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Brief

Explicit finite difference simulations of differential pulse
polarography for irreversible and quasireversible electron transfer
reactions are used to evaluate signal response to parameter changes

E | such as pulse height, pulse time and drop time. Experimental

verification of predicted peak shoulders and dual peaks under

certain electron transfer conditions is also included.
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Abstract

Explicit finite difference simulations of differential pulse
polarography have been developed for evaluating the analytical
applications of differential pulse polarography to irreversible
and quasireversible electron transfer reactions. From simulation
data, detailed prediction of polarographic peak shape and position
as a function of pulse height, pulse time and drop time is possible.
Optimum conditions for analytical application of differential pulse

polarography are discussed.
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Differential pulse polarography has become an increasingly im-
portant tool in the analysis of both organic and inorganic electro-
active species. With the expanded interest in differential pulse
polarography, the systematic evaluation of the analytically important
experimental parameters has become necessary. Such an evaluation
for reversible electron transfer reactions has already been reportedJ
The treatment of irreversible and quasireversible systems will be
presented here.

Previous coupling of an explicit finite difference simulation for
differential pulse polarography with a standard nonlinear least squares
fitting program has demonstrated the feasibility of studying electron
transfer kinetics by differential pulse po]arography.2 However, the
cost of executing such coupled programs usually limits the exhaustive
investigation of complex electron transfer reactions. The ready
availability of a mini-computer system in our laboratory normally used
for on-line data acquisition prompted a feasibility study of using
finite difference simulations to evaluate the analytical applications
of differential pulse polarography. The execution time of these sim-
ulations was greatly reduced by the implementation of an incremental
time change during the course of the simulation. The details of this
expedited simulation technique have been previously pubHshed.3

The treatment of quasireversible systems dictates that electron
transfer kinetics be included in the simulation model. This elaboration

has been incorporated into our programs and will be discussed further

in the theoretical section.




The use of this simulator enables the detailed prediction of

polarographic peak shape and position as a function of controlled
experimental variables such as pulse height, pulse time, and drop
time. Such simulations promise to be of considerable aid to the
analyst who wishes to select and optimize the experimental conditions

of a differential pulse polarographic analysis without resort to

lengthy empirical studies.
THEORETICAL
Digital simulation as a general method for solving electrochemical
diffusion-kinetic problems has been discussed in detail by Feldberg.4

5 described an improved

A recent publication by Ruzic and Feldberg
simulation of the dropping mercury electrode (DME) with associated
compression and sphericity. The simulator used in this investigation
incorporates the improved DME model and the time change method mentioned
earlier.

For electron transfer reductions of the type

0 it RE (1)
X + ne~ —b RED 1
Y

4

the flux of the electron transfer reaction is calculated from Feldberg

ZZ = RATEHF*UU(1,1)-RATEHB*UU(2,1 (2)
¥ EHF/2*DD)+(RATEHB/2*DD)

which is derived from the basic surface boundary conditions. The

(Equation 116)

surface concentrations (UU(1,1), UU(2,1)) of OX and RED are in simulator
units and are assumed to be soluble in the solution. The normalized

diffusion coefficient (DD) has been optimized to a value of 0.4

-
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simulator units. The potential dependent heterogeneous electron
transfer rates (RATEHF and RATEHB) must be determined from the
apparent standard heterogeneous rate constant. From the general

form of the Butler-Voimer equation kf and kb may be deduced
->

ke = k3 exp(TRE (E-E°)) (3)

ky = k2 exp(%% (E-E°)) (4)
where

> >

a=y+trsg (5)

a=n-y-rg (6)

The symmetry factor B, the total number of electrons transferred n,

and the number of charge transfer steps prior to the rate determining
step ?, must be supplied. For charge transfer reactions r = 1, and

R, T and F have their usual significance. A1l simulations are
referenced to E° = 0.0 for convenience. The apparent heterogeneous

rate constant ka° and potential E must be converted into simulator
units before they may be used in equation (3) or (4). The dimensionless
relationship yielding the heterogeneous rate constant is described by

the following
k, */T7D = RATEHS *~/THAX/DD (7)

where t is the experimental time (ie. drop time) and D is the measured
diffusion coefficient. TMAX and DD are the related simulator variables.

