25 V, and the maximum

1.0,
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Fig. 2. The dependence of coefficient K on the potential of formation of “reduced” CO, in:
(A), 0.1 N H2SOy4; (B), 0.1 N HCI.

value in the lower potential region is somewhat smaller than in HsSO4 solutions. It
may therefore be concluded that the reduction of carbon dioxide by adsorbed
hydrogen is only slightly inhibited by chloride ions. The fact that the reduction of
carbon dioxide occurs at lower potentials in HCI than in H>SO4 solutions is consistent
with the fact that the region for the adsorption of hydrogen on platinum extends to
approximately 0.25 V in the former, and 0.4 V in the latter solution!?,

The charging curves for the three films studied are shown in Fig. 1. It can be
seen that the charging curves with and without the presence of the adsorbed organic,
coincide at potentials above 0.65 V, indicating that the oxidation of the adsorbed
organic is complete at these potentials. The plateau at ¢rx0.5 V, corresponding to
the oxidation of the adsorbed organic, occurs at almost the same potential for the
three films studied. Furthermore, the coverage is also approximately the same; the
slightly smaller coverage observed in case of “reduced” carbon dioxide is probably
due to the relatively low concentration of dissolved carbon dioxide in the solution.

Figure 1 suggests that the adsorbed films formed from methanol, formic acid
and carbon dioxide solutions are similar to each other. The dependence of Qu’ on Qa
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further supports this view. Plots of 0u'*(Qr'/Qsn) vs. Qa are shown in Fig. 3 for the
three films studied. The plots are linear and suggest that the films are homogeneous
over the entire range of coverage with the organic. This result is in disagreement with
the results of BREITER AND GILMAN!, and BREITER? for methanol and formic acid
films, respectively, and supports the general conclusion reached by BRUMMER? in his
studies on formic acid films, at least in so far as the homogeneity of the film is
concerned.

The various parameters derived from Fig. 3 are tabulated below. The various
charge densities referred to in this table correspond to ““true’” cm?2 of the platinum
surface.

1.0

0.8]

1
100 150 200
Qq (MC/true cm2)

Fig. 3. Ou’ vs. Qa plots for adsorbed films in H»SO4. (0), CHsOH; (), HCOOH; (@), COa.

TABLE

COULOMETRIC DATA ON THE OXIDATION OF FILMS FORMED IN METHANOL, FORMIC
ACID AND COz SOLUTIONS

dQaldQu’ (61") z-0 (Qa)o’ g=1=0m Qsm

(uCftrue cm?) (uCltrue cm?)
CH30H I.12 0.18 192 234
HCOOH 1.08 0.21 179 227
COg I.12 0.28 169 235

dQ./dQw’ is close to unity for all the films studied. Thisresult for methanolis con-
sistent with the earlier data according to which the dissociative adsorption of methanol
proceeds, in accordance with reaction (1), to the formation of adsorbed HCO radical
occupying approximately three platinum atoms. This, together with the linear
increase of Qu’ with Q., suggests that the same species is adsorbed at the electrode
even at high coverages extending to K = 0.9.

Our results on formic acid do not support BRUMMER’S observation that

* It is obvious that O’ represents the fraction of the surface unoccupied by the adsorbed organic
during the course of its oxidation.
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dQ./dQ=’ equals two, but are in general accord with the data of MEENAKSHISUNDARAM,
VasiL’Ev AND Bacorskirt?. Their value of Qu = 175 uC/true cm? agrees with ours.
The data presented in the Table show that the “reduced’’ carbon dioxide is similar to
methanol and formic acid films. The relatively smaller value of Qx (169 uC/cm?2)
corresponds to a surface which was free of the adsorbed organic to the extent of 289%,.
It is evident that a comparison of Qu for films formed with various adsorbates, or
under different conditions with the same adsorbate, should be based on a constant
initial degree of bareness. We define a limiting charge density, Qsw, such that

Qsu=0u/{1— (GH’)Qa=0}

It is evident that Qsy refers to a surface completely covered with the adsorbed
organic such that (6u’),-0=0. The values of Qsu are given in the last column of the
Table. They are significantly close to each other for the three films studied.

The above results suggest that the species adsorbed on platinum in methanol,
formic acid and carbon dioxide solutions is the same. It will be shown in a separate
communication that the kinetics of oxidation of these films are also closely similar.

We shall therefore assume that the same species are adsorbed on platinum in
contact with methanol, formic acid and CO; solutions. A number of possibilities
are consistent with the experimentally observed dQ./dQu’. We shall, however,
consider only five such possibilities, viz., CO (2 sites), HCOOH (z sites), COOH (1 site),
HCO (3 sites) and H2CsOs (4 sites). The probability of the existence of such adsorbed
intermediates during the oxidation of methanol, formaldehyde, formic acid, and
during the reductive adsorption of carbon dioxide, has been variously postulated by
earlier workers#4,6,8-15,

If the destructive adsorption of methanol were to yield CO, HCOOH, COOH
or HaC203 as the adsorbed intermediate, the ratio AQu/Qu should be 2,2,5 and 2,
respectively. Here, AQu and Qu are the charge densities required to oxidise the
adsorbed hydrogen and the adsorbed intermediate formed when a clean electrode,
initially free of adsorbed hydrogen and oxygen (i.¢., the initial open-circuit potential
of the electrode is in the double-layer region) is brought in contact with methanol.
The experimental value of AQu/Qu for the dissociative adsorption of methanol is
close to unity®. This result is consistent only with HCO as the adsorbed intermediate
(reaction 1).

The formation of HCO as the adsorbed intermediate during the oxidation of
formaldehyde or the reductive adsorption of carbon dioxide does not, at least in
principle, present any difficulty. The question of the formation of HCO during the
adsorption or oxidation of formic acid remains to be discussed. In this connection,
it is pertinent to examine the mechanism proposed by MEENAKSHISUNDARAM,
VASIL’EV AND BAGoTsKII!O (reactions 2 and 3), and see whether it can explain all the
data for the adsorption of formic acid on platinum.

The open-circuit potential decay curves for platinized platinum in o.5 M
formic acid are shown in Fig. 4 for various values of the initial potential, . In all
cases, the steady-state potential finally attained by the electrode has a value of
50-65 mV. Independent of ¢, the adsorbed films formed on open circuit were
almost identical with those formed under conditions of steady-state polarisation. In
the case of low ¢ (Fig. 4 C, and D), where the surface is initially covered with
substantial amounts of hydrogen, the potential falls to a minimum and then rises
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slowly to its steady-state value on open circuit. This minimum occurs at potentials
of 15 mV (Fig. 4C) and 10 mV (Fig. 4D). The minimum and the subsequent rise of
potential are very susceptible to stirring. These facts can be accounted for by the
Rideal reaction (3) followed by the diffusion of molecular hydrogen away from the
electrode surface.

200

P.(mv)

100

¢}

+(min)

Fig. 4. Open-circuit shift of potential with time, of platinized platinum electrode in 1 N H»SO4
solns. containing 0.5 M HCOOH at ¢ri-values; (0), 500; (@), 200; (+), 100; (X), 60 mV.
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Fig. 5. AQu/Qwm vs. K plots for films formed, on open circuit, in 1 N HsSOj4 containing formic acid
(5:1073 M — 0.5 M) at @ri = 450 mV.

With @ri = 500 mV where the electrode surface is initially free of adsorbed
hydrogen or oxygen, the potential decays to its steady-state-value on open circuit
(Fig. 4A). AQu and Qu were evaluated from the charging curve after the cell had been
washed free of dissolved formic acid. AQu/Qu had a value of 0.2 and tended to increase
with decrease in concentration of formic acid during adsorption on open circuit.
AQu/Qm-values thus obtained are plotted in Fig. 5 as a function of K. An extra-
polation to K = o gives a value of AQu/Qu=0.8. This result suggests that the

J. Electroanal. Chem., 19 (1968) 137-145



144 V. N. KAMATH, HIRA LAL

dehydrogenation of formic acid according to reaction (2) is probable only at extremely
low concentrations of formic acid.

The low values of AQu/Qu at moderately high concentrations of formic acid
has been attributed by MEENAKSHISUNDARAM, VASIL’EV AND BAGOTSKII!O to the
fact that the adsorbed hydrogen, formed as a result of reaction (2), is removed from
the electrode surface by the Rideal reaction (3). This explanation for the low values
of AQu/Qwu observed is not plausible. The amount of hydrogen thrown out as molecular
hydrogen can be readily evaluated. Thus, for example, the potential decays from an
initial value of 500 mV to a final steady-state value of 62 mV in 0.5 M formic acid
(Fig. 4A). The electrode had an apparent area of 2 cm? and roughness factor of 1300.
The volume of electrolyte was 20 ml. The solubility of hydrogen in 1 N H2S04 at
25° is 1.62-1073 ml (S.T.P.)/ml of solution20. From these data, assuming reversible
equilibrium between adsorbed and dissolved hydrogen, the amount of hydrogen
thrown into solution as the potential is brought from 500 mV to 62 mV was evaluated ;
it corresponded to 4%, of a monolayer of hydrogen. This is obviously too small to
account for the low values of AQu/Qwn observed in moderately concentrated solutions.

