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ABSTRACT
A method has been developed for verifying the fit of
linear potential sweep chronoamperometric (cyclic voltammetric) and potential step spectroelectrochemical data
obtained from a chemical reaction system to a postulated
reaction mechanism.

In addition, for cases where a

satisfactory fit is achieved, certain kinetic, thermo
dynamic, and physical parameters may be estimated,
including homogeneous rate constants, equilibrium constants,
and molar absorptivities of individual species.
Theoretical response curves are obtained for both
techniques from finite difference simulations implemented
in such a way that a wide range of parameter values may be
accepted for which external scaling is not required.

The

cyclic voltammetry simulations are imbedded in an analysis
structure which provides facilities for performing simula
tions according to several general mechanistic schemes,
storing experimental data, and displaying, comparing, and
measuring cyclic voltammograms.

The structure is easy for

the non-programmer to use and may be added to with only
simple modification.

A

similar structure is provided for

analyzing spectroelectrochemical data which employs several
parameter estimation aids.

These include an organized

grid search algorithm which permits variation of one
xi

xii
parameter at a time in such a way that the fit is improved
with each operation.

The investigator uses an interactive

graphical technique to select a new value for each
parameter in turn.

After each change the theory and data

are displayed together so the operator can see the effect
of his change and plan future moves.

For examining the

global fit to the data, a routine is provided which plots
isocontours of reduced chi square as a function of two
parameters.

This allows examination of regions of good fit

and simplifies coordination of results at several wave
lengths.
To demonstrate the utility of this method it was
applied to the first two electron reduction mechanism of
meso-tetra-(4-N-methyl-pyridyl) porphyrin in 1 M HC1.
Cyclic voltammetry was performed at a gold electrode with
scan rates from .002 to 2.0 V/sec.

The resulting current-

potential curves were found to fit an EDEC mechanism in
which the starting material undergoes a one electron
reduction to a Pf-I) species (E) which then disproportionates
(D) to the starting material and the P(-II) reduction
product simultaneously with the electrode reduction (E) of
P(-I).

The P(-II) then undergoes an irreversible

homogeneous chemical reaction (C) to form the observed
product.

The E° values for the two one electron reductions

were -16 mV and -100 mV vs. SCE. The disproportionation was
found to be faster than 10-4 1/mol sec with an equilibrium

xiii
constant of 0.038 ± .005.

The rate constant for the

following chemical step was 0.25 ± .02 sec
Potential step spectroelectrochemistry was per
formed using a rapid scan spectrophotometer and a thin
layer cell with a transparent gold film electrode.

The

film had an absorbance at 550 nm of 0.5 and the cell thick
ness was roughly 80 Mm.

This cell was found to exhibit

Cottrell behavior for current over the time interval 0.1 sec
to 4.0 sec and for absorbance, 0.05 sec to 4.0 sec.
The spectroelectrochemical data were found also to
fit the EDEC case.

Although it was impossible to obtain a

unique fit, assuming a value of 0.038 for the disproportionation equilibrium constant, the rate of the irreversible
chemical step was measured at 0.2 sec

Spectra were

obtained of the P(-I) and P(-II) intermediates which are
qualitatively similar to those expected for the compounds
postulated.

INTRODUCTION
In recent years electrochemistry has been applied
to a broad spectrum of problems in chemistry.

Its

importance to quantitative analysis has been recognized
for some time.

In addition, however, electrochemical

techniques often give useful information on reaction
mechanisms, as well as allowing estimation of kinetic and
thermodynamic parameters.

The synthetic chemist often

finds electrochemistry useful in observing unusual oxida
tion states of compounds, or in generating short-lived
intermediates.

In certain systems, it is even possible to

electrochemically add a species to a reaction mixture in a
rigidly controlled fashion (Kuwana and Heineman 1976).
There is probably no single technique that gives
all of the information on a particular system which is
available electrochemically.

Classical polarography has

been widely used as a quantitative analysis tool.

Yet,

aside from detecting the presence of a homogeneous chemical
reaction following electron transfer, it is most difficult
to ascertain the precise nature of this reaction, or to
measure the kinetic parameters associated therewith.

This

is due, at least in part, to the narrow range over which
the life of the mercury drop may be varied, effectively
limiting the range of reaction rates which may be studied.
1
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The several pulse techniques, particularly differential
pulse polarography, are even more sensitive to the bulk
concentration of electroactive species in solution.

The

theory regarding kinetic perturbations, however, is very
complex and has not been made useful as a measurement
tool.

Dillard, Turner, and Osteryoung (1977) have

developed a method for efficiently simulating these tech
niques which they claim will make such analyses possible.
A.C. polarography has been shown by Creason, Hayes, and
Smith (1973) and Schwall, Ruzic, and Smith (1975) to give
pertinent information concerning electrode kinetics as well
as following chemical reactions.

This technique is based

upon the application of a small (several millivolt) a.c.
potential, the frequency of which may be conveniently
varied over many orders of magnitude.

This makes it

applicable to a wide range of reaction rates.

Unfortunately

the restricted potential range precludes the observation of
phenomena such as an electroactive reaction intermediate
which may greatly facilitate mechanism selection.

Tech

niques involving the rotating disk or rotating ring-disk
electrode show particular promise for investigations of
this type.

Chronopotentiometry, a constant current tech

nique in which the time required to shift from one electrode
process to another is measured, is also capable of a wide
time scale.

The lack of potential control, however, makes

impossible the selection of a particular process, and often
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control of the extent to which it takes place.

Controlled

potential electrolysis is the method of choice for
generating reactive species for reaction or direct observa
tion.

The latter is greatly facilitated through the use of

a restricted cell volume so that the entire cell contents
are electrolyzed within a short period of time.

When a

device for measuring the time integral of the current is
provided, the electron transfer stoichiometry can be
determined, allowing identification of the particular
oxidation state being observed and often shedding addi
tional light on the overall reaction mechanism.
Cyclic Voltammetry
At the present time, the technique of linear
potential sweep chronoamperometry at a stationary electrode
(hereinafter referred to as cyclic voltammetry) provides
the greatest variety of features which are sensitive to
reaction parameters, together with sufficient theoretical
development to make these features useful.

Electrode

reaction parameters, such as the standard potential and
the heterogeneous rate constant, have well known effects
on the position and height of the peaks in both single and
multiple component systems (Nicholson and Shain 1964,
Polcyn and Shain 1966, Meyers and Shain 1969, Ryan 1978).
Since an attempt is made to maintain equilibrium at all
times at the electrode surface in accordance with the
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Nernst equation, the current which flows is sensitive to
the fate of the product of the electrode reaction, as well
as the bulk concentration of starting material.

Therefore

homogeneous reactions which take place following electron
transfer can be expected to cause perturbations in peak
shape on the forward scan, in addition to the expected
modification of the reverse peak (Nicholson and Shain 1965,
Evans 1972).

Regeneration of the electroactive material,

such as through autocatalysis or disproportionation also
results in distortion of the peaks (Mastragostino, Nadjo,
and Saveant 1968).
Much of the utility of cyclic voltammetry for the
examination of specific reaction mechanisms lies in the
thoroughness with which the data can be interpreted.
Cursory inspection of the current-potential curve probably
yields limited information.

One can sometimes tell whether

or not the electrode reaction is reasonably reversible but
most of the mechanistic information is obscure, and measure
ment of kinetic parameters is out of the question.

The

technique of semi-integration shows promise for certain
types of reactions, but, as yet, requires very good data to
avoid ambiguous results (Saveant and Tessier 1975, Oldham
and Spanier 1970).

Probably the most straightforward, if

not particularly elegant, technique is comparison of the
data with theory.

The investigator selects a set of

diagnostic features, such as peak potentials, ratio of
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forward to reverse peak height, etc. and examines trends in
these features with scan rate.

Use of several different

features assists in selecting an appropriate reaction
mechanism, as well as estimation of the appropriate
parameters.
Implementation of such a comparison technique
requires access to the theory for a relatively large number
of specific cases.

While it is possible to prepare a

partial differential equation boundary value problem which
describes a given scheme, a closed form solution to such
a formulation can be found only for the simplest of
electrochemical conditions.
fall into this category.

Cyclic voltammetry does not

Nicholson and Shain (1964)

introduced a method whereby the partial differential
equation formulation may be transformed into a set of
integral equations which are then evaluated numerically
with the help of the digital computer.

Any desired degree

of accuracy may be achieved using this method.

However,

even the simplest kinetic complications result in a night
mare of complex and unwieldy integrals which hardly lend
themselves to routine calculation of specific cyclic
voltammograms.

This problem is alleviated somewhat by the

introduction of normalized parameters.

In principle, it

should be possible to calculate just one voltammogram for
a given mechanism, and then scale that curve, depending
upon the actual parameters desired.

If this is to work,
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the normalized parameters must be carefully selected so that
changes in peak shape are accurately reproduced.

This in

itself is a complex process, and in any case is only useful
for certain relatively simple or very special cases.

Some

common cases have been treated by Nicholson and Shain (1965),
Polcyn and Shain (1966), Meyers and Shain (1969), and
Nicholson (1965).
The explicit finite differences simulation, intro
duced primarily by Feldberg (1969, 1972) and improved upon
by others (Joslin and Pletcher 1974, Sandifer and Buck 1974)
is a most straightforward and flexible technique for
obtaining approximate response curves for any electrochemical
technique.

A simulation of this type for a particular

reaction scheme is relatively easy to implement.

While

virtually any system can be simulated, some care must be
exercised in avoiding biases which can lead to erroneous
results.

When properly constructed, a simulation approaches

the integral method to better than 0.1% in several minutes
of computing time, depending upon the complexity of the
mechanism (Feldberg 1969).

Attempts to simulate conditions

where certain parameters assume extreme values will often
result in significant instability.

That is, the calculated

current will exhibit large amplitude underdamped oscilla
tions about the true value.

For this reason, normalized

parameters are employed to optimize the simulation.

However,

as will be subsequently shown, when implemented properly,
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these normalizations are transparent to the investigator
and need not constitute a hindrance.
The implicit finite differences simulation (Booman
and Pence 1965, Winograd 1973) eliminates the problem of
instability and, in addition, usually requires less time to
approach a given output accuracy.

Unfortunately, the

calculations are more complex and require knowledge of
several first derivatives.

As a result, the implicit

simulation lacks the intuitive flavor, as well as the
flexibility of the explicit technique.
Spectroelectrochemistry
Many electrochemical techniques share the feature
that a small amount of some species is synthesized due
to the electrode reaction.

In. view of this, it is not

surprising that some thoughtful individuals conceived the
idea of observing the optical absorbance, or more radically,
the entire spectrum of this material as it is formed
electrochemically.

The observation of optical changes

resulting from the application of an electrochemical
perturbation is known as spectroelectrochemistry and offers
several distinct advantages over electrochemistry alone.
Most obviously, it is possible to observe the spectra of
materials which can only be generated electrochemically.
Particularly in the case of short-lived intermediates, this
assists with identification and/or structure elucidation.

8
Clearly, changes in the relative concentrations of reacting
species, and, therefore, their absorbances, are most
sensitive indicators of the rates of these processes.
Spectroelectrochemistry, therefore, offers an independent
measure of kinetic parameters.
The optically transparent electrode (OTE) provides
the most convenient means through which materials at the
electrode surface may be observed spectrophotometrically.
Such an electrode allows the light beam to pass directly
through the several micrometer thick diffusion layer where
the products of the electrode reaction accumulate.

Several

types of OTE are in common use (Kuwana and Heineman 1976).
Minigrid electrodes, consisting of fine screens with 40 to
800 wires/cm are available and relatively easily made up
into electrochemical cells.

While it is convenient, for

purposes of interpretation, to treat the minigrid as a
planar electrode, it must be kept in mind that this
simplification is valid only when the diffusion layer has
grown thick compared to the distance between the wires
(Petek, Neal, and Murray 1971).

Thus very short times are

inaccessible with this electrode.

Evaporated metal films

do not exhibit this problem, but they are more difficult
to make reproducibly.

They can also exhibit significant

resistance effects if insufficiently thick, which lead to
poor potential control.

The use of transparent semi

conductor films, such as doped tin oxide and indium oxide,
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is gaining popularity, although samples with the required
low resistance are still somewhat difficult to obtain.
Under favorable solution conditions they function over an
exceptionally wide potential range with minimal residual
phenomena.
At present, the electrochemical perturbation which
yields the most straightforward spectroelectrochemical
output is probably the potential step (Grant and Kuwana
1970).

Not only is such a function, at least in principle,

easy to provide, but the time dependent behavior of the
concentrations of the various species present in solution
is more amenable to mathematical treatment than is the case
for more complicated waveforms.

In particular, if the

potential is stepped from a value where negligible electrode
reaction takes place, to a point on the diffusion plateau,
the amount of product formed at the electrode is governed
solely by the rate at which electroactive material can be
supplied from the bulk of solution via the diffusion
process.

The integrated form of the Cottrell equation

describes in mathematically closed form the absorbance of
the starting material and product at any time for a simple
electron transfer.

Care must be exercised in the use of

the potential step in that a relatively large amount of
double layer charging current is required initially, due
to the rapid potential change.

If any uncompensated

resistance is present in the cell, or more seriously, if

the indicating electrode itself exhibits significant
resistive effects, the potential at the electrode surface
may not immediately assume a value corresponding to
diffusion control.

This will result in deviation from the

theory which, at short times, can be quite serious.

It is

necessary therefore to check the response of the electro
chemical cell with a system of known behavior to ascertain
that the theory is indeed upheld.
Interpretation of the absorbance-time curves
obtained from spectroelectrochemistry is still in the
developmental stage.

The lack of precision associated with

simple inspection is compounded by the lack of distinct
features in the data.

Rarely will an absorbance-time curve

yield even a single maximum.

Therefore direct comparison

of the data with the theory is again the only truly viable
solution to this problem.
The theory may be obtained via two major routes.
mentioned earlier, analytic solutions are available for
some systems.

The partial differential equation boundary

value problem corresponding to a given reaction scheme is
formulated and the concentration of each species as a
function of time and distance from the electrode surface
obtained, perhaps with the assistance of Laplace transform
techniques (Churchill 1972).

The concentration functions

are then integrated with respect to distance, multiplied
by their respective molar absorptivities, and resulting

As
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component absorbances summed together to give the total
absorbance as a function of time.

Several pertinent cases

which have analytic solutions have appeared in the litera
ture (Li and Wilson 1973, and references contained therein).
For those systems which do not lend themselves to the
preparation of a closed form solution, it is possible to
perform an explicit finite differences simulation analogous
to the cyclic voltammetry case.

The same considerations

regarding stability apply here.
Several difficulties in making an adequate fit of
data to theory immediately present themselves.

Unlike

cyclic voltammetry, it is not possible to vary the scan
rate and observe trends in features.

Since the absorbance-

time curve is relatively featureless anyway, such an
approach is quite out of the question.

It therefore remains

to find the set of adjustable parameters which yield the
theoretical absorbance-time curve most accurately describing
the data.

Relatively simple mechanisms involve on the order

of five or more such parameters, including molar absorptivities of intermediate species, reaction rate constants, etc.
Some of these, particularly the rate constants, are likely
to be related to the absorbance in mathematically non-linear
ways.

That is, in an equation expressing total absorbance

as a function of time, rate constants do not appear as
coefficients of terms.

This means that simple substitution

of absorbance-time pairs into this expression to yield

several equations will result in a system which may not be
treated using the familiar methods devised for linear
systems of equations.

To further complicate matters, the

wavelength selected may not be suitable for the estimation
of all of the parameters.

For example, at a wavelength

where only the starting material absorbs, the diffusion
coefficient may be easily calculated from the rate of
starting material disappearance.

However, no information

concerning reactions following the electron transfer is
present, unless the starting material should happen to be
regenerated in some way.

The obvious solution to the

latter problem is to take data over a range of wavelengths,
so that curves can be selected which will allow the greatest
precision in the estimation of a particular parameter.

This

task is most conveniently accomplished for transient
species through the use of a rapid scan spectrophotometer.
The problem of estimating parameters which appear
non-linearly has been treated at some length mathematically
(Bard 1974).

All of the accepted techniques involve time

consuming calculations and are therefore designed to be
performed on a digital computer without requiring operator
attention.

In the case of spectroelectrochemistry a

procedure of this type ignores much potentially valuable
information.

By the time the investigator realizes that

this technique may provide useful information on his
particular problem, and has selected the set of conditions

for obtaining data which he feels will be most appropriate,
he has already amassed a considerable amount of knowledge
about the system.

His chemical intuition is equipped to

supply likely parameter ranges, reject values which are
clearly unreasonable, and benefit from subtle mathematical
difficulties encountered in obtaining a fit to the data.

It

should be advantageous, therefore, in terms both of saving
time and arriving at a satisfactory solution, to involve
him in the parameter estimation procedure.

If this ideal

is to be realized, it is important that the technique be
fast.

In other words, it must not allow the investigator

to become restless during long computational interludes
(clearly the amount of computation which the investigator
is willing to tolerate will be proportional in some way to
the significance which he places on obtaining a correct
result).

As with any parameter estimation method it is

necessary to avoid regions in the parameter space where
the fit, though appearing good in a local sense, is not
globally optimal.

In addition, if an incorrect mechanism

has been postulated, it is essential that clear warning
signs be presented.

As a side effect, it would be most

helpful if the investigator were provided insight into the
effects of each parameter on the shape of the absorbancetime curve.

Ultimately this familiarity could assist in

postulating a more correct model.
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The purpose of this research is to exhibit the
utility of spectroelectrochemistry as a tool for verifying
the applicability of a particular model in explaining the
behavior of a chemical system, as well as to provide esti
mates of parameters such as the spectra of transient
reaction intermediates, especially in systems where other
species contribute significantly to the total absorbance of
the reaction mixture.

To this end, an experiment was

designed which makes available absorbance-time data over
a range of wavelengths, and a set of parameter estimation
aids which embodies the attributes set forth above was
implemented.

The utility of this overall approach was

demonstrated by application to the reduction mechanism of
meso-tetra-(4-N-methyl-pyridyl) porphyrin in 1 M HC1.
The Porphyrin System
The porphyrin ring has intrigued chemists for many
years, stemming from its varied appearances in biological
systems where it ordinarily exists in complex with a
transition metal.

It is found in such critical centers as

chlorophyll, an essential link in the photosynthetic
process, hemoglobin and myoglobin, oxygen transport species
in mammalian tissues, and cytochrome c, a component in the
mitochondrial electron transport chain.