Solving for RATEHS and substitution in equations (3) and (4) permits

the calculation of RATEHF and RATEHB as a function of normalized potential.

Using this method, simulations of multiple electron transfer reactions

including the rate determining step are possible.
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Different types of polarographic experiments are simulated by
jumping the normalized potential at the appropriate times corresponding
to the excitation waveform and sampling the simulated response to this
perturbation. In order to theoretically evaluate the current-potential
relationship for differential pulse polarography, the concentration
profile prior to pulse application must be known. This is accomplished
by using an explicit finite difference simulation to generate the con-
centration profile for dc polarography. This dc profile corresponds
exactly to the differential pulse profile prior to pulse application.
Hence, the simulated behavior prior to pulse application should lead
to the standard known current profile behavior for irreversible pro-
cesses. This prepulse d- behavior can be regarded as a verification of
the simulator.

TAST POLAROGRAPHY

The current-voltage curves generated by the simulator for TAST
polarography were analyzed by three methods and were found to be in
close agreement with accepted theory. An apparent heterogeneous rate

of 10"4

cm/sec and a symmetry factor of 0.5 were used to simulate TAST
polarograms for n = 1, 2, 3 and all possible combinations for the rate
determining step.
For irreversible electron transfer reactions, the current-potential
curve at the foot of the wave may be expressed by
i o exp(-an_FE/RT) (8)
From the slcpe of the E versus log i plot for currents at the foot of

the wave, a value for an, may be calculated. The resulting "Tafel"

slope and an, values for the simulated TAST polarograms are listed in Table I.
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From TAST polarograms, the ratio 1’/1’d may be used in determining

6

the heterogeneous rate and transfer coefficient.  The value of A

s e
A = ket o/D, (9)

may be determined from tables calcu]aied by Koutecky7 in which
i/id = n]/ZAeprZerch (10)

For several ratios of i/id, the values of kf may be calculated. From
a plot of log kf versus potential, the transfer coefficient and hetero-
geneous rate may be determined

ke = k,° exp(-an_FE/RT) (1)
Table II compares the determined ka° and an, values for the simulated
TAST polarograms with the input values.

The simulated TAST polarograms were finally evaluated with a

modified plot of log i/(id - 1) versus potentia1.8 The following

expression derived explicitly by Meites from Koutecky's F(2)
E +0.2412 = 0.2g915 1OQJ-349ka +1/2

- 0.0542 log i (12)

¢ D /¢ e
a 0 an, iy
may be separated into
A5 0.0542 i
E=§y - an_ 109 i (13)

and

(14)

]
0.08915 1, 1.349K, "+ 1/2

Ey /o= -0.2412 +
1/2 a Do]/z

A plot of log i/(id-i) versus potential yields the value for an, which
is used in equation (14) to calculate the heterogeneous rate. The

determined an, and ka° values are listed in Table III.




DIFFERENTIAL PULSE POLAROGRAPHY

The effect of changing heterogeneous rate constant upon peak
current, peak potential and peak width for one electron reduction
was studied. Figure 1 illustrates the relationship between peak
current and log ka° /T where t is the pulse time. For shorter pulse
times, the break between quasireversible and reversible occurs at
larger rates as would be expected. The spread observed in (A) for a
large pulse height is reduced considerably in(B) for small pulse
heights. At rates slower then 10'4 cm/sec essentially no change in
peak height is observed as should be expected for irreversible elec-
tron transfer reactions. Figure 2 illustrates the same data as
Figure 1 but plotted against log kao.