The experimental data may be explained as follows: In very dilute solutions,
the dissociative adsorption of formic acid proceeds according to reaction (2), leading
to the formation of adsorbed COOH radical. These radicals are stable only under
conditions where the surface is sparsely populated by theni. At high coverages,
radicals adsorbed on adjacent sites interact and thus decompose into carbon dioxide
and hydrogen. This means that, in moderately concentrated solutions, formic acid
undergoes dehydrogenation leading to the formation of carbou dioxide?!.

HCOOH aas. - 2 Haas. +CO2 (4)

The low values of AQu/Qm during adsorption of formic acid on bare platinum in
moderately concentrated solutions are consistent with hydrogenation of formic acid
physically adsorbed or weakly chemisorbed on the electrode.

HCOOH aas. + Haas. = HCOaqs. + H20 (5)

If the above mechanism is correct, noticeable amounts of carbon dioxide
should be thrown out into the solution during the open-circuit adsorption of formic
acid on bare platinum from moderately concentrated solutions. Considerable carbon
dioxide evolution has indeed been reported by BREITER!3 under these conditions.

On the basis of the mechanism suggested above, the adsorption of formic acid
on a hydrogen-covered platinum surface may be expected to proceed according to
reaction (5). On a surface partly covered with hydrogen, reaction (4) may also occur
to an extent dependent on the initial coverage with hydrogen. Under these conditions,
a minimum in the potential decay curves may be expected (Fig. 4, C and D). Since,
the minimum in Fig. 4, C and D occurs at potentials close to zero, a part of the
adsorbed hydrogen may also be thrown out into solution as molecular hydrogen.

Therefore, it may be concluded that the adsorbed species formed on platinized
platinum in methanol, formic acid and carbon dioxide solutions is essentially a
radical having the composition, HCO. However, this conclusion is not entirely
consistent with the quantitative data on carbon dioxide evolved during the oxidation
of films formed in methanol and formic acid solutions. The values of Qu/Qco, obtained
by BREITER!2:18 for methanol (1.7-2.6) and formic acid (2.0-2.2) films are significantly
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smaller than the value of 3 expected if the adsorbed species were HCO. More rigor-
ously controlled experiments in this direction should be of great interest. The possi-
bility that COOH radicals are also present to a certain extent cannot, however, be
ruled out.

SUMMARY

The oxidation of films formed on platinized platinum in methanol, formic
acid and carbon dioxide solutions has been studied. It is shown that approximately one
site is bared for every electron involved in the oxidation of these films. It is concluded
that the same species is adsorbed in all the cases studied and that it has the com-
position HCO. It is probable that COOH radicals are also present to a certain extent.
A mechanism for the formation of HCO during the adsorption of formic acid on
platinum has been proposed.
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FURTHER EXAMPLES OF para- AND ortho-DISUBSTITUTED BENZENE
DERIVATIVES REDUCED IN A REVERSIBLE TWO-ELECTRON STEP
INTO PRODUCTS OF LIMITED STABILITY

P. ZUMAN*, O. MANOUSEK anp S. K. VIG**
J. Heyrovsky Institute of Polavography, Czechoslovak Academy of Sciences, Prague (Czechoslovakia)
(Received February 24th, 1968)

In the course of the study of benzene derivatives bearing two electronegative
groups on the ring, it was possible to demonstrate! that the behaviour of p-diacetyl-
benzene is different from that of most of the other substances studied. The change
in the wave-height of the more negative wave in the region where reduction of the
CsHsCOCHe—grouping takes place, and the change of the anodic wave of the elec-
trolysis product obtained by rectangular voltage polarization, indicated formation of
an intermediate of biradical charactert with limited stability. In principle, three
schemes were considered, involving hydration, protonation of the parent compound,
and acid-base catalysed cleavage of the biradical intermediate. A chronopotentio-
metric investigation? confirmed that Scheme I gives the best explanation for all
the experimental results. pH-Dependence of experimentally found rate constants,
ka, kv, obtained by chronopotentiometry, is analogous to the dependence of the
height of the second reduction step of p-diacetylbenzene and of the anodic wave of
the primary electrolysis product obtained with the commutator. The reaction
limiting the height of the second reduction step and of the anodic wave of the product,
is hence the acid—base catalysed cleavage of the biradical. The specific rate constants
of this reaction obey a Brgnsted relation2.

For a more detailed understanding of the mechanism of the chemical reaction
responsible for the transformation of the primary electrode product, it was of im-
portance to determine the limits of applicability of the suggested scheme. It was
necessary to show how large changes may be realised in the structure of the molecule
without changing the course of the electrode process. Furthermore, it was of interest
to compare, at least qualitatively, how changes in structure of the parent compound
(within the scope of “permitted” changes) affect the stability and reactivity of the
primary product.

The result of some investigations along these lines with compounds bearing
a carbonyl, nitro- or cyano-group in para- or ortho-positions are discussed in this
paper. The main technique used for the characterization of the stability of the biradical
intermediate in this investigation was a rectangular voltage polarization in the
commutator method by KALOUSEKS3.

* Present address: Department of Chemistry, University of Birmingham, Great Britain.
** Present address: St. Stephen’s College, Delhi, India.
T In the text, the term biradical is used for the primary product of the two-electron reduction,
even though we have no proof for its existence in the biradical or quinoid structure shown in
Scheme I.
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EXPERIMENTAL

A pen-recording polarograph LP 60 (Laboratorni piistroje, Praha) was used
in most experiments. Polarographic electrolysis was carried out using a Kalousek
vessel with a saturated calomel electrode as reference electrode and a dropping
mercury electrode with constants, m =2.1 mg/sec, 1=2.8 sec at £=66 cm in 1 M
KCl at 0.0 V. o-Phthaldialdehyde, terephthaldialdehyde, o-phthaldinitrile and p-
dinitrobenzene were commercial products; terephthalophenone, 4,4'-diacetyldiphenyl-
methane, terephthaldinitrile and isophthaldinitrile were kindly donated by Dr.
O. EXNER.

0.01 M Ethanolic stock solutions were prepared from the electroactive
substance. Freshly prepared stock solutions were added to the supporting electrolyte
to ensure a 2-10-%4 M solution. The final solution usually contained about 59
ethanol; only with terephthalophenone was it necessary to use solutions containing
50%, ethanol.

The rectangular voltage polarization was followed using a commutator con-
structed according to the principle suggested by KALoUSEK?:4. In the scheme used,
the auxiliary potential was always kept constant at the potential corresponding to

J. Electroanal. Chem., 19 (1968) 147-155



REDUCTION OF j),O—SUBSTITUTED BENZENE DERIVATIVES I49

the limiting current, usually of the first wave. Capacity current was recorded in the
given supporting electrolyte and subtracted from the current—voltage curve recorded
in the presence of the electroactive component.

Cyclic voltametric +—E curves were recorded using a hanging mercury drop
electrode in conjunction with the polarograph OH 102 (Radelkis) using a scan rate
of 50 mV/sec.

RESULTS
Carbonyl compounds

Terephthalophenone (I), 4,4'-diacetyldiphenylmethane (II), terephthalalde-
hyde (III) and o-phthalaldehyde (IV) were investigated:

co CHO
Q CH3CO §OcHs
CHO
CHy @
CHyCO GHO
“e CHO COCH,
(ouva] ()

(I) ) ()

The polarographic behaviour of terephthalophenone (I) is analogous to that
of p-diacetylbenzene (V)1. In acidic media, the first two-electron wave corresponds to
a reversible process; this was shown with the commutator by the formation of an
anodic wave on the curve obtained (Fig. 1) at the same potential as that of the
original cathodic wave. In comparison with p-diacetylbenzene, the decrease of height
of the anodic wave with increase in pH is shifted with (I) towards higher pH-values.
With increasing acidity, no decrease in the height of the anodic wave obtained with

244109A.

f
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Fig. 1. Polarographic curves of terephthalophenone using Kalousek commutator method. 2- 104
M depolarizer, 509, ethanol. (A), original i—E curve; (B), curve obtained with commutator;
(C), curve obtained with commutator for the supporting electrolyte: (1), 2.5 M; (2), 0.5 M;
(3), 0.05 M H2SOy4; (4), acetate buffer pH 4.9; (5), phosphate buffer pH 6.9. Mercurous sulphate
reference electrode; arrows on original +—E curves indicate value of the auxiliary potential;
frequency of commutation 6 cycles/sec.
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the commutator was observed and the wave shows practically the same wave-height
in 0.1 N and 5 N H2SO4 (Fig. 1). Both the increase in size of the pH-region in which
the anodic wave is observed, and the extension of the range in which the height of
the wave reaches its limiting value, indicates greater stability of the biradical formed
from terephthalophenone (I) than that from p-diacetylbenzene. This was also
confirmed by polarization with triangular sweeps. Whereas for p-diacetylbenzene
(V) it was possible to obtain anodic peaks only when using oscilloscopic techniques
and scanning rates of the order 1 V/sec, for terephthalophenone (I) it was possible
to obtain a reversible anodic peak with a hanging mercury drop electrode with a
scanning rate of 0.05 V/sec (Fig. 2).