Of particular

interest is its behavior in cytochrome c, where the iron
atom which it contains is reversibly oxidized and reduced.

In this protein, the iron porphyrin is believed buried in a
crevice so deeply that only the edge of the ring is
exposed.

One possible way of making electrons available to

the iron thus surrounded would be to involve the ring
itself in the electron transfer.

This would not require

physical distortion of the protein.

The work of Fleischer

and Cheung (1976) in which homogeneous electron transfer
in cobalt porphyrins is demonstrated to take place primarily
through the periphery of the molecule, rather than axially,
lends credence to this hypothesis.

The electrochemistry of

the porphyrin ring itself is therefore of considerable
interest, and may ultimately lead to a better understanding
of the role of this moiety in biological systems.
Most naturally occurring porphyrins are quite
insoluble in aqueous solution, making characterization, and
especially electrochemistry, rather difficult.

Hambright

and Fleischer (1970) and Pasternack et al. (1972) were able
to prepare water soluble porphyrins by attaching several
different substituents in the meso position on the
periphery of the ring.

Of these, the 4-N-methyl-pyridyl

derivative illustrated in Figure 1 was interesting in that
it is water soluble from pH 0 to 7 with no detectable
dimerization (Pasternack et al. 1972).

At pH 0 this

molecule exists as a diacid which Pasternack, Sutin, and
Turner (1976) postulate to be buckled, in order to expose
the central nitrogens more favorably toward protonation.
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Figure 1.

meso-Tetra(4-N-methyl-pyridyl) prophyrin
(diacid).
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They obtained acid dissociation constant values of 2.0 and
0.7, in support of a somewhat strained configuration.
Neri and Wilson (1972, 1973) examined the reduction
mechanism of the diacid forms of three molecules in which
the point of attachment of the porphyrin ring to the
pyridyl substituent was at the 2, 3, and 4 positions
respectively.

These three species were found to exhibit

markedly different behavior.

The ortho compound yielded

two overlapping, but reasonably distinct, peaks in its
cyclic voltammogram, corresponding to the successive
addition of two electrons in two one electron steps.
Because of the separation in the potentials for the two
electron transfers, it was possible to generate a sufficient
quantity of the P(-I) oxidation state via thin layer con
trolled potential electrolysis to obtain its absorption
spectrum.

The behavior of the meta compound was somewhat

more complicated.

It also exhibited two reduction peaks,

but an irreversible disproportionation of the P(-I) oxida
tion state to form the P(-II) product and regenerate the
diacid interfered with observation of its optical properties.
The para derivative was found to possess particu
larly interesting properties.

Reduction to the P(-II)

oxidation state, which proceeded through a single somewhat
broadened two electron wave, was followed at low scan rates
by a second two electron process, corresponding to reduction
to the P(-IV) state.

Both peaks were quite irreversible
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under these conditions.

As the scan rate was increased, the

second peak decreased in height and the first became
increasingly reversible, suggesting the application of an
ECE mechanism in which the initial P(-II) product must
undergo a homogeneous chemical reaction before it is further
reduced.

Thin layer coulometry confirmed the two electron

reduction suggested by the size of the first wave.

Varying

the pH of the solution over the range 0 to 1.5 did not yield
a significant shift in the peak potential for this process,
suggesting that no protons were involved in the electron
transfer itself.

Examination at pH higher than 1.5 resulted

in significant dissociation of the diacid, with an attendant
change in the reduction mechanism.

On the basis of this

evidence, the P(-II) product of the electrode reaction was
postulated to be an isophlorin, shown in Figure 2, a very
reactive species suggested by Woodward (1961) as a likely
intermediate in porphyrin reactions, but which has yet to
be observed and characterized.

This isophlorin then accepts

a proton to form the stable observed P(-II) phlorin
monocation (Figure 2).
Li and Wilson (1973) were able to estimate the
molar absorptivity of the intermediate at several wave
lengths in the visible region by fitting fixed wavelength
potential step chronoabsorptometric data to the theory for
the EC mechanism via an extremely tedious graphical pro
cedure.

They detected a single strong absorbance maximum

R

R

PORPHYRIN DIACID

ISOPHLORIN

+ 2H +

- H+

PHLORIN

Figure 2.

MONOCATION

PORPHODIMETHENE

Porphyrin reduction mechanism proposed by Li and Wilson (1973).
VD
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in the 510 nm region with an intensity of about 1.2 x 10^
1/mole cm.

The Soret region (420-460 nm) was not examined.

Dolphin (1970) reports several species which exhibit such
maxima.

Most notable is the porphodimethene, illustrated in

Figure 2, an intermediate observed in porphyrin synthesis.
The presence of this species was rationalized by the
invocation of the ECC mechanism shown in Figure 2.

The

isophlorin was postulated to undergo a rapid double enamine
reaction, accepting two protons to form a porphodimethene.
This more stable species then rearranged and eliminated a
proton to form the stable phlorin monocation.
Since the work of Neri and Wilson (1973) measurement
of the individual dissociation constants for the diacid
(Pasternack et al. 1976) has shown that even within the pH
range 0-1.5 the first dissociation of the diacid takes place
significantly and the mechanism very likely changes
appreciably at a pH as low as 1.

It is impossible, there

fore, to determine with any certainty whether or not the
reduction peak shifts with pH and, hence, whether or not
protons are actually involved in the electron transfer
itself.

A simpler mechanism, shown in Figure 3, eliminating

the isophlorin, accounts for all that is known to date about
this reduction.

This scheme furthermore incorporates

exactly those species observed by Dolphin (1970) in the
synthesis of meso substituted porphyrins.

PORPHYRIN

DIACID

PORPHODIMETHENE

PHLORIN MONOCATION

Figure 3.

Postulated porphyrin diacid reduction mechanism.
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Clearly it would be interesting to check the fit of
the spectroelectrochemical data to the EC case in a critical
way, and to obtain the spectrum of the intermediate over a
wide wavelength range.

The graphical technique of Li and

Wilson (1973), while adequate though time consuming over
part of the visible region, cannot cope with regions such
as the vicinity of the Soret band, where the contribution
of the intermediate absorbance to the total may not be
great.

The research herein described is an attempt to

develop a general method of handling problems of this type
in an efficient way, and to use it to verify the postulated
mechanism for this interesting chemical reaction.

EXPERIMENTAL
In the previous section allusion was made to the
fact that cyclic voltammetric and spectroelectrochemical
data lend themselves poorly to interpretation by cursory
inspection.

While the information content of these data

can be substantial, sophisticated analysis techniques are
required to disentangle the effects of each factor con
tributing to the response of the system.

Development and

implementation of such techniques has been a key goal of
this research.

Therefore, in addition to documenting rela

tively routine procedures for obtaining the required data,
this section will describe in detail the analysis algorithms
employed which yield results meaningful to the chemist.
Cyclic Voltammetry
Apparatus
An H-cell of usual design was employed for obtaining
cyclic voltammograms.

A separate counter electrode compart

ment was introduced into the sample compartment through a
ground glass fitting in the bottom of the latter.

Poly-

acrylamide salt bridges between the reference and sample,
and counter and sample compartments were prepared according
to the method of Neri and Wilson (1972), except that
saturated KC1 was used as the electrolyte.
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The counter
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electrode compartment was filled with saturated KC1 and
contact made via a silver wire.

The reference electrode

consisted of a silver wire coated with AgCl and immersed in
a saturated solution of KC1 and AgCl.

It exhibited a

potential of +196 mV vs. the Normal Hydrogen Electrode.
A solid gold wire 0.12 mm in diameter comprised the
indicating electrode.

The wire was secured in a stopper

in such a way that, when inserted in the cell, it was
always positioned at exactly the same height.

A strip of

transparent tape on the outside of the sample compartment
facilitated filling the cell to the same level, within
about 5%, for each run.

This arrangement resulted in

immersion of 1.0 ± 0.05 cm of the wire, restricting
electrode area to about 0.5 cm 2 without the application of
epoxy, shrink tubing, etc.

These materials were found to

separate slightly from the metal surface after significant
exposure to 1 M HCl, allowing solution to creep into the
void so formed, and distorting electrode response.
The potentiostat employed was a Princeton Applied
Research model 173 (Princeton, New Jersey) equipped with
model 176 current to voltage converter.

A triangular

waveform was supplied by an Exact model 126B VCF/sweep
generator (Hillsboro, Oregon).

This generator is externally

triggerable and, upon command, delivers one cycle of tri
angular wave.

The output of the current to voltage con

verter was filtered using a Burr Brown UAF 31 active

filter (Tucson, Arizona), connected in the low pass con
figuration.

The cutoff frequency was set at approximately

one-half the data acquisition rate, to avoid errors due to
aliasing.

Data were acquired using the modified Raytheon

12 bit Miniverter system (Santa Ana, California) described
by Ramaley and Wilson (1970).

A Hewlett Packard 2100A

computer with 8K core (Cupertino, California) was used to
control the experiment and store the data.

Preliminary

data inspection was performed on a Tektronix model 4010-1
graphics terminal (Beaverton, Oregon), and data dumped to
paper tape through a Hewlett Packard 2895B high speed paper
tape punch.
Reagents
Meso-tetra-(4-N-methyl-pyridyl) prophyrin was
prepared by Bruce P. Neri according to the procedure out
lined by Neri and Wilson (1972).

Solutions of the diacid

were prepared by dissolution of the dry crystals in the
required volume of 1 M HC1.

All reagents were prepared

using distilled water.
Procedure
Oxygen was removed from the solution prior to
obtaining data, by bubbling nitrogen through the sample for
twenty minutes.

This bubbling action was also used between

runs to restore concentration homogeneity.

During acquisi

tion of data, the nitrogen tube was withdrawn sufficiently
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far from the solution to prevent mechanical disturbance
while yet maintaining a flow of nitrogen over the surface.
During periods between runs, as well as during the
initial deoxygenation step, the potential of the indicating
electrode was held at +0.4 V vs. Ag/AgCl.

This prevented

the reduction of the porphyrin at the gold surface which
takes place spontaneously under certain conditions.
The acquisition and disposition of cyclic voltammograms was controlled by program LPSC, prepared by Frank R.
Shu.

To perform a run, the desired sweep rate and switching

potentials are first set on the sweep generator front panel.
A data acquisition rate is then selected such that the
desired number of data points will be obtained over the
time required for the sweep, and this value set on the data
acquisition system clock.

This clock rate and the number of

points, together with the scale factor imposed by the
current to voltage converter are then typed in at the con
sole.

The computer initiates the sweep and acquires the

requested number of points.

It then calculates the scan

rate and displays this, along with a plot of the data.

The

operator may then choose to have the computer present the
coordinates, in volts and microamperes, of points on the
screen which he selects, using the graphics input cursor,
or he may order that the data be punched on paper tape in
a format suitable for plotting on a Hewlett Packard 7200A
plotter.

In the latter case, the scale factors and limiting
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values of the plot are output at the beginning of the tape
to facilitate conversion of the plot data to volts and
microamperes.
Cyclic voltammograms for the porphyrin system were
obtained at a number of scan rates from 2 mV/sec to 2.0
V/sec in an approximately 1, 2, 5 sequence.

The potential

was scanned from +0.4 V to -0.15 V vs. Ag/AgCl.

This

allowed sufficient data before the foot of the reduction
wave to accurately determine the zero current baseline.
The scan was reversed just past the first reduction peak to
avoid any effects on the return scan which might result from
the second two electron reduction at low scan rates.
Residual current curves were obtained in a manner identical
to that for the porphyrin except that the sample consisted
only of the 1 M HC1 supporting electrolyte.
Analysis of Cyclic Data
The analysis of cyclic voltammograms was performed
by attempting to fit theoretical current-potential curves
corresponding to a postulated mechanism to experimental
data at a variety of scan rates.

This process is made

manageable by noting the scan rate dependent behavior of
several distinct features of the curve, such as peak
potentials, current ratios, etc.

Progress toward a fit is

checked periodically by comparing the entire currentpotential curve at several scan rates.
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Calculation of the Theory
Theoretical cyclic voltammograms for the construc
tion of working curves were obtained using the explicit
finite differences simulation.

This technique is based

upon the discretization of time and distance.

That is, the

maximum time over which the experiment takes place, repre
sented by T
, and the maximum distance from the electrode
•' max
surface, X
, which is to be taken into consideration are
max
partitioned into small subintervals. Derivatives are then
approximated as the difference quantities between adjacent
subintervals.

For example, the concentration flux at

distance X from the electrode surface
dC.
f. = D -j-i1
dX
can be approximated

f. - D
i

C. - C.
1 ,
1+1
v
AX

Where D is the diffusion coefficient, and

and

the

concentrations of material at the midpoint of the i and i+1
subintervals.

While it is not necessary that the sub-

intervals be of equal size over the entire range of time
or distance, considerable simplification results if such a
condition is imposed.

The present simulation embodies this

luxury at the expense of computation time.
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In the case of finite differences simulations,
scaling plays a crucial role in the quality of the output.
The most obvious benefit is control over the amount of time
required for a simulation.

Although it is a fact of life

that an experiment at 1 mV/sec scan rate requires 1000 times
longer to perform than the identical one at 1 V/sec, this
condition need not be imposed on the simulation.

Where

very small or very large parameters are involved, scaling
may be necessary to prevent arithmetic overflow or under
flow.

Stability of the simulation is also influenced

directly by scaling.
Instability in an explicit finite differences
simulation can arise at several points.

The calculation

of diffusion between distance subintervals is perhaps the
most important of these, although kinetic problems will be
taken up later.

If more material diffuses from one volume

element to the adjacent one on either side than was
originally present, a situation will result which manifests
itself as an oscillation.

The next time diffusion is

calculated, some or all of this material will flow back
into the original volume only to be again removed by a
subsequent calculation.

This process continues until the

oscillation damps out or the operator realizes what is
happening.

The criterion for avoiding such a situation in

the first place is to select scaled values for D, AT, and
AX such that

AT

g = D

?

< 0.45

(AX)

This represents the point at which the best compromise is
reached between accuracy and speed of diffusion (and hence
speed of calculation) without inducing oscillation.

The

specific manner in which this constraint is enforced will
be dealt with subsequently.
The explicit simulation derives much of its unique
flexibility from the sequential and independent treatment
of processes which take place simultaneously in an electro
chemical cell.

Circumstances do indeed exist in which an

approximation of this type is invalid, and these will be
discussed later.

However, sufficient cases are amenable to

this simplification to make it a valuable tool in investiga
tion of theoretical behavior.
The flow chart in Figure 4 illustrates the flow of
control.

Upon entry to the simulation routine, the

initialization section scales all parameters and sets up
the various needed arrays.

A long loop is then initialized

which simulates the passage of time.

Each time subinterval

corresponds to one execution of this loop, in which all
pertinent processes which happen in the electrochemical
cell during that time interval are performed.

The first

of the processes is setup of the surface boundary conditions
for that time interval.

The potential at the electrode

surface is calculated, and the resulting flux based upon the
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INITIALIZATION
Scaling
Setup of Storage Arrays

TIME = 0

SURFACE BOUNDARY CONDITIONS
Flux of Each Species
Faradaic Current
DIFFUSION
of Each Species
in Each Volume Element
KINETICS
in Each Volume Element

TIME = TIME 4- *T

TIME

no

max
yes
RETURN
Figure 4.

Flowchart of cyclic voltammetry simulation
procedure.
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electrode reaction parameters and concentrations of species
adjacent to the electrode surface is obtained.

This flux is

eventually output as the observed current resulting from
the electrochemical process during that time interval.
When the flux has been established, diffusion is allowed
to take place in all volume elements for the length of time
represented by AT.

Finally homogeneous chemical reactions

are performed in each volume element for the appropriate
length of time.

This concludes the process for a particular

time increment.

When all time subintervals have been thus

treated the simulation is complete.
Initialization.

The most important function of the

initialization section is to scale the parameters in such a
way that the highest possible accuracy can be obtained in
the shortest length of time without inducing oscillation.
This requires that the stability criterion stated above be
enforced.

It is both convenient and, as it turns out,

appropriate to set AX equal to 1 simulation distance unit
(sdu) and AT equal to 1 simulation time unit (stu).

For
2

best results then, D must assume scaled value 0.45 sdu /stu.
Suppose that we wish to simulate a cyclic voltammogram with switching potentials ESI and ES2 volts, and with a
scan rate of V volts/sec.

The total time required actually

to perform this experiment would be
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T
=
max

2(ES1

*
V

ES2>

sec

Suppose that we wish the simulation to perform a total of
NDT time iterations.

The time scale factor is then

TPPTR

=

T
max
sec
NDT AT stu

or, if AT is 1 stu
tfctr
TFCTR -

Tmax sec
NDT
stu

Quantities in units of seconds may be converted to scaled
values through division by TFCTR.

Multiplication of

quantities in terms of stu by TFCTR effects conversion
back to seconds.
It is possible that a given simulation will involve
species with different diffusion coefficients.

If the

stability criterion is to be observed, it is necessary that
the largest of these be assigned the value 0.45 sdu 2/stu
and the others scaled proportionately.

Suppose that the
2

maximum diffusion coefficient is Dmax cm '
/sec and its
scaled value is DCS
sdu 2/stu. The maximum distance
max
'
from the electrode which we need consider is given by
X
=6 /D
T
max
max max

cm

The maximum distance in the simulation is ^
given by
J NVEmax
times AX where NVEmax is the number of volume elements and
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AX • NVE = 6 v^DCS
NDT AT sdu
max
If

Ax

is 1 sdu and
NVEmax

AT

is 1 stu this reduces to

6 /0.45 NDT sdu

and the distance conversion factor is

XFCTR

Xmax
NVEmax

cm
sdu

Note that our observation of the stability criterion
together with our assumption that AX and AT be unity has
resulted in fixing the number of volume elements we are
allowed to have.

Decreasing the size of the volume element,

thereby increasing the number thereof, by making AX, say,
0.5 sdu will exceed the stability criterion unless
and/or AT are also changed accordingly.

DCS
max

If the number of

volume elements is really too small, the optimal change is
an increase in the number of time units.

This will effect

an increase in NVEmax without inducing
3 oscillation or
sacrificing accuracy.
It is convenient, and necessary under certain con
ditions, to normalize concentrations about unity.

This is

done in the present case by setting the largest concentra3
tion equal to 1 simulation mole unit (smu) per sdu .
Suppose that the largest concentration is Cmax moles/liter,
or C
/1000 moles/cm3. Its scaled value is
max'
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1
1

Dmax
CFCTR

smu _
. 3
sdu

moles
cm 3

1000

XFCTR
where CFCTR is the conversion factor between moles and smu
in units of moles/smu.
These three scale factors allow the scaling of any
quantity with units of seconds, centimeters, or moles, or
any combination thereof.