The pulse time dependence of current is depicted in Figure 3
for the reversible and irreversible cases. For large pulse times, the
peak current approaches zero at the 1imit because the pulse current
(current II) will be nearly equal to the dc current (current I) except
for the difference in electrode area. At very short pulse times the
peak current approaches infinity asymptotically. However, the exper-
imental limit is a function of the charging current.

The dependence of peak current as a function of pulse height at
short and long pulse times is illustrated in Figure 4. For small
pulse heights, reversible electron transfer reactions define the upper
current limit while the totally irreversible case defines the lower

limit. These 1imits eventually converge and level off at the normal

pulse 1imiting current for large pulse heights.
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The observed peak potential behavior is depicted in Figure 5.
For large heterogeneous rates the peak potential is shifted according

to the magnitude of the pulse heights.

Epk = Ey/p -
For rates slower than ]0'3 cm/sec the change in peak potential is
linear with a change of 120 mV per decade change in rate. This poten-
tial shift is analogous to the change in E”2 for TAST po]aroqraphy6

(ana = 0-5) o
k
RT a RT

E = log + log t
1/2 anaF A]/ZDO]/Z ZanaF

The observed peak separation for different pulse times shifts in the
direction expected. For a given peak potential, a faster rate is

represented at shorter pulse times than at longer pulse times.

The peak width at half height is plotted as a function of hetero-
geneous rate in Figure 6. For quasireversible electron transfers, a
sharp change in width should be observed for small changes in rate.
Once irreversibility is established 1ittle change in width occurs.

Also for short drop times and long pulse times dc faradaic distortion

broadens the observed peaks.

Simulations of multiple electron transfer reductions predicted
unique differential pulse polarograms. A most interesting example is a
two electron quasireversible reduction for symmetry factors in the
0.2 - 0.4 region. The four polarograms in Figure 7 illustrate the
region of heterogeneous rate between 10'2 and 10'4 cm/sec for a two
electron transfer with the first electron being the rate determining

step (symmetry factor = 0.3). This behavior was not observed for large




symmetry factors or if the second electron was the rate determining
step. Shoulders or second peaks have been noted under similar con-
ditions for ac polarographyg.

EXPERIMENTAL

The minicomputer used for these simulations has been described

previous]y.3

An important feature of this system is the ability to
display either the concentration profile or the current-time profile
of the simulation during execution. This capability enables the user
to perceive trends in the calculations immediately and hence allows
for the rapid optimization of the simulation parameters. The finite
difference simulator used in these studies is written in standard
Fortran IV and is availabie upon request. The zinc diffusion coef-
ficients (D0 and DR) used in the simulation were assumed to equal the
literature value of 7.2 x 107® cn’/sec for infinity dilute solutions.'®
The experimental zinc polarograms were obtained by using a custom
built potentiostat employing fast settling Analog Devices 48J operational
amplifiers. This potentiostat was interfaced to a Digital Equipment
Corporation PDP-12 minicomputer which acquired the data by means of a
12-bit analogue to digital converter. The PDP-12 system also provided
the excitation waveform to the potentiostat and controlled a PAR model
172A drop knocker which was attached to a conventional polarographic
capillary. A commercially available saturated calomel electrode
(Sargent Welch # 30080-15A) was used as the reference elactrode. The

counter electrode consisted of a platinum wire helix isolated from the

bulk of the solution by a pyrex tube with a pinhole in the bottom. The

PR oy g




polarographic cell was constructed from quartz and Teflon and was

thermoregulated at 25.0 + 0.1°C. Triply distilled mercury (Bethlehem
Apparatus Co.) was used in the dropping mercury electrode. A1l solutions
were deaerated with prepurified nitrogen passed over a BASF catalyst

bed to remove residual oxygen. The supporting electrclytes were prepared
from stock solutions of reagent grade potassium nitrate. The zinc and
cadmium concentrations were derived froﬁ EDTA standardized stock sol-

utions. Deionized Millipore-Q water was used as the solvent.