04 06 ‘08 10 12 14

Fig. 2. Current-voltage curve of terephthalophenone using hanging mercury drop electrode.
2-10-4 M depolarizer, 0.25 M H2SO4, 50%, ethanol, triangular voltage sweep, 50 mV/sec, hanging
mercury drop ‘‘Metrohm”, polarograph OH 102.

As expected, 4,4'-diacetyldiphenylmethane (II) does not give a reduction
product of limited stability in acidic media, which would give an anodic wave using
the commutator method.

Terephthaldialdehyde (III) at pH < 3 behaves similarly to p-diacetylbenzene.
A two-electron reversible cathodic wave was followed by a more negative wave, the
height of which approached that of a one-electron process. Simultaneously, an anodic
wave was observed on the curve obtained with the commutator, the height of which
changed with pH in a bell-shaped curve (Fig. 3). The discontinuity at that part of
the curve corresponding to a change from solutions of a strong acid to buffered
solutions, indicates that the reaction causing the cleavage of the biradical is generally
acid-base catalysed. The range in which the biradical of (III) gives an anodic wave,
is more narrow than that observed for (V) and does not show a pH-independent
section. This indicates that the biradical formed in the reduction of terephthalaldehyde
(ITI) has a shorter life-time than that formed from p-diacetylbenzene (V).
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The waves of o-phthalaldehyde (IV) are strongly affected by hydration and
do not show any measurable anodic wave with the commutator.

Nitro compounds

p-Dinitrobenzene is known? to give a reversible wave in water-containing
dimethylformamide media. We were able to show that in aqueous acidic media a
product of limited stability is also formed, which gives an anodic wave when the
commutator is used. The anodic wave is small and observed over a narrow pH-range,
but the shape of the pH-dependence shows the general pattern, and the abrupt
change accompanying transition from strong acid solution to buffer solutions in-
dicates acid-base catalysis of the cleavage reaction. The product formed in this
process is hence considerably less stable than that obtained with terephthalaldehyde
(I1I).
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Fig. 3. pH-Dependence of heights of anodic waves obtained with Kalousek commutator method
for terephthalaldehyde and p-dinitrobenzene. 2-10-4 M depolarizer, 5% ethanol, auxiliary
potential at limiting current of original reduction wave. (Circles), terephthaldialdehyde; (squares),
p-dinitrobenzene; (white points), sulphuric acid solns.; (black points), Britton—Robinson buffers.

Dinatriles

o-Phthaldinitrile (VI), isophthaldinitrile (VII) and terephthaldinitrile (VIII)
were shown to behave differently from p-diacetylbenzene (V). At lower pH-values,
no anodic wave is observed for these substances using the commutator method.

CN CN
OiCN ©\
CN CN
CN
(sva9] (M) (1)

At high pH-values, for compounds (VI) and (VIII) the formation of the anodic
cyanide wave was observed, and is discussed elsewhere®. At pH >3, in addition to
this cyanide wave, a small anodic wave was observed on the curves obtained with
the commutator for o- (VI) and terephthaldinitrile (VIII). The height of this anodic
wave, indicating a reversible process, was higher for the ortho-derivative (VI) than
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for the para-derivative (VIII). No such effect was observed for isophthaldinitrile
(VII) (Fig. 4).

The height of the anodic waves obtained with the commutator for dinitriles
(VI) and (VIII) increases with increasing pH (Fig. 5) and reaches its limiting value
at about pH 8. At higher pH-values, up to pH 12, the height of this wave remains
unchanged, provided hydrolysis does not take place.

12V

e

Fig. 4. Comparison of anodic waves of benzodinitriles obtained with Kalousek commutator
method. Britton—-Robinson buffer pH 9.9. (A) and (C), original i~E curves; (B) and (D), curves
obtained with commutator; (A) and (B), 5-10-4 M depolarizer; (C) and (D), supporting elec-
trolyte. (1), o-phthaldinitrile; (2), terephthaldinitrile; (3), isophthaldinitrile. Mercurous sulphate
electrode; arrows on original i-E curves indicate value of auxiliary potential; frequency of
commutation 6 cycles/sec.

The potential of the anodic wave on the curve obtained with the commutator
is identical with the half-wave potential of the original reduction wave. Therefore,
only one anodic—cathodic wave is observed on the curve obtained with rectangular
voltage polarization (Fig. 5). The ratio of the height of the anodic wave obtained
with the commutator and the original cathodic wave shows no dependence on dinitrile
concentration below 1-10-3 M.

The height of the anodic wave corresponding to an oxidation of the product
of electrolysis formed at the potential chosen on the auxiliary potentiometer, in-
creased with increasing negative auxiliary potential. The height reaches a limiting
value when the auxiliary potential reaches the value corresponding to the limiting
current of the original d.c. curve. The ratio of the height of the anodic wave obtained
with the commutator, (7a)com, and the original cathodic wave, (Za)orig, increases with
decreasing temperature. This indicates that the oxidizable species is more stable at
lower temperatures.

T (°C) 6° 10° 15° 20° 25°
M 0.28 0.275 0.24 0.23 0.21
(1d)orig
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The ratio of the two wave-heights also increases with increasing ethanol
concentration:

[C2H 50H] (%) 5 10 15 20

(2a) com (HA) 0.55 0.82 1.00 0.98
(Pa)orig (uA) 3-37 3.12 2.92 2.42
(Za) com/(2a) orig 0.16 0.26 0.34 0.40

With increasing ethanol concentration, not only does the ratio of wave-heights
increase (indicating that the intermediate is more stable at higher ethanol concen-
trations), but the absolute value of the height of the original cathodic wave, (iq)orig,
decreases, whereas that of the anodic wave increases.

Controlled-potential electrolysis at the potential of the limiting current of
nitriles (VI)—-(VIII) gave only cyanide ions. No reversible anodic wave was observed
after prolonged electrolysis.

2iov 2lOV ,

jeov

Vi,

Fig. 5. pH-Dependence of anodic waves obtained with Kalousek commutator method for o-
phthaldinitrile. 5-10-4 M depolarizer, Britton-Robinson buffers, pH: (1), 12.7; (2), 11.2; (3),
10.0; (4), 8.9; (5), 7.9; (6), 7-1. (A) and (C), original i—E curves; (B) and (D), curves obtained with
commutator; (A) and (B), solns. o-phthaldinitrile; (C) and (D), supporting electrolyte. (1)—(4),
starting at —1.5 V; (5) and (6), at —1.4 V; mercurous sulphate electrode, arrows on original
1—E curves indicate value of auxiliary potential; frequency of commutation 6 cycles/sec; regulated
drop-time, #i = 2.2 sec; m = 2.8 mg/sec.
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DISCUSSION

The type of behaviour corresponding to Scheme I, in which the biprotonated
form is reversibly reduced in a two-electron step to a biradical, has so far been found
only for p-dicarbonyl compounds, (I), (III) and (V). Neither is the scheme followed
when one or both of the carbonyl groups are transformed into ketimino groups in
semicarbazones, nor for systems in which one or both of the carbonyl groups are
exchanged for cyano groups. Both carbonyl groups need to be ketonic or aldehydic
groups, since it was found! that the reduction according to Scheme I does not take
place when one or both of the carbonyl groups are a part of a carboxyl grouping*.

The stabilization of the biradical is attributed to the contribution of the canon-
ical form with quinoid structure. This is supported by the fact that in 4,4'-diacetyl-
diphenylmethane, where the conjugation interaction of the two acetyl groups in the
aromatic system is blocked and where a formation of a two-electron reduction product
with a quinoid structure is impossible, the formation of the product giving a reversible
anodic wave was not observed. The life-time and the pH-range in which the biradical
is stable increases in compounds of the type, RCO-Cs¢Hs~COR in the sequence,
R=H< CHs< Ce¢Hs. This is in accordance with the expected polar and conjugation
effects of these groups. For aldehydes, hydration can be a complicating factor.

Reduction of o-phthaldinitrile (VI) and terephthaldinitrile (VIII) differ from
that of isophthaldinitrile (VII). This is in accordance with the observation? of the
reduction of these compounds in aprotic media, where compounds (VI) and (VIII)
give stable radical anions and two one-electron reduction steps, whereas (VII) gives
only one one-electron step and a low yield of a radical anion, which is attributed to
its cleavage in side reactions.

As the half-wave potentials of dinitriles (VI) and (VIII) are pH-independent,
it can be deduced that no proton transfer occurs, prior to the first electron uptake.
It can thus be assumed that a radical anion is formed in the first electron uptake and
that this is oxidised in the anodic wave. Even when the formation of the radical
dianion cannot be excluded, the sufficient stability of the observed species to give
the anodic wave with the commutator suggests that the dianion formation is less
probable in view of the findings on reactivity of dianions reported by REINMUTH?.
The reaction causing the cleavage of the oxidizable species is independent of pH and
dinitrile concentration, but its rate decreases with decreasing temperature and in-
creasing ethanol content. It seems that the radical anion, which is reported for
compound (VI) to be stable in dimethylformamide media for several hours, has a
life-time of the order of seconds in aqueous media. The stability of this radical
anion is greater for compound (VI) than for the para-derivative (VIII), but undergoes
consecutive chemical and electrochemical reactions to produce benzonitrile and
cyanide ions. The process seems to be analogous to that observed? at very negative
potentials (—2.8 V) in dimethylformamide solutions. Whereas in aqueous solutions
benzonitrile is the final product (at —1.8 V), in dimethylformamide benzonitrile is
further reduced.