Particularly relevant is the

scaling of rate constants.

For first order rates we have

FK = k TFCTR stu"1
for heterogeneous rates
PKq = v

TFCTR sdu
s XFCTR stu

and for second order rates
FK

= 1000 k

CFCTR TFCTR

,„3
XFCTR

Sdu3

smu • stu

When scaling of the input parameters is complete,
it remains only to set up the various arrays.

The potential

and current during each time interval are stored in appro
priate arrays which require no initialization.

Each species

in solution has its own array which contains one element
for each distance subinterval, corresponding to the con
centration of that species at the midpoint of that subinterval.

These concentrations must be set to values

corresponding to initial solution conditions before the
simulation can begin.

For the case where only the starting

material is present to begin with, all elements of its
corresponding concentration array are set to the initial
concentration.

All array locations for all other species

are set to zero.
Surface Boundary Conditions.

At the beginning of

each time increment, it is necessary first to calculate
the extent of the electrochemical reaction at the electrode
surface.

This is done by determining the flux, which is

also a measure of the current flowing in the electrode
circuit.

To do this, it is first necessary to obtain the

potential at the electrode surface during this time
interval.

Since the potential sweep is linear, it will

change slightly from the beginning to the end of the
interval, so the average value is used.

A subroutine which

actually calculates the potential of a triangular wave at
any time is employed, and shown via the flowchart in
Figure 5.

It does not merit particular consideration,

except to say that significant simplification is realized
if the initial potential is subtracted from both limits
and the triangular wave looked upon as varying about zero.
The initial potential is easily added back onto the
resulting output value to yield the actual value.
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Calculate Total Potential Distance
TPD = 2 (ESWCH I - ESWCH 2)
Fraction of Distance Traveled
F = T/T m ax
Assuming No Switch,
Potential Relative to Zero Volts
CVP = F•TPD

' CVP \
Beyond
ESWCHI

no

yes
Fold CVP Over at ESWCHI
CVP = 2 ESWCHI - CVP

/ CVP\
Beyond
ESWCH 2

no

Add Initial
Potential to
CVP

yes
RETURN
Fold CVP Over at ESWCH2
CVP = 2 ESWCH2 " CVP

Figure 5.

Flowchart of function CVP to calculate the
potential of a triangular wave at time T.
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Heterogeneous rates are calculated for the forward
and reverse electrochemical reactions by means of the
formulae
k ' = k
hf
s

k hb

=

e vDTPl

ks exP[(1

a

F(E

"

- E°>1J
RT

a)

F ( E RT E

)]

where k,
. refer to the forward and back reactions
hf and k,hb
respectively, ks is the heterogeneous rate constant for
the electrode process, a the transfer coefficient, E the
electrode potential, and other variables have their usual
meanings.

Note that, since the normalized potential
P = a

F(E

" E°>
RT

is dimensionless, no scaling of the individual quantities
contained therein is necessary.
The flux of each electroactive species at the
electrode surface, as well as the Faradaic flux from which
the current is obtained, are calculated using the flux
equations derived by Feldberg (1972).
electron transfer
A + e 5=* B
we have

For the simple
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khfAl

_
F
fl°

where

and

j. +

" khbBl

khf
2DCS.
A

+

khb
2DCS
B

are the respective concentrations of A and

B in the first volume element and DCS^ and DCSg are the
scaled diffusion coefficients of A and B.

The flux of B

and the Faradaic flux are
FB0 =

F FAR

" FA0

F AO

The current may be calculated from the Faradaic flux by
first scaling back to real dimensions and scaling to
amperes, taking into account the electrode area, AREA
f

CFCTR

= F

FAR

FAR

TFCTR XFCTR

3

i = fFAR F AREA
The current in amperes thus obtained is stored in an array
and presented as the output, along with the average poten
tial during the current time subinterval.
For the ECE case
A = e

B

B *=* C
C + e x=* D
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where the B to C reaction takes place in the solution, it
is assumed that the electrode processes take place inde
pendently.

FaQ and FcQ are treated as F^q above, and Ffi0

and FpQ are treated as F^Q above.

The Faradaic flux is

FFAR = FA0 + FC0

For the case of two successive electron transfers
A + e

B

reaction 1

B + e ;=* C

reaction 2

the formulae derived by Feldberg are

XI = 1 +

khflAl
A0

2DCS_,
C

" khblBl
n

X2 = 1 +

CO

__

2DCSDd

khb2

2DCSb XI

2DCSa

+

khb2Cl

P

khf2

2DCSb XI

khf1

2DCSA

+

(khb2Cl
n
U

" khf2Bl)

khb2

.
2DCSC;

khbl
2DCSfi

~ khf2B1 " 2DCS X (khflAl ~ ^bl®!5
k,, „
kTTT
kTTI
h£2
i + hb2 +
.
hfl .
2DCS_
2DCS„
X
2DCS.
n
C
B 2
A
m
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(F AO + F co )

F B0

F FAR

F AO

F CO

In view of the complexity of the foregoing, one
wonders if it might not be adequate to simulate two succes
sive electron transfers as independent electrode processes,
using the flux equations for the simple case.

This has been

attempted and was found to yield erroneous results,
particularly when the standard potentials for the two
processes are close (separated by less than 100 mV).

Under

these conditions, the two electron transfers are in
actuality not very independent.
Diffusion.

The process of mass transport correspond

ing to diffusion is, in the explicit simulation, dependent
only on the concentration gradient of each species, the
diffusion coeffidient, and the electrode geometry.

It is

thus neatly separable from the electrode reaction and other
homogeneous processes taking place.

The flux of material

across the interface between two adjacent volvune elements is
given by

FAi

=

DCSA

A.^_ - A.
1 AX
1

During time AT the number of smu of material flowing from
volume element i+1 into volume element i will be

Q = F_. AREA. AT
Ai
i
where AREA, is the area of the interface between volume
1

elements i and i+1.

If the volume of element i is VOL^,

the increase in concentration will be
AREA.
1 AT
DC = F_.
Ai VOL.
l
Since volume element i is bounded on the other side by
volume element i-1, it is necessary to take into account
also the decrease in concentration as material flows from
i to i-1.

The equation describing the total change in

concentration of A in volume element i during time AT is
DC,. = rr-^- (F,. . AREA. - F,. ,AREA. n)
Ai
VOL.
Ax
l
Ai-1
l-l
where i refers to the interface of volume element i on the
far side from the electrode and i-1 that face nearest the
electrode.

Clearly,

f°r volume element 1 is Fa0» or

simply that obtained from the electrochemical process.

For

species which are not electroactive the electrode surface
represents a wall at which the flux is zero.
For the case of a planar electrode the diffusion
equation is simplified somewhat since all volume elements
have identical interfacial area and
VOL.
AX
T = AREA.
1
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Under these conditions we have

or, making the appropriate substitution for F^
DCAi

AT
DCS
•77 (C,.
. , - 2C,.
. + C_Ai+1
. )
Ai-1
Ax
A AX2

i > 1

To illustrate application to a more complex
electrode geometry, consider the case of the cylindrical
wire electrode with hemispherical end illustrated in
Figure 6.

The area of a shell comprising the outer bound

of volume element i is
AREA.
l

2TT

ZH + j-rrZ 2

where Z = r + iAX and H is the height of the electrode, not
including the round end.

The volume of element i is calcu

lated from
9
AX
VOI^ = ttAX[(2Z + AX)H + Z + ZAX + ^-]
Note that it is not adequate to calculate this as simply
the difference between the volumes contained by the inner
bound and outer bound of volume element i.

For an

electrode of any size and all but the very slowest of scan
rates, this difference between two floating point numbers
will not be significant, and the volume will be assigned
the value zero, with obvious deleterious consequences.
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Figure 6.

Orientation of a volume element about the
cylindrical electrode.

Homogeneous Chemical Reactions.

Like the process

of diffusion, homogeneous reactions are separable from
other phenomena in the explicit simulation.

The finite

differences environment also presents the temptation to
deal with these reactions in a most straightforward way.
Thus, for the simple first order reaction
A — — B
we have
dA
at

,,
=

"

kA

In a particular volume element, then, during a time subinterval of duration AT, it seems reasonable to calculate
the change in the concentration of A in volume element i
using
DC,. = - FK C*
Ax
Ai

T

where Cj*^ represents the concentration of A in volume
element i before the reaction commences.

A drawback of

this finite differences approach is at once evident.

If

AT is unity and the scaled rate constant should turn out
to be greater than 1, more A will be consumed in the
reaction than is present to begin with.

Thus we again

encounter the specter of instability resulting this time
from large values of k.

It is particularly unfortunate

that the values of k which result in this phenomenon are
not particularly unreasonable, typically greater than
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100 sec

One approach to this difficulty is to increase

the number of time iterations performed by the simulation.
For a tenfold increase in NDT which elevates computation
time by a factor of roughly 30, an order of magnitude
increase in the maximum allowable k is obtained. Not a
7
-1
very attractive solution if k is 10 sec . Ruzic and
Feldberg (1974) suggest an alternative formulation of the
problem which they refer to as the heterogeneous equivalent.
For very fast reactions the entire homogeneous process
takes place in the first volume element before the electrode
product diffuses from the electrode surface.

Therefore it

is valid to include such a reaction as part of the surface
boundary condition.

Unfortunately this procedure makes the

homogeneous process and the electrode reaction inter
dependent and leads to greater complexity, as well as
proliferation of a host of different relations to satisfy
a myriad of special cases.
A more organized approach to the problem which does
not cause instability under any circumstances and which
retains the separability of the homogeneous and heterogeneous
processes has been developed for this implementation.

For

the simple first order irreversible case above, the
differential rate law is simply integrated and this equation
used to obtain the new concentration of reacting species
thus
CAi = C*± exp(- FK AT)
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During a given time increment of length

AT,

each

volume element is treated as an isolated reaction vessel
and this equation used to simulate the decrease in concen
tration of A.

C^,. is calculated from
J31

c

Bi

= c* + c* - c
Al
Bl
Al

Equations for simulating several other reaction
types have been derived and are given below.

For simplicity

A is used instead of C,.,
D., and so forth.
Ai B instead of CBi
For the reversible first order case

A

kf

B

Kb

A =

(kb(A*+B*) - (kbB*-kbA*) exp[-(kf+kb)

k

f

AT]}

b

B = A* + B* - A
For the two step case where both reactions are irreversible
^1B
A —
^2C
B —
A = A* exp(- k^ AT)

B = ^^1

A* [exp(-k^AT) - exp(-k2AT)] + B* exp(-k2AT)

C = A* + B* + C* - A - B

kx ^ k2
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For the similar case where the first reaction is reversible

A

kf

B

Kb

B

^2
=-» C

(kf+kb+k2) +
R = — "' "

/(k
/ a f+kb+k
- 2)
- 2 - 4kfk2
ri

(kf+kb+k2) S — — •• 1

/(kf+kb+k2)2 - 4kfk2
n
'

k.A* - (S+k +k9)B*
2
R - S

u = —

V = B* = U

A = J- {UR exp(RAT) + VS "exp(SAT)
Kf
+ (kb+k2)[U exp(RAT) + V exp(SAT)]}

B = U exp(RAT) + V exp(SAT)
C = (A*+B*+C*) - (A+B)
where R, S, U, and V are intermediate variables.
case where an intermediate disproportionates

2 B^

"A + C

kb

For the
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R = kf (A*+2B*)2

[4k, (A*+2B*) + k, (B*-C*)]

S

f

T = 4k

Q =

f

b

kb

/s2 - 4RT

_ 2TB* + S + Q
2TB* + S - Q
R =

K(Q-S) + (S+Q) exp(QAT)
2T [K - exp(QAT)]

C = B + C* - B*
A = A* - 2B + B*
In cases where particular values of k^ and k^ are not
available, but are known to be sufficiently large that the
reaction may be considered to reach equilibrium during the
course of a single AT interval, that is where
C
max
C
max
AT
the equilibrium constant, K

= k^/k^

may

substituted

for the rate constants, and the concentrations of A, B, and
C obtained from
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R = 4K
eq

1

S = 4K A* + B* + C*
eq
T = K A*2
eq

Q

S +

B*C*

/s2 - 4RT
2R

A = A* - 2Q
B = B* + Q
C = C* + Q
Because a number of major simplifying assumptions
have been made in order to implement a simulation of this
type, problems in dealing with certain cases are bound to
arise.

The problem of stability and how it is controlled

have already been discussed in the context of diffusion and
kinetics.
process.

Another source of instability is the electrode
7
For ks greater than 10 cm/sec, oscillation will

become noticeable.

Large values of ks, fortunately, do not
result in significant changes in the observed current. A
more serious limitation is that the potential must not be
stepped abruptly between regions where the electrode
reaction is altered or takes place to a markedly different
extent.

The only comparable situation in cyclic

voltammetry arises when the initial potential is well
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up on, or beyond, a peak.

If the initial concentrations are

always set to reflect the position of the electrode
equilibrium at the initial potential, this difficulty will
not arise.
Biases are small errors introduced in each iteration
of a finite differences calculation which accumulate to form
a significant error in the output.

The most important

illustration of this problem as applied to cyclic voltammetry
simulations concerns coupling between the Faradaic and
homogeneous processes.

The simulation assumes that the

electron transfer process runs independently of the other
chemical reactions and thus performs first some electro
chemical conversion, and then some homogeneous conversion
sequentially for each time increment.

In actuality,

however, both processes take place simultaneously.

As the

electrochemical process generates material, it is simul
taneously consumed by a chemical step, causing the electrode
reaction to produce more product than it would in the
absence of the following step, and causing the current to
be slightly higher than for the independent case.

An

example is the EC case
A + e^B
kf
B^C
kb
in which k^/k^ is large. At very fast scan rates the

simulation exhibits reversible behavior as is appropriate.

As the scan rate is decreased to the point where the B to C
reaction takes place significantly, the anodic current
begins to decrease, since less B is available for reoxidation.

As the scan rate is reduced still further, however,

the anodic peak would be expected to return to normal
height since the C to B reaction is now fast enough to
supply B from C.

The simulation does not reflect this

increase in anodic current unless a very large number of
AT increments are employed because the C to B reaction is
not allowed to take place while B is being consumed during
reoxidation.
In general, errors can be expected whenever a
process, during the course of a single AT interval, con
sumes most or all of one or more of the species present in
a volume element.

It is desirable, therefore, from the

standpoint of maximizing accuracy, to keep changes in
concentration during a AT interval small relative to the
concentration upon entering that AT.

For this work changes

of 10% or less have been considered satisfactory although
deviations of 50% or greater at times must be tolerated
for short periods.
Increasing the number of time increments will always
alleviate this problem somewhat, at the expense of computa
tion time.

Probably the best approach is application of the

heterogeneous equivalent at low scan rates.

Biases of this

sort may sometimes be detected by changing the number of
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time increments and noting whether or not a significant
change in the current is observed.
Analysis Structure
The analysis structure is that set of routines,
together with their control interconnections that makes
possible critical examination and measurement of the
simulations and the data.

In the case of the cyclic

voltammetry simulations, routines are available for per
forming simulations under certain conditions and with a
variety of mechanistic schemes, as well as data baseline
correction, display and output of data and simulations,
and an interactive mode for comparing simulations and data
directly.

To assist the new user in becoming familiar

with the complexities of this analysis structure, a help
file is also available which is printed out on command.
Central to this structure is the parameter array, a 30
element table which contains all mechanistic information
and experimental and initial conditions which define a
particular current-potential curve.

This parameter array

may be modified by the operator, its contents printed out
or stored on disc, or it may be used as the basis for
performing a simulation.
Cyclic voltammograms, whether simulations or data,
may be stored on the disc, one voltammogram to a file.
Each of these files contains separate arrays for potential
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in volts and current in amperes, as well as the parameter
array corresponding to the voltammogram.

In the case of

data, this parameter array is largely meaningless.

Also

included on the disc file is the number of points repre
sented by the arrays, a title array for identification, and
a parameter indicating the type and condition of the
voltammogram, whether data, baseline corrected data,
simulation, unsimulated parameter array, or incomplete
simulation.
Three basic mechanistic frameworks are provided.
The EEC simulation,
A^B
B + e

C

C + e =?=* D
D x=^ E
is the simplest of these.

The two reversible chemical

reactions may be made irreversible by setting one of the
rate constants to zero.

One of the rates for a given

reaction, however, should be non-zero.

This does not result

in a loss of generality since, for example, if the D to E
reaction does not happen at all then there will never be
any E and the E to D reaction rate can be arbitrarily
large with no effect on the concentration of either species.
The A to B reaction is included so that oxidations as well
as reductions can be performed.

To simulate an EEC
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mechanism with two oxidations it is necessary only to
indicate D as the initial material in solution and define
the various parameters appropriately, keeping in mind that
the mechanism will now proceed from bottom to top rather
than in the usual way.
A modification on the EEC case takes into account
disproportionation
A^B
B + e 55^ C
2C ^ B + D
C + e

D

The ratio k^/k^ f°r the disproportionation step can have
any value but it should probably be assigned consistent
with the separation in the two standard potentials according
to the formula
kf
k,
b

(E° - E°)
log10 [F

RT

-1

Reactions exhibiting some form of ECE behavior may
be simulated using
A^B
B + e^ C
C^D
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D + e =v=^ E
E^F
As pointed out earlier, for schemes involving reversible
chemical steps, serious biases can result if the ratio
k^/k^ is very large or very small, and the reaction takes
place essentially to completion during a single AT incre
ment.

Under such conditions the significant uncoupling of

the Faradaic and kinetic process may lead to large errors
which are difficult to detect.
The curves obtained from the first two schemes were
verified by comparison with tabulated data and curves
obtained by the integral method (Nicholson and Shain 1965,
Polcyn and Shain 1966).

While the disproportionation case

has proved too complex to date for this treatment, our
results for this case are in accord with those of
Mastragostino et al. (1968), obtained through a similar
method.
While it is possible to perform simulations indi
vidually, this can become very tedious if a large number
are to be performed, as for constructing working curves.
Therefore, a list processing mode has been provided,
enabling the operator to list files in which are stored
parameter arrays corresponding to the simulations desired.
A routine then simulates each file, according to the
selected mechanistic scheme, sequentially and without
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operator attention.

By this means it is possible to perform

as many as 50 simulations during the night when the
computer might ordinarily remain idle.
Two options are available for entering experimental
data.

The most convenient assumes that the data have been

acquired by means of LPSC.