RESULTS AND DISCUSSION

The kinetic parameters used in our simulations were obtained from
the analysis of normal pulse and tast polarographic data according to

L The apparent heterogeneous rate constants were

Christie, et al.
found to vary inversely with the supporting electrolyte concentration

in agreement with previous studies.]2 The experimentally accessible
range of rate constant for zinc reduction as a function of supporting
electrolyte concentration for potassium nitrate is plotted in Figure 8.
Unfortunately, the heterogeneous rate constants are not reduced enough
even in saturated electrolytes to affect the clean separation of dual
peaks as predicted by the simulations for sufficiently low rate cons-
tants. However, a pronounced tailing of the zinc peak is observed.
Figure 9 shows typical experimental curves with superimposed simulations.
Similar peak shapes have been previously published but without comment
or explanation. Our simulations demonstrate that this tailing is due

to the interplay of heterogeneous electron transfer kinetics and

diffusion in this quasireversible system. A detailed comparison of




the experimental data with the theoretical predictions is presented in
Table IV. The predicted peak width at half height and peak shifts are
in good agreement with experiment. The shifts in zinc peak positions
were measured against a cadmium spike in the supporting electrolyte in
order to compensate for shifts due to changes in the reference junction
potential from one electrolyte concentration to the next.

From the analytical point of view, the results of these experiments
and simulations clearly show which parameters should be optimized for
the best determinations of quasireversible and irreversible systems. In
irreversible systems the sensitivity of differential pulse polarography
is considerably reduced as compared to the reversible case. The resol-
ution of adjacent peaks is also diminished due to large peak widths.
Unfortunately, this method when applied to irreversible systems is
relatively insensitive to parameter changes over the usual ranges avail-
able on commercial instrumentation. Little advantage is gained by
changing the excitation potential waveform except that at large pulse
heights and short pulse times, the largest peak currents are obtained.
Under these conditions, however, the residual current due to the
charging of the electrical double layer will constitute a significant
fraction of the total current measured. Hence, a practical compromise
between increased sensitivity and enhanced background must be reached
by the analyst in selection of pulse height and pulse time.

In quasireversible systems, small changes in electrode kinetics
can cause abrupt changes in peak shape and peak current. The reduction
of zinc is an excellent example which illustrates this kinetic dependence.
Large errors in the analytical determination of such systems may arise

if the composition or concentration of the supporting electrolyte is
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not carefully controlled. As with the irreversible systems, the use of
large pulse heights and short pulse times will increase sensitivity.
Longer drop times will also increase the peak current but at the ex-
pense of increased total analysis time. In addition, some improvement
in resolution can be realized by using smaller pulse heights or by
manipulation of the supporting electrolyte concentration. In the case
of zinc, peak tailing is eliminated by decreasing the supporting electro-
lyte concentration. For the determination of quasireversible systems,
a compromise between resolution, sensitivity, and total analysis time
can be achieved by the prudent choice of experimental conditions.
Simulations such as those presented here can aid the analyst in making

those crucial choices.
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TABLE I Kinetic Parameters for Simulated TAST Polarograms: E vs. log i

Determined Theoretical

Slope mV ang Slope mV

117.6 0.50 118.3

120.3 0.49 118.3
40.1 1.47 39.4

120.3 0.49 118.3
39.1 1.51 39.4
24.3 2.40 23.7

RDS = rate determining step
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TABLE II Kinetic Parameters for Simulated TAST Polarograms: Koutecky Method

T Determined Theoretical

o
ks an, ka ang

n=1 0.197x 1074 0.50 1.0x 107 .50
n=2 -4 -4
RDS = 1 0.97 x 10 0.50 1.0 x 10 0.50
RDS = 2 0.95 x 1074 1.52 1.0x 10 . 1.50
n=3 -4 -4
RDS = 1 0.98 x 10 0.50 1.0 x 10 0.50
RDS = 2 0.97 x 107 1.50 Lox10Y .80
RDS = 3 0.96 x 1074 2.52 16 07 . 3.80