The products of reductions of o- and p-dinitriles in aqueous media, therefore

* Experimental evidence for the p-dinitro compound is insufficient to enable us to draw any
conclusions as to the course of the electrode process concerned.
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show limited stability, but the process is different from that observed! for para-
dicarbonyl compounds.

SUMMARY

Only those benzene derivatives (bearing two electronegative groups) with two
carbonyl groups in the para-position were found to be reduced in acid media in one
two-electron reversible step to form a biradical or a quinoid product of limited
stability. The life-time of the primary product of RCOC¢H4COR increased in the
sequence: R=H< CHs< C¢Hs. Exchange of one of the carbonyl groups for an
oxime- or carboxy-group prevents this type of process. p-Dinitrobenzene was shown
by rectangular voltage polarization to give a rather unstable reduction product in
acid media. Ortho- and para-benzenedinitriles give radical anions of limited stability
in aqueous alkaline media.
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POLAROGRAPHY IN THE STUDY OF CLASSICAL ORGANIC FUNCTIONAL
GROUP REACTIONS

II. POLAROGRAPHIC BEHAVIOUR OF 4-CYANOCINNAMIC ACID AND ITS
ETHYL ESTER

M. J. D. BRAND anp B. FLEET
Chemistry Deparvtment, Imperial College of Science and Technology, London (England)
(Received March 18th, 1968)

In a recent study?! of the polarographic behaviour of a series of substituted
cinnamic acids, it was shown that the half-wave potential of the reduction of the
C =C bond obeyed the modified Hammett equation?

AE;=gp’

Among the compounds studied, the only one to deviate from this equation was 4-
cyanocinnamic acid. The anomalous behaviour of 4-cyano derivatives in linear free-
energy relationships has previously been observed2. MANOUSEK AND ZUMAN3 have
studied the polarographic reduction of the 4-cyano substituent in benzaldehyde,
acetophenone, benzoic acid and benzonitrile. In acid solution, the cyano-group in
substituted carbonyl compounds was reduced in the protonated complex to a primary
amine in a single 4-electron wave,

O=C—R

0=Cc—rR
H® + de+ 3® - ©

C=N CHy—NH;

followed by a wave for reduction of the carbonyl group. At pH-values above 7, a 2-
electron fission of the cyano-group was observed for compounds of the type, XCeH4CN
where X =p-COO- and p-CN. Thus, in the case of terephthalic acid dinitrile in 0.02
M NaOH, the reaction is as follows:

C=N
L2 2e + HY - @ + CNe

The liberation of cyanide ions is confirmed by the appearance of an anodic

C=N

C=N

wave.
The behaviour of 4-cyanocinnamic acid was so markedly different from that
of the other derivatives that a more detailed study was undertaken.
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EXPERIMENTAL

Reagents

4-Cyanocinnamic acid and 3,4-dichlorocinnamic acid were synthesised from
the corresponding aldehydes by a modified Doebner reaction4.

Ethyl 4-cyanocinnamate was synthesised from the parent acid. Treatment of
the acid with thionyl chloride yielded the acid chloride which was then reacted with
ethanol. The ester was distilled under reduced pressure and recrystallised from small
volumes of ethanol. This compound does not appear to have been reported before;
it was obtained as a white crystalline solid, m.p. 67.5°-68.5°, and its composition was
established by elemental analysis (calc.: C, 71.62; H, 5.51; N, 6.96%,. Found: C,
71.47; H, 5.76; N, 6.67%,). The structure of the compound was confirmed by i.r.
and N.M.R. spectroscopy.

5+1073 M stock solutions of each compound were prepared in absolute ethanol.
Buffer solutions were prepared from AnalaR reagents using glass-distilled water.
Solutions for polarography were prepared in 509, ethanol by mixing measured volumes
of ethanol, stock solution of depolariser, water and aqueous buffer solution.

Apparatus

Apparatus for d.c. polarography, half-wave potential measurements and micro-
coulometry has been described previously!. The DME capillary constants measured
at the potential of the SCE in 0.1 M potassium chloride solution were t=4.7 sec,
m=1I.45 mg sec!, at A=60 cm.

A.c. polarograms were obtained with a General Purpose Polarograph and
Univector (Cambridge Limited, London). A Kalousek cell was used in which a
platinum wire counter electrode was placed near to the DME. The counter electrode
was connected to the SCE reference electrode through a 5000 uF capacitor.

Oscillopolarograms were measured with a Polaroscope P 576 (Krizik, Prague)
at a hanging mercury drop electrode (HMDE).

Cyclic voltammograms were also measured at a HMDE using the d.c. polaro-
graph for slow sweep rates and an instrument specially designed for fast sweep rates3.

Absorbance measurements in the u.v. were made with a DB spectrophoto-
meter (Beckmann Instruments Limited, Fife) using 1-cm quartz cells.

RESULTS AND DISCUSSION

In contrast to cinnamic acids containing electroinactive substituents, where a
single pH-dependent polarographic wave was observed over the pH range 4-8, the
behaviour of 4-cyanocinnamic acid was more complex. The appearance of a wave at
low pH-values was the first significant deviation from the behaviour of simple sub-
stituted cinnamic acids. The height of this wave decreased with increasing pH-values
until at pH 5.5 it had reached approximately half its limiting value (Fig. 1). A slight
increase in wave height was observed between pH 6 and 7 and at higher pH-values the
single wave split into two waves. The wave at more positive potentials decreased in
height with increasing pH, while the total height of the two waves remained constant
(Fig. 2). The complete polarographic dissociation curve (Fig. 3) showed the presence
of three separate electrode processes; that in acid solution (I), and two processes
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above pH 7, (I, the more positive wave) and (III). The increase in wave height be-
tween pH 6 and 7 was attributed to a mixed electrode process consisting of reactions
I and II. The onset of this mixed process was further characterised by a slight in-
crease followed by a sudden decrease in the slope of the polarographic wave between

4/, 100mV
—_

///j~

Figs. 1-2. pH-dependence of waves of 5-10-4 M 4-cyanocinnamic acid in 509% ethanol. Fig. 1
pH: (1), 1.68; (2), 3.52; (3), 4.77; (4) 5.81. Starting potentials: (1), —o0.9; (2), —1.0; (3), —I.I;
(4), —1.2 Vus. SCE. Sensitivity, 6 uA f.s.d. Fig. 2 pH: (1), 7.9; (2), 8.3; (3), 8.7; (4), 9-2; (5), 11.0,
(6), 13.0. Starting potential, —1.4 V vs. SCE. Sensitivity, 4 uA f.s.d.

PH 5.9 and 6.1, the na-values obtained from logarithmic analysis of the wave shape
were significantly different from those corresponding to processes I and II in the
region of the mixed process (Table 1). One further observation was made from the
general morphology of the waves; the slope of the wave at high pH-values increased
until at pH 13 the wave shape indicated apparent Nernstian reversibility.

Determination of n and product analysis

A preliminary comparison of wave heights for processes I, II and III with the
2-electron wave for the unsubstituted acid indicated that processes II and IIT in-
volved 2 electrons. As process I gave waves twice as high as II, I would correspond

J. Electroanal. Chem., 19 (1968) 157-167
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to a 4-electron reaction. A more accurate value of the number of electrons transferred
in each reaction was obtained from microcoulometric measurements at the DME at
pH-values corresponding to single waves for processes I, II and III. The results

04

0.2

QL ¢ ¢ 4 4 & i
O 2 4 6 8 10 12

Fig. 3. Polarographic dissociation curve of 4-cyanocinnamic acid. (O), First wave; (x), total
wave height.

TABLE 1

DEPENDENCE OF CURRENT AND 7%-VALUES FOR THE REDUCTION OF 4-CYANOCINNAMIC ACID AND
ITS ETHYL ESTER

pH Acid Ester
Cuvrvents (pA)® nx Currents  no
1st wave  2nd wave 1st wave  2nd wave (ud)=

I.32 3.15 1.65 2.94 1.24
1.68 3.20 1.65 3.04 1.24
2.13 2.98 1.48 2.84 1.24
2.58 2.80 1.36 2.64 1.24
3.27 2.54 1.39 2.16 I.24
3.52 2.34 1.39 1.98 1.24
4.02 2.04 1.39 1.81 1.49
4.32 1.85 1.39 1.81 1.69
4.77 1.54 1.39 1.69 1.76
5.35 1.46 1.39 1.61 1.77
5.81 1.33 1.50 1.55 1.47
5.89 1.31 1.48 1.53 1.47
6.09 1.34 1.08 1.50 1.47
6.35 1.47 1.08 1.46 1.47
6.83 1.62 1.08 1.38 1.47
7.87 1.12 0.45 1.58 1.1 1.47
8.31 0.78 0.70 1.58 1.09 1.47
8.73 0.51 0.96 1.10 1.47
9.19 0.24 1.23 1.10 1.47

10.84 1.47 1.29 1.06 1.47

13.0 1.47 2.0

aDepolariser conc., 5.10-4 M.
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obtained (Table 2) confirmed the n-values suggested by wave height comparison.