The plotter output tape is

read directly, the points properly scaled, and the
voltammogram stored in the desired disc file.

The scan

rate is stored in the sppropriate parameter array location.
Occasionally an LPSC formatted tape is not available, as
when the run has been displayed on an X-Y recorder, or as
a figure in a journal.

It is possible to create a paper

tape at the teletype by entering point pairs consisting of
potential and current measurements which can be stored on
disc by another input option.

The exact format for such a

tape is given subsequently.
The subtraction of residual current requires, in
addition to the data file being corrected, an additional
file containing a residual current cyclic voltammogram
obtained under the same conditions of potential limits and
scan rate.

Each point in the raw data is corrected by

subtracting the residual current contribution at that
potential, obtained by linear interpolation into the
corresponding region on the residual current voltammogram.
Due to drift and noise in the potential control system, it
is likely that this baseline correction routine will not
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be successful in matching every point with a corresponding
residual current value.
is made in that point.

When this is the case, no change
The operator is informed of the

total count of such errors when correction is complete, and
given a last opportunity to save his raw data before the
corrected voltammogram is written over it.
Comparison of two files is facilitated by a special
interactive mode which allows fitting by performing certain
transformations on one of the files.

A fixed file, usually

data, and a moveable file are first declared, and the two
are plotted together on the graphics terminal.

By means of

terminal input commands and operator manipulation of the
graphics input cursor, it is then possible to modify the way
in which the moveable file is plotted relative to the fixed
file.

The transformations include shifting the potential

axis by a specified number of millivolts, adjusting the
zero current baseline or the scale factor of the moveable
file so that it assumes an indicated current value at a
given potential.

In addition, for measurement purposes it

is possible to interrogate the cursor concerning any point
on the virtual plot, so that the coordinates of peaks and
other distinct features may be obtained.

To assist in

measuring certain features, the first derivative of the
fixed file may be superimposed on the data plot.

The zero

crossing of this derivative plot is helpful in determining
precisely the peak potential.

To suppress the noise
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enhancement characteristic of the derivative, a smoothing
factor may be entered which averages several finite differ
ences on either side of the point in question.
Since it is often necessary to perform measurements
on a large number of cyclic voltammograms, and since these
measurements often take the form of peak parameters, a
facility is provided for obtaining this information without
operator assistance.

A peak search routine first locates

on a file the switching points and measures the current
thereat.

It then fits a region specified to a parabola

and the potential and current of the extreme of the
parabola are recorded.

This fitting procedure may be

repeated for several intervals along the cyclic voltammogram.
The results of this examination are output to the line
printer.

In addition to processing individual files, this

routine can act upon the contents of the file list.

While

this is a very convenient way of obtaining peak parameters,
it must be noted that cyclic voltammetric peaks are not
parabolic in shape, unless only the very top of the wave is
included in the fitting interval.

Since peaks often move

with scan rate, when a list of files is processed the
fitting interval must be sufficiently large to include all
possible peak locations, and more than the very top of a
given peak will ordinarily be fit.

This results in some

error in the returned values which can only be evaluated by
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comparison against one of the manual techniques provided by
the interactive mode.
The analysis structure also includes a mode for
superimposing any number of plots on the graphics terminal.
The scale may be adjusted to cater to the sensitivities of
the operator, and a tape of the finished plot may be
punched which is suitable for driving the Hewlett Packard
7200A plotter.
The analysis structure was written in the Hewlett
Packard variant of FORTRAN IV and was broken into five
segments to facilitate loading into 32K of core memory.
While much of the code is system dependent in that it
controls graphics, intersegment communications, etc. certain
details are interesting in that they can be applied to any
implementation to provide the benefits of a system
approach.
Program execution may be regarded as interaction
between four structure types.

These are the data file, the

task routine, the task selector, and the COMMON block.
Data files reside on disc and are primarily permanent
storage media.

Task routines are parts of the program

which perform individual tasks such as simulating a cyclic
voltammogram, plotting a data file, or constructing a file
list.

The task selector chooses the task requested by the

operator and transfers control to it.

All tasks, except

termination, end by transferring control back to the task
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selector.

The COMMON block is an area of memory accessible

to all task routines.

It is used as a communications area

and for temporary storage of data.
Data Files.
in Figure 7.

The structure of the data file is shown

NPTS is the number of potential-current pairs

present in the file.

KEY is a parameter which provides

certain information about the condition of the file.

It may

have the following values:
KEY = 0

The file contains a parameter array only.

This

condition is set whenever the contents of the
parameter array are changed.
KEY = 1

The file contains a complete cyclic voltammetry
simulation.

KEY = 2

The simulation contained in this file was
terminated abnormally.

This can result either

from operator action during the course of a
simulation or from the number of data points
exceeding the available memory.

In either

case NPTS reflects this situation and the file
may be processed exactly as a KEY 1 file.
KEY = 3

The simulation routine ran out of volume
element storage.

It completes the simulation

simply ignoring the solution beyond the last
volume element.

The file may be processed as
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Sector

NPTS
KEY

1

PRAMS
Sector

ICMNT

2

POT

CUR

Figure 7.

Structure of a CVSX data file.
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a KEY 1 file but some error may be present as a
result of this truncation.
KEY = 10 Indicates an experimental data file from which
residual current has not been subtracted.
Residual current curves are also stored in
KEY 10 files.
KEY = 11 An experimental data file which has been
corrected for residual current.
PRAMS is the floating point parameter array mentioned
earlier in which all of the physical parameters and experi
mental conditions corresponding to a particular simulation
are stored.

While it contained sixty locations in the

current implementation, only thirty of these were used.
The rest were included as room for expansion as new and
more complicated mechanistic schemes are added.

The follow

ing information is included in the PRAMS array:
An entry for the initial concentration of each
species.
An entry for the diffusion coefficient of each
species.
The number of electrons, E°, a, and

for each

electron transfer.
The rate constants and/or equilibrium constant
pertaining to each homogeneous chemical reaction.
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The initial potential, switching potentials, and
sweep rate of the applied triangular wave.

Note that the

initial potential must be between the switching potentials.
The number of time iterations to be attempted by
the simulation.
The dimensions of the electrode.
ICMNT is a one line Hollerith array which contains
the title assigned by the operator to the file to assist
in identification of the contents.

This is not related in

any way to the file name required by the operating system
which must be used when accessing the file.
POT and CUR are floating point arrays which contain
the values of potential and current respectively in units
of volts and amperes.

The two arrays each consist of NPTS

entries and are located contiguously in the data file.
COMMON Block.

The first part of the COMMON area is

structured exactly like a data file, with an entry for NPTS,
KEY, a PRAMS array, an ICMNT array, and separate POT and CUR
arrays.

Upon reading an entire data file into the COMMON

area, it is necessary only to unpack the current data from
its position directly following the potential data and
store it in the CUR array in order to reference all informa
tion directly.

A second identical data field follows the

first with entries NPTS2, KEY2, PRMS2, KCMNT, P0T2, and
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CUR2.

This is used by those tasks requiring simultaneous

access to two data files.
In the current implementation, PRAMS was declared
a doubly subscripted array, with separate rows for initial
concentrations, diffusion coefficients, electron transfer
parameters, kinetic parameters, and experimental condi
tions.

While this is convenient from an organizational

point of view, it is unwieldy if subroutines are to be
invoked which act upon the entire array.

Future imple

mentations will utilize a singly subscripted array for
this purpose.
Because of the need to segment this program on the
particular installation used, several other items were
included in the COMMON block for communications purposes.
These included the file list, an array containing 50
Hollerith fields in which may be entered the file name of
a data file, the name of the file currently resident in the
first COMMON data area, and a number corresponding to the
next task to be performed.
Task Selector.

The task selector is the portion of

code which performs the executive function.

It is

responsible for selecting whatever task the operator
requests and transferring control to it.
finished, return to the task selector.

All tasks, when
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Upon entrance to the task selector, the name of the
datafile currently resident in the COMMON area is output to
the operator's console.

The first two sectors of the data

file so named are read into the first COMMON data area.
This includes NPT.S, KEY, the parameter array and the title
array.

The KEY parameter is next examined and the operator

informed of any abnormal condition pertaining to this data
file.

The menu of available tasks is then presented and

the operator asked to select one by entering its sequence
number on his console.

Control is then transferred to the

appropriate task either by means of a computed GOTO with
the sequence number as argument, or, in the case of tasks
which reside on another overlay, by loading the proper
segment.

In this case the sequence number must be present

in its position in the COMMON block as the task selector
itself is overlayed.

It is then the responsibility of the

segment invoked to make the correct task selection.
Task Routines.

The actual work of the analysis

structure is performed by the task routines.
which are presently available are
HELP!
ENTER NEW FILE
SET PARAMETERS
PRINT PARAMETERS
PERFORM SIMULATION

The tasks
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CONSTRUCT FILE LIST
SIMULATE FILE LIST
INPUT DATA
SUBTRACT RESIDUAL CURRENT
PLOT DATA
INTERACTIVE MODE
PEAK SEARCH
Selecting the HELP! routine simply executes a set
of FORTRAN WRITE statements which outputs certain basic
information concerning use of the system to the console.
It cannot take the place of documentation as the amount of
core consumed precludes any significant detail, but it can
be useful to the new user in getting started.
ENTER NEW FILE is the routine responsible for
changing the data file currently resident in COMMON.

This

file is referred to as the current file and is acted upon
directly by most of the task routines.

To change the

current file it is necessary only to update the file name
array in COMMON.
Before a meaningful simulation can be performed, it
is necessary to provide values for all of the physical and
experimental parameters of the system which is to be
simulated.

This is conveniently done by writing the current

value of the parameter (which was previously loaded from the
data file to the COMMON area by the task selector) out to
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the operator's console along with an indication of the
units in which it is specified, and an updated value
requested.

Actual units, rather than dimensionless

quantities are used whenever possible to enhance the
utility of the system to the non-programmer.

Two minor

features of the FORTRAN variant used also assist in making
this process accurate.

The free format input option is

employed which reads a number from the input device in any
recognizable format and selects the correct mode based
upon the variable type to which it is assigned.

If no

change is desired for a given parameter value it is neces
sary only to indicate linefeed at the console.
value will be retained without change.

The old

When all parameters

have been given values, the KEY is changed to 0 to indicate
a data file ready for simulation and the first two sectors
are written back to the data file for permanent storage.
It was convenient in the interest of operator time,
to break the SET PARAMETERS task into three independent
tasks which set individual types of parameters.

Hence a

single task was assigned the species parameters, initial
concentration and diffusion coefficients, a second, reaction
parameters, including electron transfer parameters and rate
constants, and a third, the experimental conditions.

It

was therefore unnecessary to go through the entire setting
procedure to set a single rate constant, or to change the
number of time iterations.
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PRINT PARAMETERS simply prints the contents of the
current PRAMS array in COMMON on the line printer.

This

provides a hard copy of these values to accompany any plots
which the investigator obtains.
To simulate the current file the PERFORM SIMULATION
task is invoked.

This task first examines the KEY parameter

to see that it is zero.

If not the operator is asked to

confirm that this file is indeed to be simulated.

This

check procedure prevents data or complete simulations from
being destroyed if the operator makes an error.

The

simulation routine is then called to actually perform the
calculation.

Upon completion, the simulated current-

potential curve is packed and the data area written out to
the current data file on disc.
For the case where access to several mechanistic
schemes is desirable, as in the present case, each scheme,
coded in its own simulation subroutine, may be called as a
separate task.

This simplifies addition of new schemes in

that it minimizes changes to the basic framework.

It is

also possible to use any type of simulation technique
desired, since the analysis structure is independent of the
manner in which the calculations themselves are performed.
The CONSTRUCT FILE LIST task allows several files
to be listed in such a way that they may be simulated or
otherwise acted upon without operator attention.

A

Hollerith array is provided in COMMON for this list.

As

70
the operator enters each file name, its first two sectors
are read into COMMON and KEY checked to make certain that
it is zero.

If not, the operator is required to confirm

his desire to enter this name in the array.

The characters

/E indicate to the task that no further files are to be
entered.

The last entry in the file list is set to /E to

indicate to tasks using it that no more files are to be
processed.
For each simulation that is to be performed from
the file list, a SIMULATE FILE LIST task routine is
required.

This simply reads an entry from the list, checks

to see if it is /E, if not, loads the first two sectors of
the data file indicated therein into the COMMON area, and
invokes the simulation subroutine.

Upon return from the

simulation the current-potential curve is packed and written
out to the file.

This process is repeated for each entry

in the file list until /E is encountered.
Experimental data may be input to the system and
stored on a disc file by means of the INPUT DATA task
routine.

Two such routines are provided in the current

implementation.

The first is designed to accept plotter

tapes from the data acquisition program LPSC.

Its operation

is system dependent to the extent that its description
here is pointless.

The second routine accepts a data tape

which has been manually prepared at a teletype.

This tape

contains first the title and then as many potential-current

pairs as the user wishes to enter.

Each pair is entered in

units of millivolts and microamperes separated by a comma,
and followed by return-linefeed.

After the last pair has

been typed, /E is affixed to indicate the end of the data.
The flowchart in Figure 8 indicates the flow of control.
The KEY parameter is first examined and, if the decision is
made to go ahead the title is read and stored in ICMNT.
Then each data pair is read individually as a Hollerith
field, the characters /E checked for, and if they are not
present, the Hollerith array converted internally to the
appropriate numerical values.

These values are stored in

their respective arrays and the point counter incremented.
When the end of the data tape is encountered the CUR
entries are packed in place directly behind the POT entries
and the data area of COMMON written out to the current
file.
Data so entered are corrected for residual current
by means of the SUBTRACT RESIDUAL CURRENT task.
data files are required for this operation.

Two raw

One of these,

referred to as the Data, is held in the POT and CUR arrays
of the COMMON block.

The other, referred to as Residual

Current, is held in P0T2 and CUR2.

From each entry in CUR

is subtracted the corresponding value of CUR2.

The flow

chart in Figure 9 explains the principle of the technique.
The usual housekeeping is first performed, checking to be
sure that the two files are actually raw data, and loading
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and unpacking the potential and current arrays.
variables are then initialized.

Some needed

These include the error

counter, which notes the number of POT entries for which no
interpolation between P0T2 values could be performed, I and
J, the Data and Residual Current pointers, and SIGNI and
SIGNJ, which describe the direction of scan of the Data and
Residual Current respectively.

SIGNI and SIGNJ are obtained

simply by subtracting the current value of POT or P0T2 from
the previous.

The sign of the difference indicates the

direction of scan.

Both Data and Residual Current must

begin scanning in the same direction or the process is
aborted.
From this point one of two tracks is selected,
depending upon the direction of scan.

The track for

positive going scan will be described in detail, although
the negative track is symmetrical.

The current Residual

Current potential is first checked to see if it is more
positive than the current Data.

If this is the first Data

potential, that is, if I = 1, such a condition indicates
that no Residual Current measurement corresponding to POT(I)
can be obtained and an error is counted.

Once interpolation

is successful this condition can no longer occur.

If the

current P0T2 is in fact less than the current POT, the next
P0T2, that is P0T2(J+l) is checked to see if it is larger
than POT(I).

If it is, POT(I) lies between P0T2(J) and

P0T2(J+1) and the residual current, CBASE, at POT(I) may be
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calculated via linear interpolation between CUR2(J) and
CUR2(J+1) by means of the formula
CBflSE = CUR2(J) + pQy2(J+l) I P0T2(j)

[POT(I)

"

P0T2(J)1

CBASE is subtracted from CUR(I) and the result stored in
CUR(I).
In the event that interpolation could not be
performed because P0T2(J+l) was also less than POT(I), the
end of the residual current data is checked for.

If this

is not the problem then perhaps the Residual Current reached
its switching point and JSIGN changed.

In either of these

two cases, interpolation at POT(I) cannot possibly be
performed so an error is counted.

If there are a number

of Residual Current points before the first Data point, then
none of the above conditions will apply.

The current

Residual Current potential is incremented and another
attempt made to see if interpolation is possible.
Once a data point has been disposed of either by
interpolation or error declaration, the track is exited.
The pointer is checked to see if there is any more Data
and, if so, the pointer is incremented.

The sign of the

Data scan is recalculated and a check run again to see
that the Data and Residual Current scan directions agree.
If they do not, the Data switching potential has been
passed and it is now necessary to drive the Residual Current
pointer until it reaches its switching potential.

Once the
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scan directions match, the appropriate track may be re
entered.
When the last data point has been processed, the
operator is informed of the number of errors and asked for
permission to change the Data file.

If permission is

given, the KEY is set to 11 and the first COMMON data area
output to the current file.

If not, return is effected to

the task selector without further action.
Implementation of the PLOT DATA task routine is
heavily dependent upon the type of graphics capability
available, as well as the software provided for its use.
For this reason discussion of the details of this procedure
will not be of significant utility.

The basic process is

as follows: The contents of the current file are read into
COMMON from the disc and the maximum and minimum potential
and current noted.

These extreme values are used to set the

scale of the plot in such a way that all the data appears.
The data are then plotted, along with whatever documenta
tion (axes, labels, etc.) is available.

The operator is

then given the opportunity to change the current file
within the plot routine, so that several files may be
plotted simultaneously.

Provision is also made for changing

the scale factors by entering desired maximum and minimum
values on each axis.

For installations employing CRT

graphics a hard copy option is desirable.
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The INTERACTIVE MODE task routine allows graphical
comparison of two files, as well as providing several
measurement aids.

For comparison purposes it is possible

not only to plot two data files simultaneously but also to
move one in certain ways relative to the other.

The current

file, located in the first COMMON data area, remains fixed
at all times and is referred to as the fixed file.

The

second data area is loaded with the contents of another
data file called the moveable file.

While the contents of

the P0T2 and CUR2 array may be changed, the data file from
which these contents originally came is not modified since
the second data area is never rewritten back out to the
disc.

This is necessary to maintain the integrity of data

and simulations while still allowing maximum flexibility
for curve shape comparison.
Upon entering the interactive mode the adjustment
parameters for the moveable file are initialized.

These

are COFST, the current offset, EOFST, the potential offset,
and CSCL, the current scale factor.

The contents of the

current file are next read from disc, unpacked, and the
maximum and minimum potential and current recorded.

The

moveable file name is then requested, read into the second
COMMON data area, unpacked, and its maxima and minima
recorded.

The two curves are then plotted simultaneously,

scaled in such a way that both appear in entirety.
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A subtask selector is now entered which allows the
invocation of several subtasks.

Its operation is similar

to that of the task selector except that it is only
responsible for presentation of the menu and transfer of
control to the requested subtask.