RDS = rate determining step
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TABLE III Kinetic Parameters for Simulated TAST Polarograms: Meites Method

Determined Theoretical
[+ [+]
ka Gna ka ana
ne 1.0x10°%  0.50 1.0x10%  0.50
n=2 -4 -4
RDS = 1 0.99 x 10 0.50 1.0 x 10 0.50
RDS = 2 0.99 x 10°%  1.50 TG0 . 150
n=3 -4 -4
RDS = 1 1.0 x 10 0.50 1.0 x 10 0.50
RDS = 2 1.0x10°%  1.50 10x10°* 1.5
RDS = 3 0.98 x 1074 2.49 1.0x 10" 2.50

RDS = rate determining step
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TABLE IV Zinc Data

Normalized Peak Width EZinc

Current Half-height, g Vs Theory

% mv Cadmium Epk VS E°
K, In  Theory In  Theory mv PK mv
1.3 x 1072 1.0 1.0 59.8  54.5 422 15.2
6.7 x 1073 g.7% 032  635. 585 -420 17.6
4.6 x 1073 0.50 0.56 69.2 61.4 -417 19.3
3.2 x 1073 0.40 0.42  68.7 64.9 416 21.2

pulse time 16.67 msec
drop time 2 sec
pulse height 25 mv




FIGURES

(1) Peak current versus log ka° prulse for differential pulse
polarography. Pulse height, (A) 100 mV, (B) 10 mV; Pulse time, (a)

10 msec, (b) 20 msec, (c) 40 msec, (d) 70 msec; Drop time 0.5 sec.

(2) Peak current versus log ka° for differential pulse polarography.
Pulse height, (A) 100 mV, (B) 10 mV; Pulse time, (a) 10 msec, (b)

20 msec, (c) 40 msec, (d) 70 msec; Drop time 0.5 sec.

(3) Peak current versus 'Tpulsé for differential pulse polarography.

Pulse height, (A) 100 mV, (B) 10 mV; Pulse time, (a) 10 msec, (b)

20 msec, (c) 40 msec, (d) 70 msec; Drop time 0.5 sec.

(4) Peak current versus E for differential pulse polarography.

pulse
Pulse time, (A) 10 msec, (B) 70 msec; Apparent heterogeneous rate
constant, (a) reversible, (b) 10'2 cm/sec, (c) 3 x 1073 cm/sec,

6

(d) 107" cm/sec; Drop time 0.5 sec.

(5) -log ka° versus peak potential for differential pulse polarography.
Pulse height, (a and b) 100 mV, (c and d) 10 mV; Pulse time, (a and c)

70 msec, (b and d) 10 msec; Drop time 0.5 sec.

(6) Width at half height versus log ka° for differential pulse
polarography. Pulse height, (a) 10 mV, (b) 25 mV, (c) 50 mV, (d) 100 mV;

Pulse time 10 msec; Drop time 0.5 sec.

(7) Current-voltage curves for differential pulse polarography.

Apparent heterogeneous rate constant, (A) 102 cm/sec, (B) 3 x 10'3 cm/sec,

() 10~3 cm/sec, (D) 10~% cm/sec; Symmetry factor, 0.3.




(8) Log ka° versus KNO3 concentration. Determined from normal

pulse polarography.

(9) Current-voltage curves of zinc in KNO; for differential pulse

5 M, Drop time 2 sec.

polarography. Cd 3.37 x 107> M, Zn 6.23 x 10°
Pulse time 16.67 msec, Pulse height 25 mV; (A) 0.1 F KN03, reversible

electron transfer; (B) 2 F KN03, apparent heterogeneous rate constant

2.5 x 1073 cm/sec, symmetry factor 0.3. (-) simulation (o) experimental.
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