Unequivocal interpretation of the course of the electrode process can only be
obtained from identification of the electrolysis products. The products of each reac-
tion were identified in the residual solution from microcoulometry at the DME, as it
was previously pointed out! that controlled-potential electrolysis at a mercury pool
electrode can result in appreciable dimerisation of the free radical intermediate
formed in the electroreduction.

TABLE 2

MICROCOULOMETRICALLY-DETERMINED 7%-VALUES FOR 4-CYANOCINNAMIC ACID

pH Medium n
1.32 6 N Sulphuric acid in 509, ethanol 4.08
6.83 Acetate buffer in 50%, ethanol 2.44

1.95
216
Ty 0.1 N Sodium hydroxide in 50% ethanol 1.80
2.65

In acid solution (=4, electrode reaction I) the presence of a primary amine
in the electrolysis products was proved by formation of a coloured Schiff’s base with
p-dimethylaminobenzaldehyde®, and by formation of a fluorescent Schiff’s base with
salicylaldehyde.

Possible z-electron reductions for 4-cyanocinnamic acid are:

(i) Fission of the C-CN bond to form free cyanide ion and cinnamic acid.

(ii) Reduction of the -C=N group to form a substituted benzaldimine.

(iii) Reduction of the C=C bond to give the saturated acid.

These possibilities were distinguished by testing for the presence of free cyanide
ion and simultaneous monitoring of the C =C concentration. The anodic polarographic
wave of the cyanide ion provided a convenient method for determining this species,
while the C =C bond concentration was followed by u.v. spectrometry. The absence
of cyanide ion in the solution after controlled-potential electrolysis was proved at
pH 6.8 and 13. The possibility of interference with the anodic wave was excluded by
subsequently adding cyanide to the solution, when a well defined anodic wave was
obtained.

The u.v. absorbance of the C=C bond at 283 my was followed during the
controlled-potential electrolysis at pH 6.8 and 13. After various periods of electrolysis,
the decrease in wave height was measured, and a sample of the solution taken for
analysis. The sample was diluted to a known volume and the absorbance measured;
the C =C bond concentration was obtained from a prepared linear calibration curve.
Graphs of 9, decrease in wave height against 9, decrease in C =C bond concentration
showed a 1:1 rectilinear relationship at both pH-values. It was apparent from these
results that the z2-electron electrode processes II and III both resulted in formation
of the saturated acid NCC¢H4sCH2CHCOOH.

Electrode reaction mechanisms
The dependence of half-wave potential on pH (Fig. 4) showed four linear
regions corresponding to processes I, II, III, and the mixed process. Reaction I
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=1.25p
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Fig. 4. Dependence of half-wave potentials of 4-cyanocinnamic acid on pH.

Fig. 5. A.c. polarogram of 5-10-4 M 4-cyanocinnamic acid in 509%, ethanol at pH 13. (....), base-
line obtained with supporting electrolyte.

occurred at low pH-values where the acid was largely undissociated in solution. The
dependence of E, on pH suggested that protonation was the rate-determining step in
the reaction,

®

Is :

+ H©
N= CH=CH—CO,H = N=C CH=CH— CO,H
-H

4H®|ae

®
H3N—CH2—®—CH=CH—cozH I

Reaction IT occurred above pH 7 where the acid existed as an anion in solution:
again, a protonated complex was the electroactive species,

H®
e
o _+H° <)
N= H=CH— N= H=CH—CO
C (® CO, ~— (e G 2

J. Electroanal. Chem., 19 (1968) 157-167



POLAROGRAPHY OF 4-CYANOCINNAMIC ACID 163

The mechanism of this reaction was identical with that previously found for cinnamic
acidscontaining electroinactive substituents'. However, the latter group of compounds
were reduced over a different pH-range; accurate values of £, were measured from
pH 5—7. Half-wave potentials of 4-cyanocinnamic acid measured over this pH-range
corresponded to a different electrode mechanism (I and the mixed process) and so
structural correlation with the other acids was not possible. Extrapolation of the
E—pH plot for process II to the pH region 5—7 gave E;-values approximately 100 mV
more positive than those predicted by the Hammett equation. In so far as this pro-
cedure was justified, it suggested that the presence of the conjugated electroactive
CN-group influenced the reactivity of the C=C bond.

Process I1I was also observed in alkaline solution where the anion was the
predominant species present. The half-wave potential was independent of pH ; in this
case protonation was not the first step in the reaction. The overall reaction was
formulated,

®
2H
NECOCH:CH—CO? e T NEC@'CHQ—CHZ—CO:) I

Logarithmic analysis of the wave shape at pH 13 indicated an apparently reversible
2-electron wave, whereas reaction III clearly indicated that the process was chemical-
ly irreversible.

A.c. polarography also indicated the reversibility of the first step in the reac-
tion at pH 13 (Fig. 5). The height of the a.c. peak was found to decrease with decreas-
ing pH-value, so that no peak was observed at pH 11. Limitations of the instrument
prevented further mechanistic information being obtained from these measurements.
Oscillopolarography proved the irreversibility of the overall reaction (Fig. 6), and
cyclic voltammetry, using sweep rates from 0.025 to 1000 V sec~! (Fig. 7) indicated
that the intermediate radical was extremely short-lived. It was not, of course, possi-
ble to distinguish between the EEC and the ECE mechanisms from this evidence;

Current (UA)

h i 1 L 1 L
-4 -15 -16 -1.7 -18 -19
Volts vs. SCE

Fig. 6. Oscillopolarographic dE/d¢ = f(E) curve for 5-10-4 M 4-cyanocinnamic acid in 509
ethanol at pH 13.

Fig. 7. Cyclic voltammogram of 5-10-4 M 4-cyanocinnamic acid in 50%, ethanol at pH 13. Voltage
sweep rate, 25 mV sec—1.
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the reaction rates were obviously outside the accessible range of the available instru-
ments.

Ki1vaLo? has surveyed electrode processes involving chemical reaction of the
product of the electron transfer. This type of process can be represented by the scheme

Kf,h KC
A4ne = B C
Kb,h KB

where K, and Ky n refer to the rates of the electron transfer reaction, and K¢
and K3 to the chemical reaction, which in most cases is protonation.

The conditions under which an apparently reversible polarographic wave is
observed for an overall irreversible process are that the rate of the electron transfer
occurs very much faster than the irreversible chemical reactions. Alternatively, if
the subsequent chemical reaction is reversible, then even if the electron transfer is
slow, a reversible wave will be observed.

In the case of 4-cyanocinnamic acid two possible schemes could account for
the “pseudo” reversible polarographic wave.

(a) The reduction could occur by an EEC process.

9 )
NEC@CH:CH~CO§ ECOCH—CH—COZ

(i) (ii)

(iv)

on® _ ©
—E0 e N=C CH,—CH,—CO,

(vi)

e o ©)
N=C CH—CH—CO,

. © [S) . o
N=C CH—CH—CO,

(v)

The addition of the first electron would result in the formation of the free
radical (ii), which could rearrange to (iii) in order to achieve the maximum separation
between the charged centres. Species (v) is a more probable product of the addition
of the second electron than is (iv). The possibility that the addition of a proton might
occur simultaneously with the addition of the second electron cannot be discounted.

(b) Alternatively, an ECE mechanism could occur. This would involve a re-
versible protonation of (ii) or (iii) as the second step. This mechanism would result
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in the appearance of two I-electron waves provided that the rate of protonation was
slow, relative to the rate of the electron transfer. As a single 2-electron wave was
observed, then this could only be accounted for if the rate of protonation was com-
parable to the rate of electron addition. In this latter case, a dependence of E; on
pH would be expected, but was not in fact observed.

Hence, it is probable that the reduction occurs by the EEC mechanism (pro-
cess (IIT)). The observed increase in the slope of the wave on increasing the pH over
the range 7-13 can be attributed to a decreasing rate of protonation; thus at very
high pH-values the rate of protonation is very slow compared with the rate of elec-
tron transfer, and a “pseudo’ reversible wave is observed.

The rather unusual behaviour of 4-cyanocinnamic acid at high pH-values was
correlated with the structure of the compound. Two possibilities existed; (a) that
the effect was characteristic of the CN-group, 7.¢., it was able to stabilise the inter-
mediate free radical, or (b) that the effect was solely dependent on the total inductive
effect operating on the C=C bond. In this latter case, a substituted cinnamic acid
with a similar total g-value should exhibit the same behaviour. The compound, 3,4-
dichlorocinnamic acid (o =0.600, for the 4-CN group o =0.628) showed no such anom-
alous behaviour; its properties were completely analogous to those of the simple
cinnamic acids described previously. Therefore, it was concluded that the presence
of the conjugated CN-group stabilised the free radical intermediate by delocalisation
of the negative charge.

Polarographic behaviour of ethyl 4-cyanocinnamate

Dissociation of the carboxyl group in ethyl 4-cyanocinnamate was not possible,
and the compound represented a mechanistically simpler system than did the parent
acid. A single polarographic wave was observed, the height of which varied with pH
(Fig. 8). At pH-values above 7, hydrolysis of the ester occurred, and a second wave
was observed at a more negative potential; at very high pH-values the rate of hydro-
lysis became too rapid for accurate measurements of the ester wave. The hydrolysis
wave was due to reduction of the anion by processes II and III described previously.