The subtasks available

are
SPECIFY FIXED FILE
SPECIFY MOVEABLE FILE
CHANGE PLOT SCALING
ENTER POTENTIAL OFFSET
ENTER CURRENT OFFSET
ENTER CURRENT SCALE FACTOR
OUTPUT ADJUSTMENT PARAMETERS
OUTPUT COORDINATES
DERIVATIVE PLOT
EXIT
Specification of a new file involves only requesting
the file name of the operator and loading the file contents
into the appropriate COMMON data area.

To change the plot

scaling, the operator enters values for the minimum and
maximum current and potential he wishes, plotted.

The

offset is entered at the console in millivolts and this
value added to EOFST.

COFST and CSCL are set by indicating

with a graphics input cursor a point through which the
moveable file is expected to pass.

The details of this

procedure are, of course, system dependent.

If no graphics
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input capability is available, these variables could also be
set directly from the console.

All of the above subtasks

result in replotting of the data.

In addition, the moveable

file, before display, is modified by adding EOFST to all
elements of POT2 and scaling elements of CUR2 by multiplica
tion by CSCL, followed by addition of COFST.

This procedure

causes the plot of the second data area to move from its
original position according to the values of the adjustment
parameters.

These quantities are made available to the

operator's console at his request.
To aid the operator in obtaining the coordinates of
a given point on the curve the graphics input capability is
again used.

The potential and current of the indicated

point are output to the console.

To assist with this

process at peaks and other features characterized by a
distinct change in slope, capability is provided for
plotting the derivative of the fixed file on the plot.
This is obtained by averaging for some point CUR(I) the
differences CURCD - CUR(I-l) and CUR(T+1) - CUR(I)»
Because experimental data frequently exhibit noise, if
the derivative is to be useful it is necessary to average
more than two differences for each point.

A smoothing

factor is therefore requested which indicates the number
of points of either side of CUR(I) over which the slope is
to be averaged.

For example if a smoothing factor of two

were selected, in addition to the above differences,
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CUR(I-l) - CUR(1-2) and CUR(1+2) - CUR(I+1) would be
included in the average.
Each of the subtasks of the interactive mode
returns to the subtask selector except EXIT, which
transfers control out to the task selector.
The PEAK SEARCH task takes much of the tedium out
of locating peaks by doing it automatically using the file
list as input.
and 11.

The flow of control is shown in Figures 10

The operator is first asked to enter the number

of peaks to be searched for and to indicate for each a
VMIN and VMAX value corresponding to the two potential
limits (in millivolts) of the interval in which the peak
is to be found.

It is important to note that these are to

be entered in the order in which they are encountered as
one steps through the potential array.

This is the only

means of knowing whether the interval requested is on the
forward or the reverse scan.

An array of integers is then

prepared so that the system interpolation routine can be
used to select that index most closely corresponding to the
value of VMIN and VMAX at a later time.
The first data file in the file list is then read
into the COMMON area and unpacked, and the line printer
output is headed appropriately.

Before the interpolation

routine can be used it is necessary to divide the potential
array into three monotonic segments, divided by the two
switching potentials whose indices are called ISWCH and

Input Number of Peaks
VMIN and VMAX for Each
Construct Integer Array
Read and Unpack
Next File in List
Head Line Printer Output
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POT(2)

no

ISWCH = I
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Output
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Figure 10.
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Flowchart of switching point search for peak search task.
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Flowchart of algorithm for locating peaks.

JSWCH.

To do this the initial direction ID is determined

and each potential value checked until the direction ID2
no longer agrees with ID.

At this time ISWCH is assigned

the value of the POT index.
direct search technique.

JSWCH is located via a similar

The potential and current values

of the switching points is then output to the printer.
The POT array may now be considered separated into
three regions: that from 1 to ISWCH, from ISWCH to JSWCH,
and from JSWCH to NPTS.

Each of these regions changes

monotonically in potential and the POT indices IMIN and
IMAX corresponding to VMIN and VMAX may be sought in each
by means of the library array interpolation routine.

The

regions are searched in order for IMIN and IMAX such that
IMAX is greater than IMIN.-

The first interval for which

this obtains is fit to a parabola of the form A + Bx + Cx
by subroutine PRFT.

2

This subroutine is simply an imple

mentation of the procedure described by Bevington (1969).
The coefficients A, B, and C are returned from which the
peak potential may be calculated using

' - - I f

The current is calculated from A + BP + BP2 and these values
output to the printer.

This process is repeated for each

entry in the file list.
New task routines are easily added to the analysis
structure.

Changes to the structure itself are minimal,
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requiring only that an entry be made to the task selector
describing the function of the task, and a means be provided
to the task selector for transferring control to the new
task routine.

This ordinarily will take the form of an

additional entry to a computed GOTO statement.

If the task

resides on an overlay a somewhat more complex procedure may
be required.
To ensure that the structure runs smoothly several
items of protocol must be observed by every task.

Data

which are required by a task, with the exception of the
first two sectors of the current data file, must be loaded
by the task.

Similarly any results which are to reside in

permanent storage must be stored by the task.

Nothing must

be left lying around in memory by a task which may be
needed later, especially if overlays must be employed.
When a task is complete, it should make sure that all
peripherals which it used are in a reset condition [graphics
screen erased, etc.).

An exception to this in the present

implementation was the printer, for which form feed was
executed directly before use, rather than after, to con
serve paper.

Finally, all tasks must execute return to the

task selector.
Potential Step Chronoabsorptometry
As mentioned in the introduction, it is necessary to
check the response of the thin layer cell to be certain that
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it behaves in a theoretically acceptable fashion.

To do

this both the current and change in absorbance were examined
as a function of time for o-tolidine, a system suitable for
such a determination in view of its well known properties
(Petek et al. 1971).

Measurements of this sort also pro

vide a convenient way of estimating the diffusion coeffi
cient of a material under conditions identical to those
employed for rapid scan spectroelectrochemistry.
Apparatus
Thin layer cells were constructed locally using
evaporated gold film electrodes.

The electrodes were

produced by evaporating a barely visible film of chromium
onto a clean microscope slide under vacuum (ca. 50 microns).
Without breaking vacuum, gold was vaporized onto the
chromium film until the absorbance reached a value between
0.5 and 1.0 as determined visually.

Cleanliness of the

slides is of paramount importance for obtaining good
adhesion.

New slides were scrubbed vigorously in a solu

tion of Alconox, then rinsed and allowed to stand for
several minutes in a 1:1 solution of concentrated aqueous
ammonia and 3% hydrogen peroxide.

The slides were then

rinsed with deionized distilled water and blown dry with
bottled nitrogen.
An absorbance at 550 nm of about 0.5 was found
optimal for the thickness of the gold film.

Thinner films
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exhibit a rise in resistivity which leads to poor potential
control.

Significantly greater thicknesses reduce the

transparency of the electrode to the point where the
photometric accuracy of the available spectrophotometers
becomes suspect.
Cells were fabricated by gluing together an
electrode and a slightly shorter plain microscope slide,
separated by a strip of 3 mil Fluorofilm DF1700 (Dilectrix,
Farmingdale L. I., New York).

The epoxy used ftype A34,

Armstrong Products, Warsaw, Indiana) was applied in such a
way that all of the gold film was masked except for a small
(0.3 cm 2) section at the base of the cell.

This restricted

the electrode area to decrease the Faradaic current, as
well as that due to double layer charging.

Holding these

currents small was necessary to avoid potential drop over
the electrode, and to minimize the effects of solution
uncompensated resistance.

When the epoxy had set suffi

ciently the strip of Fluorofilm was removed, resulting in
a very reproducible cell thickness of 0.008 cm.

Initially

coating.the Fluorofilm with Nujol facilitated this removal.
The finished cell was washed out thoroughly with acetone
and carbon tetrachloride and sealed in a U shaped holder
and solution reservoir as shown in Figure 12.

A Ag/AgCl

reference electrode was used which fit into the filling
port of the cell holder.

A platinum counter electrode was

also inserted at this point.
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Thin layer cell in holder.
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The spectrophotometer used for this work was a fixed
wavelength unit of local manufacture, employing a Jarrell
Ash 82-410 monochromator (Waltham, Massachusetts) and two
1P28 photomultiplier tubes.

The log ratio of the outputs

of the PM tubes was calculated using an OEI 2534 log ratio
amplifier (Tucson, Arizona).

The electrical bandwidth of

the system was roughly 30 kHz.
Reagents
-3
O-tolidine (0.5 x 10
M) (Matheson, Coleman and
Bell, Norwood, Ohio) was prepared in a solution of 1 M
perchloric acid and 0.5 M acetic acid.

Stirring and gentle

heating were required to make the crystals dissolve.
Distilled water was used as solvent for all solutions.
_3
Porphyrin (0.5 x 10
M) was prepared as for cyclic
voltammetry.
Procedure
Current and absorbance data were acquired simul
taneously by means of program AXX written by Frank R. Shu.
The operator enters the number of data points he wants taken
and several instrument settings.

After a short time during

which the initial absorbance is averaged, the potentiostat
is triggered to apply the potential step and current and
absorbance data are acquired.

Plots of these quantities

versus time are then presented on the terminal screen for
operator inspection.

The operator can request that
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additional runs be averaged or that a paper tape be prepared
containing the current and absorbance values.
These tapes were analyzed using program ABST which
presents plots of current vs. t-1/2
' and absorbance vs. t 1/2.
For the simple one-sided planar electrode the current should
yield a straight line with slope
m. = n FAC? /=•
l
A / TT
Absorbance exhibits similar linear behavior with slope
m, = 2 e. C*
A
A A / IT
It is possible to ascertain the extent to which a spectroelectrochemical cell conforms to theory by evaluating the
linearity of these plots for an uncomplicated electron
transfer.

In addition, the slopes may be used to estimate

certain parameters such as the electrode area or diffusion
coefficient.

The results of these investigations on the

thin layer cell will be discussed in a subsequent section.
Rapid Scan Spectroelectrochemistry
Potential step chronoabsorptometry can make
available information concerning the mechanism of a reaction
as well as the optical properties at a single wavelength of
some or all of the species present.

As was mentioned

previously, however, for estimation of kinetic parameters,
the choice of wavelength can be important.

It may even turn
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out that several wavelengths must be used, and it is
practically impossible to tell beforehand just which ones
will be ideal.

Also, if the entire spectrum of an inter

mediate is to be observed, data must be acquired over the
entire wavelength range of interest following the potential
step.

A rapid scan spectrophotometer can clearly be used

to advantage in an experiment of this type.
Apparatus
The rapid scan spectrophotometer used was a Harrick
Scientific Corp RSS-1 (Ossining, New York).

The galvanometer

movement supplied with the instrument was replaced with a
General Scanning RAX100 (Watertown, Massachusetts) unit
which incorporates drive electronics to improve the step
response.

A matched pair of R374 photomultiplier tubes

(Hammamatsu TV, Lake Success, New York) and a 300 line/
inch grating with 500 nm blaze (Bausch and Lomb, Rochester,
New York) were used in the RSS for all measurements.

The

light source was a 420 watt type FAL quartz halogen lamp
operated directly from the 115 VAC main.
RSS is shown in Figure 13.

The layout of the

Light from the source is focused

by condenser LI on the entrance slit SI.

Light passing

through SI is reflected by a small mirror Ml on the
galvanometer movement to some point on spherical mirror M2,
depending upon the angle of rotation of Ml.

The spherical

mirror reflects the incident beam onto the grating G.
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Figure 13.

Layout of the Rapid Scan Spectrophotometer.

Since both Ml and G are located approximately at the center
of curvature of M2, rotation of Ml causes the angle of
incidence at the grating to change.

Thus the dispersed

beam, after deflection by M3, moves across the face of the
exit slit S2.

A selected wavelength band (5 Angstrom

minimum) is admitted by S2 and split by the static island
beam splitter.

The two emergent beams pass through sample

or reference compartment, and are detected by the appro
priate PM tube.

The log ratio of the two PM tube currents

is made available as the RSS output.

The galvanometer

movement is capable of responding to a step change in angle
in 250 microseconds.

It is a routine matter to scan

linearly a 400 nm range in 1 msec and with careful adjust
ment the unit can be made to do so in 500 microseconds.
A staircase function generator of local design was
used to provide the drive signal for the galvanometer.

The

output of a 12 bit counter was converted to a voltage by
means of a digital to analog converter.

The counter was

driven with an external clock and provided with logic to
start and stop counting and to preset the counter to some
value.

Two digital comparators were provided to sense the

attainment of a computer preset limit and the direction of
count reversed.

Thus, after presetting the limits and

initial point, the generator, once started by the computer,
generated a symmetrical triangular staircase without further
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attention.

Figure 14 shows a block diagram of this

instrument.
To initiate a wavelength scan the generator was
first preset to the starting wavelength.

The preset signal

was also made available to the SYNC input of the RAX100
control unit which handled the step input to the galvano
meter in such a way that a minimum of ringing took place.
This enabled mechanical equilibrium to be reached in less
than 250 microseconds.

After an appropriate settling period,

the counter was started and allowed to count until the final
wavelength was reached, at which time it was stopped.
Subsequent scans were performed in an identical fashion.
Figure 15 indicates the timing involved in this process.
The step size, about 1 mV, is exaggerated in the drawing
for clarity.
Procedure
Program NMA was used to acquire rapid scan spectroelectrochemical data.

Before the experiment is performed,

several experimental parameters, such as the number of
points per spectrum, interval between spectra, clock rates,
and so forth are entered on the terminal.

Then a spectrum

of a wavelength calibration filter, such as holmium oxide
glass, a cell baseline spectrum, and a starting material
spectrum are acquired and punched out on paper tape.

The

potential is then stepped and any time dependent spectra
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Block diagram of the triangular staircase generator.
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obtained.

When all the data have been taken, the program

displays continuously the spectrum of the cell contents and
awaits an operator command indicating that exhaustive
electrolysis is complete.

The spectrum of the final product

is then acquired and all spectra output to paper tape.
For systems in which the starting material exhibits
an absorption spectrum in the region of interest, it is
convenient to obtain the baseline spectrum in a separate
run, filling the cell with supporting electrolyte only.
Program BNMA is designed for this case and operates
identically to NMA except that only the wavelength calibra
tion spectrum and baseline are acquired.
Time dependent spectra were obtained for the
porphyrin system by stepping the potential from +0.2 V to
-0.15 V vs. Ag/AgCl and observing the spectrum from 400 to
700 nm at 200 points.

Data were acquired at 10 kHz and

the staircase generator clocked at 50 kHz.

Spectra were

obtained at intervals of 300 msec and each spectrum was
obtained over 20 msec.

To reoxidize the phlorin monocation

in preparation for another experiment, the potential was
stepped back to +0.4 V until the spectrum returned to that
of the diacid.
Analysis of Time Dependent Spectra
The only practical approach at the present time to
interpretation of time dependent spectra is direct

98
comparison of data with theory.

Stated more precisely, we

have a set of time dependent spectra for a system which we
suppose to behave according to a particular mechanistic
scheme.

We are furthermore able to perform calculations

which will predict how the time dependent spectra ought to
look, given this mechanism and particular values for the
parameters.

We wish to find that set of values of the

adjustable parameters (molar absorptivities, rate constant,
etc.) for which the theoretical time dependent spectra most
closely fit the data.

We also require some measure of how

good this best fit is, so that we can compare several
mechanisms if necessary.

This problem is made manageable

by performing the fitting procedure at one wavelength at a
time, keeping in mind that the sensitivity to a given
parameter of the absorbance-time curves at different wave
lengths may vary.

Ultimately it will be required that,

for a good fit, the parameters determined at all wavelengths
must be consistent.

It is unacceptable, for example, for

a rate constant to vary with wavelength.
The reduced chi square has been chosen as the
objective function by which the goodness of fit will be
judged.

It is calculated using the formula
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where

are the n absorbance measurements at a particular

wavelength and at various times following the potential
step,

is the theoretical absorbance at each of these

times which is calculated from the model and a particular
set of N adjustable parameter values, and CK is the standard
deviation corresponding to the ith absorbance measurement.
For simplicity we have assumed that the

are equal.

While this is strictly true only for small absorbance
changes, the error incurred in chi square for changes on
the order of 0.5 absorbance units is not significant in
view of the limited data available.

The value of chi square

decreases for increasingly better fits until it reaches the
value 1.

Because of the 1/a dependence, the minimum value

of chi square is independent of noise on the signal or on
the absolute magnitudes of the absorbances.

Therefore chi

square represents an absolute measure of goodness of fit,
regardless of the mechanism chosen or the quality of the
data.

It must be borne in mind of course that very noisy

data will more than likely allow an unacceptable degree of
latitude in the values of the adjustable parameters which
result in a "good" fit.

For this reason it is still

desirable to suppress noise on the signal as completely as
possible, commensurate with maintaining good fidelity.
Changes in shape of the signal due to excessive filtering
will yield erroneous results.
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Calculation of the Theory
Due to the relatively simple conditions imposed by
the potential step perturbation, for some systems it is
possible to obtain an analytic solution to the partial
differential equation boundary value problem which gives
total absorbance directly in terms of time and the
adjustable parameters.

The ECC case, where both chemical

steps are irreversible was found to be amenable to this
treatment.

For the scheme
A + ne

B

the absorbance due to each species may be calculated from

Aa = A* - E.R
A
A
Ag = eBR f(kj^t)

f(k2t)]

and the total absorbance is simply
AT - AA + AB + Ac + AD
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The function f(kt) used in this solution has the form
,

n

f(kt) = — e
/kt

/kt _,2
f: e
dX
0

That portion exclusive of (kt)-1/2 is known as Dawson's
integral, for which limited table values are available
(Abramowitz and Stegun 1964).

Dr. Chia-yu Li, in our

laboratories, was able, through application of the complex
algebra, to obtain a series approximation for this

f(kt) = e"kt

(kt)
Z
n=0 (2n+l)nl

It has subsequently been observed that, for kt greater than
100, a suitable approximation is
»
0.5
f-(kt)
= jjgWhile computation of the series is quite time consuming it
was found that results within 0.5% of the table values could
be obtained by evaluating the series at 96 points between
kt = 0 and 100, and interpolating linearly between them.
For more complicated kinetic schemes, it becomes
impossible to find a solution for the differential equation
formulation and a finite differences approach becomes
necessary.

The basic approach for spectroelectrochemistry

is very similar to that described above for cyclic
voltammetry.

An initial section first scales the problem

and initializes arrays.

The time loop is then entered and
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surface boundary phenomena, diffusion, and kinetic processes
performed sequentially.

In addition, at selected times, the

concentration profiles are integrated to yield a quantity
proportional to absorbance.
Because of the nature of the potential perturbation
and the information required of this simulation, it is
expedient to make several modifications in the implementa
tion.

The most significant is the calculation of flux at

the electrode surface.

Stepping the potential from the

starting condition to a point at which the electrode
reaction takes place at a diffusion controlled rate implies
that any starting material that comes in contact with the
electrode will be converted wholly to product.

That is to

say, the equilibrium is entirely in favor of the electrode
product.

This is implemented in finite differences terms

by simply reducing the starting material concentration in
the electrode volume element to an appropriate value and
increasing the concentration of electrode product by an
equivalent amount.

Unlike the cyclic voltammetry case,

this does not introduce instability because there is no
mechanism for returning the material so transformed to its
previous state.

Hence, no exchange is possible between

the oxidized and reduced forms and no oscillation can
occur.
It is also pertinent to observe that, since the
current need not be known, no Faradaic flux need be
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calculated or stored.

Clearly this treatment assumes that

the potential instantly assumes a value well out on the
diffusion plateau, and that the electrochemical reaction is
fast, and therefore diffusion controlled.
The type of data processing utilized in the analysis
of time dependent spectra requires frequent access to the
absorbance-time behavior for each species for widely varying
parameter values.

If this is to be done in a reasonable

length of time, the simulation which calculates this
response must be very fast.

In terms of the finite differ

ences simulation this means that the number of time and
distance subintervals must be held as small as possible,
while still maintaining the desired level of accuracy.
Joslin and Pletcher (1974) have shown that significant
savings in simulation time can be realized through the use
of non-uniform volume element size.

A method similar to

that described therein was implemented and found to give
satisfactory results in the present application.

It is,

however, slightly more involved than the procedure used for
cyclic voltammetry.

The pertinent differences in each of

the major divisions are discussed below.
Initialization.

Scaling of all dimensions except

distance from the.electrode surface is performed as for the
standard method.

Some special problems are posed by the

distance, however, in that the cell need not necessarily be
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infinitely large compared with the diffusion layer thick
ness.

It is an advantage of the finite differences tech

nique, in fact, that valid results can be obtained for cells
which are of any thickness relative to the diffusion layer.
It is first necessary to select the length of time
T
in seconds for which the simulation will be performed,
max
This allows calculation of the diffusion layer thickness
from the formula
X
= 6 /D T
max
max
where D is again the diffusion coefficient (in cm 2/sec).

If

this is larger
than the actual thickness of the cell, X„
3
max
is made exactly equal to the cell thickness. If it is
smaller, only the solution within the diffusion layer is
included in the simulation.

In the latter case it is

assumed that the composition of the solution beyond the
diffusion layer remains unaffected.

In either case Xmax

represents the maximum distance from the electrode surface
which will be simulated, and is assigned the magnitude
1.0 sdu.

Quantities specified in centimeters may now be

scaled to sdu simply through division by Xmax-

In keeping

with the notation of Joslin and Pletcher (1974) it will be
convenient to represent scaled distance from the electrode
surface as x.

Note also that X
is represented as 6 in
max
that paper, an unfortunate choice in view of its similarity
to the symbol denoting partial differentiation.

It is now

105
necessary to select some function y = f(x) such that, for a
uniform partition on y, that is, constant Ay, Ax increases
with distance from the electrode surface.

A suitable

function is
y = ,
1 - e-ax
a = 2 gave results matching the analytic solution for the
ECC case to within 1% in less than 1 minute of computation.
In the selection of this function note that an inverse for
y, x = f "My) must exist and be defined over the interval
y = (0, f(1)).
The optimum number of Ay, and hence Ax, intervals
may now be calculated from
-,.T„
max

xmax^max
/0.45
~-'max
r
/D 2T ~

where y__„
is the largest value of y, ordinarily f(l),
rria x
y'
max is the maximum value of the first derivative of y with
respect to x, and AT is the length of the time increment in
seconds, based upon the total simulation time and the number
of time iterations needed to obtain the desired degree of
accuracy.

In the simulation referred to above 300 itera

tions were employed for T
=3 sec. For the function
max
above, the derivative is conveniently calculated from
y* = a(1 - y)
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As for most functions which are useful in this application,
the maximum value of the derivative is observed at y = 0.
In this case y'
= a.
-'max
In addition to scaling and initialization of con
centration arrays, it is also appropriate to calculate the
initial absorbance at this time.

This information is most

useful in the form of cell path length, in cm, multiplied
by concentration in moles/1 for each species present.

The

actual absorbance of each component may then be obtained by
multiplying this absorbance factor by the molar absorptivity.
Total absorbance is obtained simply by summing the individual
component absorbance contributions.

In addition to the

obvious advantage of not being required to perform an
additional simulation, should only molar absorptivities be
changed, it is also possible to estimate these auto
matically by means of a least squares technique.

This will

be explained in more detail in a later section.
Surface Boundary Condition.

Joslin and Pletcher

(1974), in an effort to simulate more precisely the condi
tions at the electrode surface, place the electrode at the
center of the first volume element.

In this way, it is

reasoned, since the concentration value assigned to a
volume element is actually the average concentration con
tained therein, and this corresponds most closely to that
value at the center of the element, it would be possible to
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take the concentration in the first volume element as
exactly that value at the electrode surface.

This method

works well for situations in which distance is partitioned
uniformly, and would probably be equally good for this
treatment, were it not for the fact that the thickness of
the region being simulated becomes uncertain.

This was

judged unsatisfactory in the case where the cell is
significantly thinner than the diffusion layer, and it was
therefore necessary to place the electrode at the outside
of the first volume element, as shown in Figure 16.
Clearly, since the electrode is not positioned at the
point in this volume element corresponding to the average
concentration therein, the observed concentration will be
some value between that at the electrode surface and that in
the second volume element.

To see how this is treated,

suppose that an electrode reduction takes place in which
some species. A, is reduced to another species, B, and
assume that the potential has been stepped to a point
sufficiently cathodic with respect to the E° for this
reaction that the electrode equilibrium is shifted entirely
in favor of species B.

Clearly, then, the concentration of

A at the electrode surface will be essentially zero.
However, this will not be the average concentration of A
in the first volume element since there is almost certainly
a small amount on the far side of the element, implying, if
the average concentration is zero, that that at the

Electrode
Surface

2

Figure 16.

3
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4
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Number

First several volume elements of spectroelectrochemical simulation.
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electrode surface is negative.

Ignoring this problem and

setting this concentration value to zero anyway, will cause
too much A to be consumed each time the surface boundary
conditions are applied.

This will ultimately cause the

absorbance of A to decrease too quickly.

Referring to

Figure 16, if we assume that, over the short distance
between the electrode surface and the center of the second
volume element the concentration of A changes linearly with
distance, the average concentration of A in the first
volume element would then be 1/3 that in the second.

To

perform the electrochemical process, then, it suffices to
set the concentration of A in the first volume element to a
value 1/3 that of the second.

The difference between the

old and the new concentrations of A represents the amount
of A consumed by the electrode reaction during that time
interval, and hence the amount of B produced.

This value

is therefore added to the old concentration of B in the
first volume element.

The lack of any mechanism by which

B could be reoxidized to A prevents oscillation due to this
phenomenon.
Diffusion.

Although diffusion takes place in a

fashion identical to that for the simulation with uniform
distance partition, the formulae for calculating this are
somewhat different because the volume elements are different
.sizes.

The change in concentration in the first element,
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for which the electrode serves as the outside wall, is

DCA1 = Y0

~
JT?.
max y

TYL/2(CA2

" CA1)]

where y^ is the derivative of y at the electrode surface
and yjy2

t^iat at t'ie

center of the first volume element.

In all other volume elements except the last, we have

DCAi =

Yi

, °^

)

2

[yi-l/2(CAi-l

" CAi)

max y

+ yi+l/2(CAi+l

" CAi)]

The formula for the last volume element is symmetrical to
that for the first
np
— \r'
yNVE ,
ANVE

,2
max y
A

Tv'

ff
— p
]1
ANVE-1
ANVE'1

iyNVE-l/2v

Note that values for y' need be calculated only once during
initialization.

These values are conveniently stored in

additional locations associated with the concentration
array.
Absorbance.

At several times during the simulation

it is necessary to store values of the absorbance factors
for each component.

It is convenient to do this at the

end of integral numbers of AT increments, a parameter which
is readily calculated at initialization.

To obtain the

absorbance factor, the concentration of a particular species
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in each volume element is multiplied by the width of that
volume element and all of these products summed.

If Xmax

does not extend the full thickness of the cell, that portion
left unsimulated times the initial concentration of the
species in question must be added to this sum.
is then stored in the absorbance array.

The result

When the simula

tion is complete, the absorbance array contains a table of
values for the absorbance factor of each species as a
function of time.
Homogeneous kinetics are dealt with in a fashion
identical to that for the cyclic voltammetry simulation,
using care that the smaller number of AT intervals does not
result in the introduction of biases.

A significant dif

ference between the two situations, however, is that for
the purely electrochemical experiment only those species
need be accounted for which directly influence the concen
tration of electroactive species near the electrode
surface.

When absorbance is to be monitored, all species

in solution at any time may be observed, and must therefore
be accounted for in the simulation.

Hence it is not valid

to approximate an EECC system in which both chemical steps
are irreversible by an EEC mechanism when total absorbance
is one of the outputs, even though this would be perfectly
acceptable for cases where only current or charge were to
be observed.
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Chi Square Contour Map
Using the tools described so far, it is possible,
for any reasonable set of values for the parameters
associated with a mechanistic scheme, to obtain a value for
the goodness of fit of the theoretical absorbance-time
response described by these parameters to the actual
experimental data.

What is desired, of course, is to find

that set of parameter values which most accurately describes
the data, in other words, for which the chi square value is
smallest.

For a system with two adjustable parameters, a

convenient method for choosing such sets of parameters is
to prepare two axes, each of which is calibrated with the
possible values of one of the parameters.

The chi square

at any point is then represented as a surface, which
exhibits a minimum in the region of best fit.

If this

surface is viewed from above, and lines drawn through points
of equal chi square value, a contour plot results, which
lends itself to display on a two dimensional surface, such
as a CRT screen, and allows the two parameter values
corresponding to the best fit to be selected easily.
Contour plots are constructed in the following way.
Two parameters are selected and ranges over which each is
to be varied are entered.

A grid is then set up over the

parameter plane, the fineness of which may be controlled
by the operator.

At each point of intersection of the grid,

the value of chi square is calculated.

An operator selected
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value of chi square is then identified between points on the
grid via linear interpolation, and an isocontour drawn.
This is repeated for as many contours as the operator
desires.
Clearly this procedure leads to a reasonable set of
parameter values in a straightforward manner for the situa
tion in which the chosen mechanism involves only two
adjustable parameters.

For systems exhibiting more than

two, the process can still be applied if values for all but
two can be fixed.

For example, if a rate constant were

known to be very fast, so that its exact value had a
negligible effect on the fit, it could be set to a
reasonable value and not be involved in the contour plot.
A more complicated situation might arise if a number of
parameters are known to be related in some way.

For example,

suppose that a mechanism involves three rate constants and
the ratio of two of the rate constants is known.

If the

rate constants are the only adjustable parameters this
system is amenable to treatment via the contour plot since
only two independent parameters are involved.
Interactive Grid Search
For cases where more than two parameters must be
varied, a grid search algorithm may be used.

The technique

which has been used in this work is organized in such a way
that the operator has complete control over progress toward
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the chi square minimum.

In operation all parameters are

held fixed at some trial values except one, which is varied
over an appropriate range.

A plot of chi square versus

this parameter is then displayed on an interactive terminal
screen.

For the case where only two parameters are

important this corresponds to a vertical slice through the
contour plot surface, perpendicular to the fixed parameter.
If a region exists where the parameter value exhibits a
best fit, a minimum will occur in the plot at that point.
Clearly this single operation gives only the best value for
the variable parameter over the range selected, given the
trial values of the other parameters.

Additional work is

needed to obtain the best values for all of the parameters.
Subroutine GSOPT is designed to implement the search
based upon this technique.

The flowchart in Figure 17

illustrates the procedure.

Adjustable parameters are

assumed stored in a PRAMS array similar to that used by
the CVSX system.

The number of parameters to be estimated

must also be supplied via the calling sequence.

For each

of the adjustable parameters, GSOPT first records its PRAMS
array index, the minimum and maximum values which this
parameter can assume, and an estimate of the value of the
parameter.

The goodness of this initial guess affects only

the length of time required to arrive at a reasonable
result.

All adjustable parameters are then set to their

estimated values and the limits copied into another holding
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array in the event that they should wish to be resumed.
IPRAM is then set to the first parameter index and a loop
entered to examine each parameter sequentially.
If IPRAM is negative, the parameter with that index
is to be skipped.

Setting IPRAM negative is referred to as

freezing the parameter and has the result that PRAMS(IPRAM)
is not estimated.

Thawing may be performed also if it is

desired to continue estimating this parameter.

If

PRAMS(IPRAM) is not frozen, its interval is split up into
several sections and chi square determined with PRAMS(IPRAM)
set at each.

PRAMS(IPRAM) is then restored to its original

estimate, a plot of chi square vs. parameter value prepared,
and the current value of PRAMS(IPRAM) marked thereon.

The

operator is then expected to make one of several choices,
some of which involve use of the graphics input capability:
1.

PRAMS(IPRAM) can remain unchanged.

Execution

continues with the next parameter.
2.

The operator may request that the parameter interval
be narrowed for more accurate examination.

He is

expected to mark two points on the plot between
which the new interval is to be located.

Return is

made to the chi square plot setup to try again.
3.

The operator may regret his choice of search limits
andrequest that the original values be restored.
This also returns to the chi square plot setup.
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4.

If it is desired to freeze the current parameter
this can be done directly.

A slightly different

version of this command requires IPRAM be specified
but can also accomplish thawing.

Execution con

tinues with the next parameter.
5.

The parameter estimates may be printed out.

6.

If the operator wishes to exit a RETURN is executed.

7.

If none of the above choices apply, the operator
uses the graphics input cursor to mark on the plot
a new estimate for PRAMS(IPRAM).

All choices

which result in continued execution proceed to
preparation of a plot of absorbance vs. time.

Both

the data and the theory based upon the current
parameter values are plotted together so that
comparison may be made between them.

Thus the

operator sees immediately what effect his change
had on the fit and can plan his next move.

IPRAM

is then set to the next adjustable parameter index
and the process repeated.

This procedure continues

until the operator feels satisfied with the results
or gives up.
Clearly because of the need for operator interaction,
this approach to the parameter estimation problem requires
more attention than the various strictly computational
techniques routinely employed.

On the other hand, the
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operator, with his knowledge of chemistry, and particularly
of the system under study, is always in complete control of
the course of the estimation.

He may, if he wishes, follow

a purely mechanical approach, ending up, in time, with the
same result that the computer would have alone, or he may
become intimately familiar with the specific effects of
each parameter on the theoretical curve, using his intuition
along with the quantitative information provided by the
computer, to arrive at a solution which seems reasonable
physically, in addition to being mathematically sound.
Linear Least Squares Estimation
While the grid search technique is theoretically
applicable to problems involving any number of parameters,
the difficulty of arriving at a solution increases signifi
cantly with each additional parameter.

It is therefore to

the advantage of the operator, for any of the techniques
discussed, to minimize the number of parameters which must
be estimated directly.

For mechanisms of the type involved

in this work, molar absorptivities constituted nearly half
of the parameters requiring estimation.

Since these occur

linearly in the expression for total absorbance, it is
possible, given values for the other parameters, to estimate
these via a linear least squares technique, reducing
greatly the number of parameters which require explicit
estimation with negligible increase in computational time.

This process is easily illustrated for the case where two
intermediate species, B and C, are involved.

The total

absorbance at time t^ is given by
Am. = £,Z . + e^Z-. + £
. + e^Z_ .
Ti
A Ai
B Bi
C Ci
D Di
where the

are the molar absorptivities of each species

and the Z^ are the absorbance factors (the concentration
integrated over the cell path length) of the species k at
time t^.

If we have n observations, A^ of the experimental

absorbance, the sum of the squares of the deviations of
data from theory may be expressed as
n

E =

£ (A. - e,Z . - e_Z . - e Z . - e Z .)2
.
,
l
A Ai
B Bi
C Ci
D Di
1=1

Since e^, the molar absorptivity of the starting material,
and eB, that of the final product are known, we may sub
tract the contribution of these species to the total
absorbance, leaving

E = ? (A! - e Z

- ecZci)2

1=1

Differentiating partially with respect to each of the
unknown parameters and setting the appropriate factor equal
to zero, we will expect an extreme value of E at values of
efi and ec such that
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1=1

AiZBi =

EB

1=1

AiZCi =

EB

ZBi'2
,V
1=1

1=1

+ £C

1=1

ZBiZCi

ZBiZCi + £C.(ZCi»2

1=1

This system of simultaneous linear equations is easily
solved through the use of any of the standard methods for
handling systems of this type.

Subroutine LSFT performs

such an estimation on up to ten linear parameters through
direct application of Cramer's rule.
Analysis Structure
For convenience and efficiency the various parameter
estimation tools are imbedded in an analysis structure, CMX,
similar to that for cyclic voltammetry analysis.

A parameter

array is used to contain values for the adjustable
parameters so that they may be accessed by all parts of the
structure.

Data and results are stored on disc in a series

of blocks.

The block structure is not necessary but was

originally intended to aid data storage by the communica
tions network on a remote computer system.

It turned out

to be a convenient way to access different types of data
and so was retained.

The structure may be summarized as

follows:
Block 1

A data block containing the number of data

points in each spectrum, the number of data spectra,
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the cell path length, system gain, and the opera
tor's run title.
Block 2

A data block containing a wavelength calibra

tion spectrum (usually that of holmium oxide), an
instrument baseline spectrum, and the spectrum of
the starting material.
Blocks 3-n

Data blocks containing the data spectra,

five spectra to a block.

Each spectrum is preceded

by the time, in seconds, at which it was initiated,
with the potential step assigned the time zero.
Block n+1

Data block containing the final product

spectrum and any operator comments.
Block n+2
nm.

A floating point array of wavelengths, in
Each corresponding to a data point.

These are

calculated by an initialization routine with
reference to the wavelength calibration spectrum.
Block n+3

The parameter array, updated each time a

parameter value is changed.
Block n+4 - n+m

Blocks containing calculated inter

mediate spectra, two per block.