-105F

~115F

ifiim

Volts vs, SCE
l
n
a

-1.35-

IO (S Y ) [N (O O

1 1
O 2 4 [3) 8 10 12 0] 2 4 6 8 10 12
pH pH

Fig. 8. Polarographic dissociation curve of ethyl 4-cyanocinnamate.

Fig. 9. Dependence of half-wave potentials of ethyl 4-cyanocinnamate on pH.
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Over the pH-range 7-9, where two waves were observed for the anion, the hydrolysis
wave was too poorly defined for resolution into two waves. The polarographic disso-
ciation curve for the ester indicated three electrode processes: that in acid solution
(IV), a mixed process (V) between pH 4 and 8, and a process in alkaline solution (VI).

Comparison of wave heights of the ester with those of the acid suggested that
process IV involved a 4-electron transfer, and process VI, 2 electrons. The pH-depen-
dence of half-wave potentials (Fig. g) indicated that a protonated complex of the
ester was the electroactive species up to pH 8, when the ester was reduced in unpro-
tonated form. The structural analogy to the acid suggested reaction IV for the ester
to be identical with reaction I for the acid,

)
+H©
N=C CH=CH—CO,C,Hy ————— N=C CH=CH—CO,C3Hsg
_n®
4el4H@
~

®
H3N—CH2-—®—CH:CH—c02CZH5

Similarly, reaction VI for the ester was analogous to reaction III for the acid, where
proton additicn was not the first step,

®
2H
NEC‘OCHZCH—COZCZHS e NECOCHz_CHz—CozczHS I

The mixed process for the ester, V, involved reduction of the CN-group and the C=C
bond. As the E,—pH plot did not show a significant change in slope in the region of the
mixed process, it was likely that the C=C bond was reduced in the protonated com-
plex.

H@

® —
H
N=C OCH=CH—C02C2HS z NEC@—CHz—CHZ—COZCZHS
e

Simultaneous occurrence of this reaction and reaction IV were observed as the mixed
process, V. As with the acid, the beginning of the mixed process was characterised by
an increase in nx-value, followed by a sudden decrease between pH 5.4 and 5.6 (Table
2).
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SUMMARY

The polarographic behaviour of 4-cyanocinnamic acid in 509, ethanolic sol-
ution shows a marked dependence on pH. At low pH-values a single 4-electron wave
is observed, the height of which decreases with increasing pH; the protonated un-
dissociated acid is reduced to a primary amine. A mixed process is observed between
pH 6 and 7, and at higher pH-values two waves appear, the total height of which
remains constant. The height of the more positive wave decreases with increasing
pH, and corresponds to reduction of the C=Cbond in a protonated complex of the
anion. The more negative wave also corresponds to reduction of the C=C bond in
the anion, but in this case electron transfer is the first step in the reaction. At high
pH-values the slope of this wave increased, and indicated apparent reversibility,
although the overall reaction was irreversible.

The behaviour of the ester is simpler. At low pH-values the ester is reduced, as
a protonated complex, to a primary amine. At pH-values above 7, hydrolysis occurs,
but the C=C bond is reduced in the unprotonated ester itcelf. A mixed process was
observed between pH 4 and 8.
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INTRODUCTION

Most physical and physico-chemical methods used currently in the study of
the properties of nucleic acids (ultracentrifugation, optical methods, viscosimetry)
are concerned with the properties of nucleic acids in solution. In the living cell,
nucleic acids come into contact with various types of boundaries (surface of ribo-
somes, nuclear membrane, etc.). New findings on the structure and the function of
nucleic acids might thus be furnished by the study of interaction of nucleic acids with
surfaces. Recently, electrochemical methods permitting the study of the reducibility!—4
and adsorbability4-¢ of nucleic acids and their components have been used for this
purpose.

To elucidate the mechanism of adsorption of nucleic acids on the electrode
surface, we studied the adsorption of bases currently occurring in nucleic acids, and
derivatives of analogious structure. We used the method of measurement of differential
capacity of the electrode double-layer?, and BREYER's® alternating current polaro-
graphy (a.c. polarography)®. The curves of the dependence of the differential capacity
on the potential (capacity curves), and the a.c. polarograms of certain purine and
pyrimidine derivatives, show relatively sharp limited minima—‘pits”— at higher
solution concentrations; these are characteristic of the association of adsorbed
molecules®. In the range of potentials at which a “pit” appears on the capacity
curve, the associated molecules form a surface film on the electrode surface. The
greatest tendency for intermolecular associations in the electrode surface is shown
by bases currently occurring in nucleic acidsii,

The a.c. polarograms of nucleosides have, as a rule, a more complicated
course than a.c. polarograms and/or capacity curves of the corresponding bases!2.

In the present paper we report on the dependence of the shape of the a.c.
polarograms of nucleosides currently occurring in nucleic acids, on the concentration.

EXPERIMENTAL

The a.c. polarograms were obtained at a temperature of 25° on a GWP 563
polarograph (Akademie-Werkstdtten fiir Forschungsbedarf, Berlin-Adlershof,
Germany)13 at a frequency of 78 ¢/sec, amplitude 18 mV, sensitivity 15 pA/full-scale
deflection and damping 6. The height of the mercury column was h=40 cm, the
capillary flow rate measured at open circuit, m=5.65 mg/sec, and the drop time,
t=2.5 sec. The potential was measured relative to the saturated calomel electrode.

* Present address: Département de Biologie, Commissariat 4 I’Energie Atomique, C.E.N. de Saclay,
Gif-sur-Yvette (France).
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All chemicals were analytical-grade from Calbiochem (except guanosine,
from Lachema, Czechoslovakia). The background electrolyte was 0.5 M NaF with
0.1 M phosphate buffer, pH 7.0.

RESULTS AND DISCUSSION

The a.c. polarograms of uridine, thymidine, and cytidine (Fig. 1) take a simple
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Fig. 1. A.c. polarograms of nucleoside solns. in 0.5 M NaF+o.1 M phosphate buffer, pH 7.0,
at 25°. (A) uridine: (a), 1.0; (b), 5.5 mM. (B) cytidine: (a), 0.12; (b), 0.23; (c), 0.46; (d), 0.92;
(e), 17 mM. (C) thymidine: (a), 8.0; (b), 42 mM. (D) deoxycytidine: (a), 0.044; (b), 0.24; (c), 0.46;
(d), 0.68; (e), 0.90; (f), 1.8; (g), 7.3; (h), 10; (i), 50 mM.
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course with the minimum in the neighbourhood of —o0.4 to —0.6 V and cathodic
desorption maxima at potentials of —0.9 to —1.5 V. The anodic desorption maxima
are not recorded on the polarograms. The ,,pits” characteristic of the association of
the adsorbed molecules are not formed on the alternating current polarograms of
these nucleosides even at concentrations approaching saturation value. The high
peak of cytidine at a potential of —1.6 V is apparently caused by the reduction of
cytosinel-3, the dependence of the height of the peak on the concentration being
linear. A maximum of the same character can also be observed on the alternating
current polarogram of deoxycytidine. With the exception of cytidine and deoxy-
cytidine, all the other nucleosides tested are, under the given experimental conditions,
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Fig. 2. (A) adenosine: (a), 0.55; (b), 1.1; (c), 3.3; (d), 4.4; (e), 11 mM. (B), deoxyadenosine:
(a), 0.084; (b), 0.66; (c), 4.6; (d), 4.7; (e), 6.2; (f), 11 mM. (C) guanosine: (a) o.10; (b), 0.19;
(c), 0.52; (d), 0.78 mM. (D) deoxygyanosine: (a), 0.056; (b), 0.11; (c), 0.26; (d), 0.56; (e), 1.1;
(£), 1.8; (g), 9.5 mM.
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non-reducible!4 and the maxima observed on the a.c. polarograms are altogether of
a capacitive character.

At higher concentrations of deoxycytidine there is association of the adsorbed
molecules, indicated by the formation of a “pit” on the a.c. polarograms. With
increasing concentration of the solution, the association is strengthened; a higher
intensity of the electrode’s electrostatic field is necessary for the destruction of the
surface film and the “pit” widens. A cathodic desorption maximum does not appear
(if association of the molecules takes place, the desorption maxima become latent10),
On the anodic edge of the association “pit”’, a very sharp maximum arises as a
result of the destruction of the surface film. The change in state of the adsorbed
molecules occurs at a very close concentration interval (compare the a.c. polarograms
of deoxycytidine marked, d, e, which correspond to concentrations of 0.68 mM and
0.9 m) as in the case of the association of the adsorbed molecules of the bases”.