The spectra are

calculated using the linear least squares technique
above, given the values of the other parameters in
the PRAMS array.
Several output options are available to the
operator.

The PRAMS array may be printed out on the line

122
printer.

The absorbance-time plot of the data at a particu

lar wavelength, or of the theory given the current PRAMS
array, or both, may be examined and hard copy specified.
Plots of molar absorptivity versus wavelength or absorbance
versus wavelength may be prepared for data spectra as well
as the calculated intermediates.
GSOPT and the contour plotting routine may both
utilize the simulation and act upon the parameter array.
Provision is made for declaring pertinent parameters
floating; that is, any or all molar absorptivities may be
estimated automatically using LSFT, and rate constants for
reversible reactions may be represented by their ratios if
desired.

In addition, given values for all other

parameters, LSFT may be used to estimate the molar
absorptivities of the intermediates at all wavelengths.
While CMX is organized in a way very similar to
CVSX, the nature of spectroelectrochemical data and the
manner in which comparison is made do not allow the
flexibility and consistency apparent in the cyclic
voltammetry structure.

Therefore only specific features

of this implementation will be discussed in detail.

Like

the CVSX system, a task selector chooses and transfers
control to various task routines.

These routines use

COMMON to contain data and as a communications area.
structure of data files has already been discussed.
major difference between the two systems is that no

The
A
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spectroelectrochemical simulations are stored on disc.

Each

data file includes a PRAMS array but this is for the purpose
of saving the values of the parameters between sessions of
work on that data file.

The amount of data in one run is

so great that it cannot all be accommodated in core
simultaneously.

It is sufficient, however, to store there

only absorbance and time arrays corresponding to the wave
length in the PRAMS array.
Upon processing a data file for the first time, it
is necessary to initialize it by assigning the correct
wavelength to each point in the spectra and entering
certain pertinent experimental conditions into the PRAMS
array so they may be accessed by the simulation.

The wave

length calibration spectrum is read from the disc and
plotted out.

The operator is then asked to mark two points

on the calibration spectrum and then to enter their wave
lengths.

With this information a linear map of wavelength

onto point number may be constructed.

For convenience,

especially in the use of the library interpolation routine,
an array is created containing the wavelength corresponding
to each point and this is output to the data file for later
reference.

Finally the initial starting material concentra

tion and the cell path length provided at the time of the
experiment, are obtained from the data and stored in the
PRAMS array.
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As with the CVSX system, provision is made for
setting the other parameters from the console and printing
them out.

These tasks are performed in the same fashion as

their counterparts in CVSX.
Because of the necessity to remove the cell between
baseline and experimental runs, the possibility exists that
cell may not be replaced in exactly the same way and the
baseline may shift slightly.

It is essential that this

offset be carefully corrected since, for example, if the
absorbance-time curve in a region where only starting
material absorbs is shifted slightly toward greater
absorbance, the apparent proportion of starting material
consumed after a given length of time will be less than it
should be.

Consequently estimates of parameters which

determine this rate of disappearance will be significantly
in error.

Assuming that the shift is the same at all wave

lengths, it is possible to correct this by adding a constant
offset value to all baseline points.

The value of this

offset parameter is entered by examining a plot of the
starting material absorbance vs. wavelength and marking
with the graphics input cursor a point through which the
spectrum ought to have passed.

This point is returned to

the computer and the absorbance difference between it and
the starting material spectrum at that wavelength is taken
as this correction factor.
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To float a parameter, that is, to cause its value
to be estimated automatically, it is necessary to indicate
this desire in such a way that all routines which might be
entitled to this information can obtain it.

Another array

having elements corresponding to each parameter in the
PRAMS array is initialized to zero and then the individual
elements corresponding to those parameters which are to
float are set to unity.

While any parameter may be declared

floating, this is only a meaningful operation for inter
mediate molar absorptivities and rate constants of reversible
reactions where

is known.

For other parameters of the

type encountered in the reaction schemes involved here no
method exists for calculating them on the basis of the
others and floating has no effect.

If a rate constant is

floated, the value of k^/k^ is asked for and stored in the
PRAMS array.
The three parameter estimation algorithms, that
implementing GSOPT, the contour mapping routine, and the
least squares calculation of molar absorptivity as a
function of wavelength, all require simulated absorbancetime data for a large number of different sets of parameters.
In order to make them time efficient, therefore, it is
necessary to be quite careful in the way the simulation
routine is called.

Four different ways are provided to

call the simulation, depending upon the information
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required.

The subroutines which control these access

methods are JSIM, TNDR, FMCM, and OFCM.
JSIM is just the simulation routine itself, dis
cussed in detail earlier.

Each time it is called, it

performs a complete simulation, requiring roughly a half
minute.

It returns between 26 and 50 values of the

absorbance factor corresponding to each of the species in
solution.

The exact number of values returned depends upon

how many less than 50 can be accommodated such that an
integral number of AT intervals occurs between them.

This

is difficult to use because of the absorbance factor output
and the unpredictable time interval between absorbance
readings.

It is also sometimes unnecessarily time

consuming.
The simulation tender, TNDR, in addition to being
somewhat easier to use, can also save considerable time.
Because the simulation output is absorbance factors, the
only parameters which affect the numerical value of this
output are the cell path length, the initial concentration,
the diffusion coefficient of the starting material, and the
rate constants and/or equilibrium constants corresponding
to homogeneous chemical reactions.

Furthermore, changes

in the initial concentration are reflected only as scale
change.

Therefore TNDR keeps on file these parameter

values from the last time the simulation was performed.
When it is called it first checks those parameters in the
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current call against those from the last simulation.

If

there is no change, there is no need to perform a new
simulation.

If only the initial concentration is changed

it suffices to multiply the absorbance factors by the
constant new concentration/old concentration.

If one of

the other parameters has changed it is necessary to perform
the simulation anew.

In this case the internal parameter

storage is updated to reflect the conditions of this new
simulation.

When the absorbance factors are finally con

sidered a correct reflection of the PRAMS array supplied,
a table is returned containing the absorbance factor for
each species at each of a series of times supplied by the
calling program.

If the calling program has read from the

disc absorbance and time data at a particular wavelength,
the time array may be specified in the TNDR call and TNDR
will return absorbance factors for each of the species at
each of these times.

The library array linear interpola

tion routine is used to obtain these in a straightforward
way.
FMCM is the easiest of the simulation access
routines to use.

It is implemented as a real function

with the PRAMS array and a single time as arguments.

When

called, it calls TNDR to get the absorbance factors of each
species at this time.

These are multiplied by their

respective molar absorptivities and summed together, giving
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the total absorbance at the argument, and this is returned
as the functional value.
OFCM, while not strictly an access routine, per
forms certain operations that would ordinarily require
access and hence is discussed here.

Its declared responsi

bility is to return . 2 value of chi square given the
experimental absorbance-time curve and the PRAMS array
describing the theory.

It is able to estimate internally

those parameters which have been declared floating, and
these calculated values are left in the PRAMS array upon
exit.

Hence, if it is desired to obtain the best estimate

of total absorbance at some time, it suffices to call OFCM,
which optimizes the fit, followed by FMCM, which calculates
the absorbance.

Since the PRAMS array is unchanged, the

simulation is performed only once for OFCM.

The time

required to execute FMCM itself under these conditions is
insignificant.
Figure 18 is a flowchart for OFCM.

If any rate

constants are floating they are first calculated from their
respective kf/kj-j values.

The simulation tender is then

called to obtain the absorbance factors at each of the times
that experimental total absorbance is available.

The goal

is to calculate the differences at each time between the
experimental total absorbance and the theory and from this
to obtain chi square.

To generate these differences it

suffices to subtract from the experimental total absorbances
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e
Estimate Floating
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Set First Neg.
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Restore Temporarily Fixed e
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Floating IntermediateSubtract from Residual AvstT
Figure 18.

Flowchart of objective function calculation
algorithm, OFCM.
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each of the component absorbances as they become available.
Therefore upon return from TNDR the absorbances due to the
starting material and final product are first subtracted
from the experimental measurements, followed by the
absorbance contribution of any intermediate species whose
molar absorptivity is not floating.

At this time a check

is made to see if there are any floating intermediates.

If

there are, the residual experimental absorbance and the
absorbance factors for the floating intermediates are sub
mitted to LSFT for estimation of the floating parameters.
Upon return the values of these parameters are examined to
see if any are negative.

Since it is physically meaningless

to display a negative molar absorptivity, the first such
value encountered is set to zero, temporarily fixed, and
the remaining floating parameters, if any, resubmitted to
LSFT for another attempt.

When none of the molar

absorptivities are negative any temporarily fixed parameters
are refloated and the absorbance contribution of each of the
floating intermediates based on the newly estimated
parameters is subtracted from the residual experimental
absorbance.

From what remains after this, the reduced

chi square is calculated and returned as the functional
value of OFCM.

This function is used by all tasks of CMX

which require values for chi square.
The grid search task routine utilizes GSOPT to
estimate adjustable parameters.

The experimental
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absorbance-time profile at the current wavelength is first
read from disc.

The possible adjustable parameters minus

those which are floating are then listed on the console
along with their PRAMS indices and current values.
rate constant is floating its corresponding
as an adjustable parameter.

If a

is listed

The maximum time and maximum

and minimum absorbance are also output for scaling of the
absorbance-time plot prepared by GSOPT.

The operator is

then asked to input the number of parameters he wishes to
estimate, and GSOPT is invoked.

Upon return the PRAMS

array is written back to the current data file.
The contour plotting routine makes use of a
graphics routine CONT to plot isocontours given an intensity
map consisting of a two dimensional array of vertices at
each of which is calculated a value of chi square.
of control is illustrated in Figure 19.

The flow

The experimental

data at the current wavelength is read into COMMON and the
parameters available for adjustment displayed on the console
with their current values and PRAMS indices.

The operator

then enters the X and Y parameter indices, the minimum and
maximum value to be plotted for each parameter, the number
of X and Y intervals, and the name of a file in which the
raw intensity map may be stored for future reference.
Because the process of calculating an intensity map can take
several hours it is desirable to save it so that if the
plot which is produced is unsatisfactory it may be redone
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Figure 19.

Flowchart of contour mapping task.
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without recalculation of the map.

Contour plotting of an

intensity map requires only a few minutes.
The intensity map file is headed with all the
information necessary to produce a plot, the X and Y
parameter increment are calculated and the two parameters
are intiialized to their minimum values.

A nest loop now

varies the X parameter along its entire range, then incre
ments the Y parameter and varies X again, and so on until
the entire range of both parameters has been covered.

At

each increment of the X parameter the value Of chi square
is calculated and stored in the intensity map.

When this

process is complete the intensity map is output to the disc.
To plot a stored intensity map the file name of the
file in which it is stored is first entered.

If calculation

of a map has just been completed this step is skipped but
it is necessary for the case where the operator wishes to
check out an old map.
this entry point.

A separate task entry is listed for

The contour interval and highest chi

square contour to be plotted are then entered and CONT
invoked to prepare the plot.

If one of these contour

parameters was not optimal and the plot is not satisfactory
the operator is given the opportunity upon return from CONT
to try again.

If hard copy of the plot is desired a list

of the contour lines plotted and their chi square values is
output to the printer.
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To calculate intermediate molar absorptivity as a
function of wavelength it is necessary only to call OFCM
at each wavelength and store the values of the intermediate
molar absorptivities in arrays.

When complete these arrays

contain spectra corresponding in detail to the time
dependent spectra provided.

They are stored on disc for

later plotting.
Because changes in mechanism require significant re
working of OFCM, TNDR, and FMCM, and minor changes in all of
the estimation task routines, it is not as convenient to
change scheme as with CVSX.

A separate set of task

routines for each mechanism becomes unwieldy very fast.
Therefore it is desirable to narrow down the possibilities
as much as possible before attempting to use CMX.

Never

theless certain changes can be made easily, and it is also
possible at times to set parameters of a given mechanism in
such a way that another is approximated to determine whether
or not a change is worthwhile.

As with CVSX, new tasks are

added with changes only to the task selector.

RESULTS AND DISCUSSION
In this section a method will be presented which,
under certain circumstances, allows a number of thermo
dynamic, physical, and kinetic parameters pertaining to a
chemical reaction system to be estimated from cyclic
voltammetry and potential step spectroelectrometric data.
It is important to understand that this method provides an
answer to the question does a particular postulated
mechanism fit the experimental data?

Stated more precisely,

can we account for the total behavior of the experimental
cyclic voltammetry and spectroelectrochemistry within
experimental error if we assume mechanism X.

If the answer

to this question is in the affirmative we are then in a
position to estimate some of the parameters associated with
the system, or at least to place bounds on where they must
lie, given the postulated mechanism.

To avoid confusion it

should be noted that, even if a fit is obtained for a given
mechanism, this does not indicate that no other mechanism
will fit as well.

This method would be an impossibly

cumbersome way of obtaining the latter information since
all possible mechanisms would have to be tested.

In all

likelihood several mechanisms would be found to fit equally
well requiring additional information to effect a selection.
Hence the technique described herein is useful for
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determining whether or not a given mechanistic scheme is
reasonable in light of the data.

It does not show this

scheme is correct.
In brief review, the starting material and final
product of the reduction have been identified and their
spectra are known.

The process has been shown to be

irreversible overall and coulometric studies show that two
electrons are involved in the reduction.

Cursory examina

tion of the time dependent spectra associated with potential
step reduction reveals the presence of an intermediate
species with a significant absorbance band aroung 510 nm.
A likely intermediate is the porphodimethene (Figure 3)
which has the correct oxidation state and exhibits an
absorbance band in the region expected.

Figure 3 shows the

postulated mechanism based on these considerations.

Reduc

tion of the diacid accompanied by the addition of two
protons results in formation of the prophodimethene which
then decays slowly through the elimination of a proton to
form the phlorin monocation.

It remains to show that a

reaction scheme of this type does indeed explain the
observed cyclic voltammetric and spectroelectrometric
behavior, and, if possible, to measure the rate constants
of the reactions and obtain spectra for the intermediates.
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Cyclic Voltammetry
Cyclic voltammograms were obtained from the
porphyrin system at ten different scan rates ranging over
three orders of magnitude.

Several of the curves obtained

are shown in Figures 26-28 (pp. 148-150).

Qualitatively

those curves obtained at high scan rates exhibited a single
reversible peak at about -50 mV vs. SCE.

As scan rate was

decreased, the anodic peak became smaller in size relative
to the cathodic peak in a manner characteristic of an EC
mechanism in which the following homogeneous chemical
reaction is irreversible.

An interesting feature of the

cathodic and to some extent the anodic peak was the presence
of a slight hump about midway up the rising portion of the
wave.

Such a feature might be expected if the two electron

reduction were composed of two one electron steps with a
significant separation of E°, though not so great as to
yield two distinct peaks.
For a mechanistic scheme to give a reasonable fit
it is necessary that simulated cyclic voltammograms match
the data as closely as possible at several different scan
rates.

As mentioned earlier, this scan rate dependence

makes direct operations on the total curve very cumbersome,
so it is necessary to concentrate on fitting certain
features of the curve.

Occasional comparison of the total

curves then serves to verify the efficacy of this process.
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The features which were found useful for this
analysis were the peak potentials of the anodic and
cathodic ^
peaks, Epa and Epc , and the ratio of the anodic
to cathodic peak current, Ia/IC.

The peak potentials were

located by fitting a parabola to the peak region of the
wave and noting the potential at its vertex.

The results

thus obtained were checked by locating the zero current
crossing of the finite differences derivative of the data
itself, as well as by direct inspection of the curve.

The

latter method is the least precise except for noisy data,
where the derivative is not useful.

The parabolic fit,

being automatic is the most convenient, but requires
checking by one of the more direct techniques.

This method

was used primarily for simulated data and was always checked
by the finite differences derivative at the scan rate
extremes and occasionally elsewhere as well.

The peak

cathodic current, I , was measured from the foot of the
cathodic wave, at about +0.2 V vs. SCE to the current value
at the cathodic peak potential.

The anodic peak current,

Ia, was measured from the current at the cathodic switch
point to that at the anodic peak potential.

Clearly this

definition of anodic peak current requires that the
cathodic switch potential for the simulation be the same as
that for the data at any given scan rate.

This situation

is required anyway if measurements of I_/I_
are to be
a
C

comparable in cases where the direct reduction product is
consumed by some time dependent process.
Fitting the EDEC Mechanism
The following reduction mechanism was found to
yield a satisfactory fit to the cyclic voltammetric data
A + e

B

2B •».^f^ A + C
kb
B + e^ C

A corresponds to the porphyrin diacid, C to the porphodimethene and D to the phlorin monocation.

Species B

corresponds to a P(-I) species similar to that observed
by Neri and Wilson (1973) which undergoes homogeneous dis
proportionation simultaneously with electrode reduction.
The parameters which we have to work with are E°
and E° for the first and second electron transfer
respectively, k^ and k^ for the disproportionation step,
and k^ for the irreversible following chemical step.

It

should be noted that thermodynamic considerations require
the equilibrium constant for the disproportionation to be
given by
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kf

_
Keq

_

-1

E?

log10 (

kb

" E2
0.059 )

Figures 20-22 show the variation in the features for
several values of
of k^ at k^/k^

=

and Figures 23-25 for several values

0.038.

Referring to Figures 20 and 23, at

high scan rates EpC is essentially independent of scan rate
because k^ is not sufficiently fast to significantly affect
the concentration of C at the electrode surface.

Since E°

is quite anodic of E^, enough so that at least the hint of
two peaks is apparent, EpC under these conditions is
dictated primarily by the potential of the last process to
take place, that is E°.

As scan rate decreases, the con

sumption of C causes the cathodic peak to rise and shift in
an anodic direction as observed by Nicholson and Shain
(1964).

The value of k^, therefore, dictates the scan rate

at which this anodic shift will begin to appear.

Because

the disproportionation is a reversible process, it has a
negligible effect on EpC except where C is consumed by the
C to D reaction to a very large extent.

If k^ is fast

enough it is possible to supply a small amount of C to
the electrode by this means.
In Figures 21 and 24, Epa is also found to be
independent of scan rate at high scan rates. While its value
is primarily dependent on E°, the location of the peak
corresponding to E^ also exerts a small influence, causing
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motion of this peak also as scan rate is lowered and the C
to D reaction begins to take place to a significant extent.
Because of the large amount of B present through the disproportionation reaction, as well as the possibility of
supplying B from C, the rate of this reaction has a signifi
cant effect on Epa also.
The anodic to cathodic peak current ratio illus
trated in Figures 22 and 25 describes the amount of material
available for reoxidation compared with the amount originally
reduced.