The a.c. polarograms of adenosine (Fig. 2) display (up to a concentration of
approximately 1.1 mM) a simple course with a minimum around —o0.4 V caused by
noncharged-site controlled adsorptions. At concentrations above 1.1 mM, association
takes place in the neighbourhood of a potential of —1.1 V, and at concentrations
exceeding 3.3 mMM, association occurs also at about —o0.4 V. On the other hand, with
deoxyadenosine this second association area does not appear even at the highest
concentrations. The existence of two separate areas in which association of adenosine
molecules takes place, might indicate that when the potential of the electrode
changes, the association capacity of the adsorbed molecules alters through a change
of their orientation in the electrode surface. When the temperature is increased, the
tendency to association and desorption decreases, as with diminution in the concen-
tration (Fig. 3).

The a.c. polarograms of guanosine solutions (Fig. 2) show that guanosine mole-
cules begin to associate at potentials about —o.5 V. As the concentration increases, the
association ‘‘pit”” widens, and at the highest concentrations (curve d, concentration
0.78 mM) it displays a step-like course which is usually observed on capacity curves
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Fig. 3. Dependence of a.c. polarogram of 1.9 mM adenosine soln. in 0.25 M NaF, on temp. (1) 13°,
(2) 18°, (3) 30°, (4) 35°-

Fig. 4. Dependence of height of desorption maximum of a.c. polarograms of (1) guanosine and
(2) deoxyguanosine, on concn.
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when poly-molecular layersi® form. On curve c there is a sharp maximum at a
potential of —0.8 V; this arises through the destruction of the surface film (as with
the maximum of deoxycytidine at potentials about —o.1 V). Desorption maxima can
be seen on the a.c. polarograms of guanosine; the height of these maxima increases
proportionally to the logarithm of the concentration of the solution (Fig. 4); this is
in agreement with theoretical predictions!?.

With deoxyguanosine, association of the adsorbed molecules occurs about
—0.2 V. The a.c. polarograms of solutions of concentration above 1.1 mM (curves
e, f, g) are more complicated apparently as a result of reorientation of the molecules
in the electrode surface when the potential changes and also by aggregation of
deoxyguanosine in the solution!8-20. A more detailed analysis of the a.c. polarograms
of deoxyguanosine necessitates further studies.

SUMMARY

A.c. polarograms of nucleosides currently occurring in nucleic acids exhibit a
minimum at a potential of about —o0.4 V, caused by the adsorption of nucleosides
on the electrode surface. At higher concentrations of deoxycytidine, adenosine,
guanosine, and deoxyguanosine, association of the adsorbed molecules takes place
in the neighbourhood of this potential. With deoxyadenosine, association of the
molecules occurs at about a potential of —1.2 V. With adenosine, association occurs
at both —0.4 V and —1.2 V, approximately. As with bases, the transition from the
non-associated to the associated state occurs over a close concentration interval in
which the adsorption isotherm has an inflection point. With uridine, thymidine, and
cytidine, no association of the adsorbed molecules takes place under the given
experimental conditions, even at concentrations approaching saturation value. At
pH =7.0, most of the nucleosides tested are polarographically non-reducible and the
maxima observed on the a.c. polarograms are of a capacitive character. Only the
peak for cytidine and deoxycytidine at a potential of —1.6 V is caused by reduction
of cytosine.
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SHORT COMMUNICATION

Studies on hydroxocyanogen compounds. Il. Composition of Co(ll)-,
Ni(ll)-, Cu(ll)- and Zn(ll)-hydroxocyanomolybdates(1V) by
amperometry and conductometry

This report deals with the amperometric and conductometric studies on the
composition of the insoluble cobalt, nickel, copper, and zinc complexes of tripotassium
aquotrihydroxotetracyanomolybdate(IV).

Experimental

Tripotassium aquotrihydroxotetracyanomolybdate(IV) dihydrate, Ks[Mo-
(CN)4(OH)3(H20)]1, was prepared as described earlier? and its solution strength deter-
mined potentiometrically against KsFe(CN)e2.

Solutions of cobalt chloride, nickel chloride, copper sulphate and zinc sulphate
were obtained by dissolving A.R. crystals in doubly-distilled water; the concentration
was determined by standard analytical methods3.

Amperometric titrations were carried out using the Fischer Elecdropode. The
electrodes used were the DME and SCE; KCI (0.1 M) and gelatin (0.01%,) were used
as base electrolyte and maximum suppressor, respectively. The solutions were deoxy-
genated by passing purified nitrogen gas. The potentials applied during the titrations
were as follows: Co(II), —1.35 V; Ni(II), —1.2 V; Cu(II), —o0.5 V; Zn(II), —1.2 V.

A Cambridge conductivity bridge (No. L-350140) with a dip cell (No. PR 9510,
cell constant = 1.46) was used for conductance measurements.

All measurements were made at 30 + 0.1° except for Zn(II) for which measure-
ments were carried out at 60 4+ 0.1°
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Fig. 1A. Direct amperometric titrations. 2o ml 0.004 M (i), CoCls; (ii), NiCls; (iii), CuSQOs; (iv),
ZnSO4vs. 0.1 M K3 [Mo(CN)4 (OH)3 (H20)]. B. Reverse amperometric titrations. 20 ml o.0o4 M
K3[Mo(CN)4(OH)3(H20)] vs. 0.1 M (i), CoCly; (ii), NiClg; (iii), CuSOy; (iv), ZnSOs.
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Iig. 2A. Direct conductometric titrations. (i), 20 mlo.005 M CoCls vs. 0.5 M KMo (CN)4(OH)s-
(H20)]; (ii), 15 ml 0.005 M NiCls vs. 0.025 M K3[Mo(CN)4(OH)3(H20)]; (iii), 15 ml 0.005 M CuSO4
vs. 0.1 M Ks[Mo(CN)4(OH)3(H20)]; (iv), 10 ml 0.005 M ZnSO4 vs. 0.1 M K3[Mo(CN)4(OH)s(H20)].
B. Reverse conductometric titrations. (i), 25 ml o.o1 M K3[Mo(CN)4(OH)3(H20)] vs. 0.5 M CoClz;
(i), 20 ml 0.01 M K3[Mo(CN)4(OH)3(H20)] vs. 1.0 M NiCls; (iii), 15 ml 0.01 M K3[Mo(CN)4(OH)s-
(H20)] vs. 0.25 M CuSOy4 (in 209, ethanol); (iv), 15 ml 0.0033 M Ks[Mo(CN)4(OH)s(H20)] vs. 0.1 M
ZnS0y4.

Result and discussion

Typical curves are shown in Figs. 1A, 1B, 2A and 2B.

The reactions between potassium aquohydroxomolybdocyanide and cobalt/
nickel chloride may be represented by the following stoichiometric equations:

MCly + Ks[Mo(CH)q(OH)s(H20)] = KM[Mo(CN)4(OH)s(H:0)] + 2 KCl (1)
3 MCly + 2 Ks[Mo(CN)4(OH)s(H0)] = Ms[Mo(CN)4(OH)3(H:0)]s + 6 KCl (2)
MCls + x Ks[Mo(CN)a(OH)s(Hz0)] =

KM[Mo(CN)4(OH)s(Hz0)] - (x-1)Ks[Mo(CN)s(OH)3(H:0)] + 2 KCl (3)

(adsorption complex)
and between copper/zinc sulphate by:
MSO4 + Ks[Mo(CN)4(OH)s(H20)] = KM[Mo(CN)4(OH)s(H20)] + K2SO4 (4)
MSOs + x K3[Mo(CN)4(OH)3(H20)] =
KM[Mo(CN)4(OH)3(H20)] - (x—1)K3[Mo(CN)4(OH)3(H20)] + KoSO4
(adsorption complex) (5)

Both the amperometric and conductometric methods (Figs. 1A, 1B, 2A, and
2B) give a combining ratio of 1:1 for the reactants, indicating the formation of
KMIMoV(CN)4(OH)s(H20)] (M = metal ion) in accordance with eqns. (1) and (4).
In the case of Ni/Co, the results of reverse conductometric titrations (Fig. 2B, curves
(i) and (ii) give one more ratio of 3:2 (metal: hydroxomolybdocyanide). For this ratio,
the complex formed would have the composition MsI[Mo!V(CN)4(OH)s(H20)]z.
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However, nearly all the titrations give a little more hydroxomolybdocyanide
than required by the stoichiometric eqns. This may be due to adsorption of the
[Mo(CN)4(OH)s(H20)]3~ ion on the freshly precipitated complex.
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BOOK REVIEWS

Electrical Properties of Semiconductor Surfaces by DANIEL R. FRANKL, International
Series of Monographs on Semiconductors, Volume 7, Pergamon Press, Oxford, 1967,
16 x 23% cm?, 310 pages. Price 84 s.

This is on the whole a good book, written in a clear style. Each chapter begins
with a brief survey of the status of the topic dealt with in the chapter and the reader
has therefore, a useful idea of what the chapter is about before starting on the main
text. A summary concludes each section. There are seven chapters: (1) Equilibrium
properties (20 pages); (2) Surface Space-Charge Layer in Equilibrium (27 pages);
(3) Non-equilibrium Conditions (45 pages); (4) Field Effects and Related Topics
(64 pages); (5) Preparation of Surfaces (29 pages); (6) Theory of Surface States
(9 pages) and (7) Surface States on Common Semiconductors (93 pages).

The basic ideas pertinent to semiconductor surface research are outlined in
the first four chapters and are illustrated by an appropriate presentation of the
experimental results. It is the opinion of the reviewer, however, that it is dangerous
to give the reader the impression that a topic like Semiconductor Surface Research
stands as an isolated discipline in physical chemistry. The author has not always
avoided this danger. In particular, Chapter 2 on Space-Charge Theo1y should have
contained some references to systems, other than semiconductor surfaces, where
space charges are present. Thus, the name of Gouy, who was the first to solve the
Poisson-Boltzmann equation (for electrolyte solutions in contact with a charged
surface) should have been mentioned. This would have been more than a matter of
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mere historical interest. Section 2.4 (on basic assumptions) would have gained in
interest had something of the work of OxsAGER, KIRKwooD and later theoreticians
been mentioned. Section 2.3 (Thin Slabs) would have gained by the inclusion of
results from colloid chemistry. As Chapter 2 stands, some readers will be puzzled
as to why Lo is called Debye length. Chapters 5, 6 and 7 contain results of experimen-
tal work. The author has succeeded in arranging the multitude of papers to be con-
sidered here, in an easily surveyable way. Such a survey can only be made on the
basis of an extremely simplified interpretation of the experimental data. One may
argue that it is still too early for such a philosophy. Thus, the author writes (p. 212)
“The paper by LUASHENKO et al. is most difficult to reconcile, since standard tech-
niques were employed and the work appears to have been carried out with great
care”’. Oneis inclined to ask: why not take this paper at face-value? A similar comment
can be made on the discussion of the work of ALLEN AND GOBELI (AG) which is
compared with the work of vAN LAAR AND SCHEER (vLS) (pp. 195-207). One question
here is: does tail emission (z.e., the electron emission from a semiconductor as a
result of the incidence of light at frequencies close to the threshold value) emerge
from surface states? The answer implied by AG is: “occasionally”, and the answer
by vLS is: “always”. The arguments in favour or against these answers are scattered
over the pages in about a one to one ratio, but the author gives AG the benefit of
the doubt.

Another point is the continued discussion on the cleanliness of a surface. To
arrive at a conclusion in this matter, a careful consideration of the equipment
(geometry of apparatus, etc.) used by each worker should have priority rather than
the more indirect way followed by the author. The author sometimes judges the
value of experiments on a preconceived opinion which he has based on his knowledge
of other, more or less related, experiments (section 7.3).

In sections 7.4 and 7.6, the effect of copper traces on the electrical properties
of technical Ge surfaces (7.4) and the Ge/electrolyte interface (7.6) are considered in
detail (although the effect of pH on copper deposition from an electrolyte solution is
not mentioned). Deposited copper forms surface states (BRATTAIN AND Boppy) and
the work done in this field must be of interest to every electrochemist. The view that
this work is of prime importance is therefore justified but the study of the anodic
dissolution of germanium (BRATTAIN AND GARRETT) and the study of the interface
between germanium and aqueous redox systems (GERISCHER) which are of equal
interest, are not included. Also, consideration of the work of the Russians is lacking
in section 7.6, and the reviewer therefore considers this section to be the only really
weak point in the book. This does not affect the final conclusion that all those
interested in the study of semiconductor surfaces will read this book with pleasure
and will find, with relatively little effort, much information. Taken with the now
well-known book of MANY, GOLDSTEIN AND GROVER it constitutes a fund of informa-
tion which will be invaluable to university teachers, industrial physical chemists
and advanced students.

The book is well-produced and contains few printing errors. The price is
moderate in view of the over-all high quality achieved by the author.

M. J. SPARNAAY,
Philips Research Laboratories, Eindhoven
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Electrosorption, edited by E. GILEADI, Plenum Press, New York, 1967, 221 pages,
$ 12.50.

This volume contains 7 chapters dealing with adsorption and double-layer struc-
ture: (1) Isotherms (18 pages, GILEADI); (2) Adsorption of organic substances at
solid electrodes (33 pages, PIERsMA); (3) Mass transfer controlled adsorption (18
pages, REDDY); (4) Oxide film growth (13 pages, GENSHAW); (5) Potential of zero
charge (28 pages, ARGADE AND GILEADI); (6) Solvent (water) and double-layer struc-
ture (29 pages, MULLER); (7) Statistical-mechanical and local thermodynamic balance
theories of double layer (71 pages, HURWITZ).

Chapters 2 and 4 deal solely with solid electrodes while chapter 5is mostly concerned
with this type of electrode. The material of the other chapters originated largely in
the study of the mercury electrode but finds application to solid electrodes, generally
with added complications. Thus, about one-third of the book pertains solely to solid
electrodes.

The material is not intended to be a complete review or to deal mostly with original
work. Actually, the level varies, as noted by the editor, from a simple analysis of the
most useful isotherms in electrode adsorption studies to HurwiTZ’s rather arduous
chapter. Many readers will probably find PIERSMA’s chapter 2 the most informative
and useful one in relation to current work. His realistic evaluation shows the serious
experimental limitations in electrode-electrolyte adsorption as compared with metal-
gas adsorption, but the author is not without hope. Information, sometimes conflict-
ing and often tentative, is accumulating rapidly (129 references, mostly since 1960)
but no synthesis of ideas has yet emerged.

The two other chapters (4 and 5) dealing specifically with solid electrodes are of a
more tutorial nature. GENSHAW'S chapter 4 of oxide growth is largely outside the realm
of adsorption and is primarily concerned with films more than one layer thick (insula-
tor, semiconducting and conducting films). Classical treatments of oxide growth are
clearly reviewed, but the oxygen electrode is not discussed, and the question of why
oxides are important in electrode kinetics is dealt with in one page (p. 85). Chapter 5
on the point of zero charge discusses with competence the effect of the nature of the
electrode and glosses over in a highly superficial way (less than 1 page per topic) the
effects of adsorption of ions, organic substances, and hydrogen or oxygen. The authors
should have refrained from giving electrocapillary curves for CNS-, Cs+ (concentra-
tions omitted in these two sets of curves) and phenol (pp. 100 and 101) obtained re-
cently in their laboratory since the reader surely is familiar with this type of very old
information. PARSONS’ basic treatment of the Esin and Markov effect, which related
the shift of the point of zero charge to the isotherm, would have been far more valuable
than these electrocapillary curves and would have taken no more space. In addition to
the foregoing topics, ARGADE AND GILEADI also consider briefly the Frumkin double-
layer correction in kinetics and give a survey of techniques for the determination of
the point of zero charge.

Chapter 1 on isotherms (linear, LANGMUIR, TEMKIN, FRUMKIN) reads well and deals
mostly with material that has become classical by now. The experimental test of
isotherms is only given scant notice. GILEADI blatantly overquotes the work of the
Bockris and Conway groups (14 references out of a total of 23) with which he was
associated, while FRuMKIN and PARsSONS, who are in the forefront of isotherm analysis,
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are quoted only once each (self-quoting is not bad per se but it must be justified!).
Parsons’ first detailed discussion of isotherms and equations of state, as applied to
double-layer phenomena (1955-57) is not quoted, and his 1955 suggestion of using the
charge density on the electrode is mentioned with reference to a 1964 paper. The
early extensive work of FRUMKIN on the use of LANGMUIR and TEMKIN isotherms is
not quoted either.

We now come to chapters (3, 6 and 7) dealing with material essentially developed
for the mercury electrode and with only very limited application to solid electrodes
thus far. REDDY’s chapter on mass-transfer controlled adsorption is clear. This revie-
wer wonders why the author went over the mathematical details on the Laplace
transformation. It would have sufficed to state clearly the problems and assumptions
being made, and then give the solutions in the time-domain and their interpretation.
Present-day first-year graduate students in chemistry easily know how to handle this
type of mathematics.

MuLLER’s chapter 6 on the role of the solvent on the double-layer structure strongly
argues in favor of the Bockris’ group views. The frequency dispersion of the resistive
part of the double-layer impedance is accounted for by water relaxation by transposi-
tion of dielectric relaxation theory. It is firmly stated that the various experimental
artifacts were eliminated. This may be so, but more experimental work seems clearly
in order. In the second part of his chapter, MULLER covers the solvent displacement
analysis of adsorption which was rather recently revived and developed by the
Bockris group. Altogether, this is a well-written chapter, even if some of its material
does not rest on a very solid experimental foundation.

Hurwitz’s scholarly chapter, which takes up one-third of the book, is intended for
a more restricted group of electrochemists than the other chapters. His statement
(p. 177) that the seemingly good agreement between the Gouy—-Chapman theory and
experiment cannot be explained by more rigorous statistical-mechanical theories and
may seem fortuitous, will puzzle experimentalists despite their awareness of the
approximate nature of their favored approach. Actually the statistical-mechanical
approach has also serious limitations (p. 19o) and the author sees a way of escaping
this quandary by recourse to local thermodynamic theory.

Summing up, chapters are of markedly uneven quality but cover material electro-
chemists ought to be familiar with. Coverage is highly topical, and some important
problems are not treated, e.g., the correlation between exchange current and standard
free energy of adsorption. The extensive work of the FRUMKIN school, to name one,
certainly does not stand out in this book, and the optics are often focussed on the
work of the Bockris group. A broader outlook would have resulted in a better and
more useful book.

PauL DELAHAY, New York University
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