At high scan rates virtually all of the material

reduced is still available £or reoxidation so this ratio is
high and independent of scan rate.

As the C to D reaction

takes place to a more significant extent this ratio
decreases.

Increasing the rate of the disproportionation

enables a larger amount of B to be produced from A and C
during the course of the scan and, hence, more material is
available for reoxidation and the ratio increases.
For the porphyrin system Figure 23 indicates that k^
is clearly about 0.3 sec

E° and

are rather difficult

to measure from the scan rate independent regions of
Figures 23 and 24 since the data deviates significantly in
this region.

This deviation is not due to slow electrode

kinetics since, were this the case, the cathodic peak
would be expected to gradually resolve into two distinct
peaks as the scan rate was raised (Ryan 1978).

The data in

Figures 26-28 show clearly that this does not happen.
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account for this behavior, in fact, ks must be in excess of
0.1 cm/sec.

Because the cathodic peak shifts in a cathodic

direction and the anodic peak in an anodic direction as the
scan rate is increased, this deviation is adequately
explained through the effects of uncompensated resistance.
This problem is significant only at high scan rates where
the Faradaic currents are large.

Guesses were made at the

E° values based upon the data at lower scan rates (around
0.5 V/sec) and later optimized for best fit to the features.
The final values obtained were -16 mV and -100 mV vs. SCE.
Given the value of k^ it is clear that the disproportionation rate must be in excess of 103 1/mole sec in order to
observe the required amount of material available for
reoxidation.

In order to be certain during the fitting

procedure that improvements were being made in the overall
fit, frequent comparison of the total current-potential
curve from experiment and theory were required.

Figures

26-28 illustrate the high quality of the fit obtained as
the scan rate is varied over almost two orders of magnitude.
Referring to the postulated mechanism in Figure 3,
species B would appear in the reaction scheme somewhere
between the porphyrin diacid and the prophodimethene.
While it is attractive to think of protonation as taking
place in two steps, that is, the first proton being added
during the formation of B and the second during that of C,
it is not possible to determine this from changes in the

cyclic voltammograms with pH because the pH may not be
varied over a significant range.

As mentioned earlier, the

Ka of the diacid form is so large that raising the pH even
to 1 causes significant dissociation and a change in the
reduction mechanism.

The fit observed in Figures 26-28

requires that B react only at the electrode surface or
homogeneously via the reversible disproportionation.

In

particular it must not be consumed by any irreversible
reactions.
Additional Mechanisms
EEC Case.

Two simpler mechanistic schemes were

analyzed in addition to the one just described.

Because

unsatisfactory fits were obtained these models both had to
be discarded.

The first to be tried was the obvious EEC

case
A + e^B
B + e^C

where A represents the porphyrin diacid, B the P(-I)
intermediate, C the porphodimethene, and D the phlorin
monocation.
E° and E° may be estimated as before from the
anodic and cathodic peak potentials at high scan rate.

Also as before, k^ may be estimated by causing the Epc
curve to deviate from scan rate independence at the appro
priate scan rate (Figure 29).

When this is done, however,

it is found that the Epa and Ia/Ic working curves are fit
very poorly. Figures 30 and 31 illustrate this poor fit.
Figures 32-34 show the total curve for the best fit to the
cathodic peak.

This mechanism does not fit the experimental

data at low scan rates in the anodic region, where the
current-voltage curve is especially sensitive to following
chemical reactions.

At higher scan rates the influence of

following reactions is minimized and the various models
converge.

This example illustrates the importance of

fitting the entire curve under a variety of experimental
conditions.
EECC Case.

To accommodate an increased anodic

current the following mechanism was postulated
A + e^ B
B + e^ C

In this mechanism A represents the porphyrin diacid, B the
P(-I) intermediate, C and D P(-II) intermediates, of which
one may be the porphodimethene, and E is the phlorin
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monocation.

The reversible following chemical step with

rate constants k,f and k,b was introduced so that C could be
regenerated from D and hence contribute to the anodic peak
current.

In adding this, however, it is necessary to add

another irreversible step to make the overall mechanism
irreversible.
The behavior of this mechanism may be divided into
two rough classes, depending upon the relationship between
the values of k^ and k^.

If k^ is smaller than k^ species

D will be converted to E almost as quickly as it is formed,
leaving little to return to the C form, should the
equilibrium change to demand this.

The result looks much

like the EEC case from the point of view of cyclic
voltammetry and is subject to similar objections in obtain
ing a satisfactory fit.

The case where k^ is larger than

k^ is much more interesting since, if k^ is also larger
than k^ three distinct regions may be identified in the
working curves.

At high scan rates the features are

virtually independent of scan rate, as for the other cases
so far discussed.

At scan rates sufficiently low to allow

the D to E reaction to proceed to a significant extent, the
features undergo changes essentially identical to those
observed in the EEC case.

In the scan rate region between

these two limits, the features exhibit characteristics of
a reversible following chemical reaction with cathodic
peak shifting in an anodic direction by

AE = 0.059 log, n (1 +
iu

b

and the anodic peak shifting by a lesser amount.
D to E reaction is sufficiently slower than

If the

or k^, the

Ia/IC profile may be seen to rise again as the scan rate
becomes sufficiently slow to allow reoxidation of a
significant portion of material from the D to C back
reaction.

The effects of varying k^/k^ can be seen in

Figures 35-37, of varying the rates at constant k^/k^ in
Figures 38-40, and of varying k^ in Figures 41-43.
Because the number of adjustable parameters is
larger and the working curves more complex for this
mechanism the fit obtained should be expected to be more
satisfying than for the simpler cases.

The I /I
ci

and E

C

pC

curves, however, still do not agree well and, in fact, the
problem is the same as before.

It seems reasonable to

expect that, regardless of the mechanism of consumption of
C, as long as it does not involve synthesis or regeneration
of an electroactive material, its disappearance as
evidenced by the increase in, and anodic displacement of,
the cathodic peak must cause a corresponding change in the
I_/I_
profile.
a
C

To fit the experimental data, therefore, it

is necessary to consider some other reaction involving
the electroactive species.

The disproportionation of B, a

process which has been observed to take place in similar
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systems, is such a reaction and, as was shown above, leads
to an excellent fit.
Advantages of the Analysis Structure
The analysis structure which was developed for
handling cyclic voltammetric data proved indispensable to
the efficient fitting of the data to the theory.

As indi

cated above, it was necessary to examine several reaction
mechanisms in connection with this work, and the ability to
simply plug in an additional simulation without the need to
recode the entire supporting structure saved significant
time.

The continued presence of all previous mechanisms

within the system allowed the effects of improvements in
the structure or changes in approach to be swiftly applied
to previous cases without additional programming and de
bugging.

The ease with which parameters can be modified

gave complete flexibility in selecting those parameter
values which would give exactly the information desired.
In the case of rate constants, the use of the integrated
rate equations instead of the finite differences approxima
tion commonly used allowed these parameters to be selected
with the same ease that has always been characteristic of
the Feldberg simulation with regard to electrochemical
parameters.

It should be noted that this improvement is

made at the expense of computation time.

Hanafey,

Ridgway, and Reilley (1978) have implemented a simulation
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in which the finite differences approximation is used, but
errors resulting in instability, meaningless concentrations,
etc., are detected.

Given the language in which this

simulation is coded (FORTRAN IV) and the extensive checking
needed at each time increment in each volume element, it is
unlikely that such a procedure would improve the efficiency
of the calculation over the integrated rate equation
approach which does not generate these conditions, espe
cially when all calculations are performed using a hardware
floating point processor.
This system has been designed with the chemist,
rather than the accomplished computer programmer, in mind.
The presentation of parameters in real units, in addition
to enhancing the ease with which mechanisms may be
explored, also allows the operator to perform the tasks
which this system makes possible with almost no under
standing of the details of the simulation procedure.

The

only simulation dependent parameter is the number of time
iterations, which need never be changed unless biasing
errors are suspected.

The operator is not required to

provide compatibility between the various functions of
simulation, data storage, output, and comparison processing.
The system approach results in the establishment of various
internal protocols, of which the operator need not be
aware, which ensure the necessary compatibility.

In cases

where this compatibility could lead to inconvenient
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situations such as accidental overwriting of an experimental
data file, the system issues warning.
The measurement of features on current-potential
curves, traditionally a tedious procedure, is compounded
by the need to measure large numbers of simulated curves.
To deal with this problem several alternatives to manual
interpolation from graph paper are provided.

Most useful

are the first derivative plot to assist in locating the
position of peaks, and the automatic fit of peaks to a
parabola.

The latter technique is especially convenient

in that a whole series of data can be measured quickly and
without tedium.

On the other hand, it is recognized that

often the most reliable way to obtain the required measure
ments on noisy or highly variable data is to select points
visually, hence the provision of a means for doing this
which automatically interpolates into the graph at a point
specified by the operator.

All of these procedures are

available to the operator at any time, and may be performed
in any combination on all types of experimental and
simulated current-potential curves.

This flexibility

allows the tailoring of a specific approach which meets
the needs of the particular job at hand.
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Spectroelectrochemistry
Verification of Cottrell Behavior
In order to perform calculations of the theoretical
behavior of a reaction system in the thin layer cell, it is
necessary to make several basic assumptions.

Among these

is that the electrochemical behavior of the cell conforms
to the Cottrell equation.

To show this, o-tolidine was

reduced in the thin layer cell by application of a potential
step from 0.8 V to 0.0 V vs. Ag/AgCl and the decrease in
absorbance of the oxidized form monitored at 435 nm.

Under

these conditions the observed current shown in Figures 44
and 45 was found to vary linearly with t-1/2
' from t = 0.1
sec to t = 4.0 sec.

The deviation at short times is due to

the double layer charging, and that at long times to the
finite thickness of the cell.

The absorbance shown in

Figures 46 and 47 varied linearly with t1/2
' over the
interval 0.05 sec to 4.0 sec.

The deviations at the

extremes are the result of the non-ideal current behavior
in these regions.

The discrepancy in the initial lag time

is probably due to the fact that material is being reduced
even before the current settles down into the Cottrell
pattern, and this contributes to the absorbance in a way
that happens to coincide reasonably with the Cottrell
absorbance behavior.
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Also of interest is the current-time behavior of
the porphyrin diacid.

Figures 48 and 49 show the variation

in current as a function of t-1/2
'.

The interval m which

linearity is observed, and, hence, Cottrell behavior
exhibited, is roughly the same as that for o-tolidine.

In

addition to confirming the quality of the cell response,
this also shows that the electrochemical process taking
place is a simple electron transfer and does not involve
regeneration of any electroactive species.

Because of the

complications following electron transfer the total
absorbance for the porphyrin system is not expected to
show Cottrell behavior and, therefore, was not examined in
this light.
The importance of the small size of the electrode
is evident in Figures 50 and 51.

A thin layer cell was

constructed in an identical fashion but the electrode was
not masked.

The full 1.2 cm2 area of this electrode

generated a significantly larger current which in turn
resulted in a larger IR drop across the uncompensated
resistance of the thin layer cell.

This has the effect

of increasing the absorbance lag time, shown in Figure 51,
to the point where the cell is nearly useless for experi
ments on the time scale required by the porphyrin system.
Masking the electrode reduces this problem without
materially affecting the quality of the spectrophotometric
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data as long as the incident light is focused narrowly
enough to pass through the restricted aperture.
If the electrode area and initial concentration are
known it is possible to calculate the electrochemical
diffusion coefficient from the linear portion of the
-1/2

current vs. t

curve.

The area of the electrode was

estimated at 0.2 8 cm 2 based on a diffusion coefficient for
o-tolidine of 6.5 x 10

—6

2

cm /sec (Petek et al. 1971).

This

yielded a diffusion coefficient for the porphyrin of 4.7 ±
0.4 x 10 _6 cm2/sec. Similar experiments using the cyclic
voltammetry cell and electrode yielded a value of 4.8 0.2 x 10 ^ cm^/sec.
Fitting the EDEC Case
The mechanism for which we wish to verify a fit is
A + e

2B

B
kf

v

A + C

Kb

B + e

C

Structure assignments are the same as for the
cyclic voltammetry.

Note however that it is expedient to

visualize the process to take place in a slightly different
way.

It would seem, since a potential step is to be applied
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which is sufficiently cathodic to form C from B, then the
B formed by reduction of A would be consumed by further
electrode reduction so quickly that the disproportionation
would not have an opportunity to take place and could
therefore be ignored.

Because the disproportionation is

reversible, however, as C diffuses from the electrode
surface it encounters molecules of A and can engage in a
reproportionation reaction, forming additional B which
must then diffuse back to the electrode surface to be
reduced or out into solution where it is assumed unreactive.
If equilibrium is reasonably favorable toward reproportiona
tion, significant quantities of B may be present, and must
be accounted for when calculating the theoretical total
absorbance.
The raw spectroelectrochemical data are shown in
Figure 52.

Only five of the fifteen time dependent spectra

are shown for the sake of clarity.

Notice in particular

the spectrum of the final product, which was determined
during the same run after exhaustive electrolysis without
any handling or other perturbation of the system.

Although

the peak is broad, it is nevertheless apparent that it
occurs at a somewhat different wavelength than the rising
peak of the time dependent spectra themselves.
most clearly seen in the 550-570 nm region.

This is

This must

result from the presence of at least one intermediate with
a strong absorption above 500 nm inasmuch as the starting
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Time dependent spectra obtained for 0.05 mM porphyrin diacid in 1 M
HC1 — Path length 8 x 10"^ cm. RSS conditions given in text.
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material has no significant absorbance there.

No other

information can be obtained through cursory inspection of
the raw data.
The physical parameters which require assignment to
perform simulation include the molar absorptivities of all
four species, as well as the diffusion coefficient of the
diacid, the rate constants for disproportionation,
k^, and the following chemical step rate, k^.

and

Of these

the molar absorptivities of A and D at each wavelength are
known since these materials are stable and their spectra may
be recorded.
current vs. t

In addition we have estimated

from the

profile.

In order to perform the simulation, it is necessary
to assume that k^ and k^ are very fast.

This arises from

the need to either consider explicitly the coupling between
all kinetic steps or to ensure that it is small, if biasing
errors are to be avoided.

While it is possible to simulate

this coupling by considering each step independently and
simply using many time and distance increments, the amount
of time required to perform a simulation rises from about
35 seconds to roughly ten minutes to a half hour as for the
cyclic voltammetry simulation.

For efficiency in per

forming a spectroelectrochemical fit this longer time is
unacceptable.

To consider this coupling explicitly involves

simultaneous solution of the rate equations for all kinetic
steps.

In the case of disproportionation followed by a
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chemical step an analytic solution could not be found due
to the emergence of cross terms.

It was, however, reasoned

that if the disproportionation is fast enough to proceed
virtually to completion during one time iteration, and if
the following chemical step is slow enough to take place
only to a small extent during this time, the coupling
between the processes will be sufficiently small that it
may be ignored.

The length of a time interval in the

simulation is roughly 10- 2 sec, resulting in essentially
complete equilibration of the disproportionation at the
concentrations involved if k^ and k^ are greater than about
107 1/mol sec. The constant k^ must be less than 102 sec-1
These two assumptions are consistent with the results
obtained from the cyclic voltammetry.
There remain four parameters that require estimation:
the molar absorptivities of B and C, the disproportionation
equilibrium constant, k^/k^,

an<3

As

explained in the

experimental section, because these molar absorptivities
appear linearly in the expression for total absorbance,
they may be estimated computationally using the least
squares technique given values for all of the other
parameters.

The only two non-linear parameters remaining

are kf/k^ and k^, a situation ideally suited to application
of the two dimensional contour map.
Figure 54 (p. 191) is the contour map obtained from
the absorbance-time data at 500 nm.

The contour line
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corresponding to chi square = 1 encloses that area in which
chi square is unity or less.

This represents the region of

best fit from a statistical point of view.

That area

bounded by the chi square = 2 line contains all parameter
value combinations for which chi square is two or less, and
so on.

Note that the region of chi square = 1 is not

completely contained within that part of the parameter space
represented by this map, but that it extends off toward the
upper left, as well as in a narrow band off the bottom.

The

closer the spacing between isocontours, the steeper is the
change in chi square as a function of parameter value.

At

left, chi square increases very gently with decreasing k^,
whereas, moving from left to center, it increases quite
steeply.
Figures 53-57 show contour plots for several dif
ferent wavelengths.

Note that, with the exception of that

at 450 nm, all exhibit minima in roughly the same region.
This is necessary for an acceptable fit in that it is quite
inappropriate for a rate constant to change with wavelength.
The behavior at 450 nm is characteristic of the situation
in which the selected mechanism fits poorly, as evidenced
by high chi square value and a minimum which differs
significantly from the maps at other wavelengths.

The lack

of fit is due in this case to the fact that Beer's Law is
not obeyed in the region of the Soret band.

This is

demonstrated by the absorbance-time curve at 450 nm shown
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in Figure 58.

The theoretical curve in this plot was

obtained by setting

=

0.038 and

= 0.25 sec

allowing the molar absorptivities of B and C to float.

This

is to be compared with the good fit at 500 nm shown in
Figure 59.

Note that raising the absorbance of the data

in Figure 5 8 at short times, where it is highest and
exhibits the largest deviation from Beer's Law, would
improve the quality of the fit markedly, assuming the
necessary changes in the molar absorptivity of the starting
material.

This non-ideal behavior is caused primarily by

instrumental limitations.

In order to obtain sufficient

light throughout to realize an acceptable noise figure, it
was necessary to open the monochromator entrance and exit
slits to greater than their optimum aperture.

This caused

deterioration of the wavelength resolution (about 15 nm)
to the point where the Soret band, due to its sharpness, no
longer gives an ideal response.

Because the assumptions

made in implementing the simulation are not upheld in this
region estimates of parameters using these data must be
regarded with suspicion.
Because the rate constants must not change with
wavelength, it follows that the only region in which it is
necessary to search for the set of parameter values giving
the best fit is that area which gives a low value of chi
square at all wavelengths being considered.

Assuming that

a mechanism and set of parameters can be found which fit the
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data, there is roughly a 70% chance that the chi square
value corresponding to a randomly selected set of data will
be unity or less.

The probability of chi square being two

or less is about 90%, and three or less about 95%.
chance that chi square is less than 7 is 99.9%.

The

Note that

while chi square may assume values less than unity, these
do not indicate a significantly better fit than the situation
in which chi square = 1.

Examination of the definition of

the reduced chi square
2

X-R

n

(A. 7

2
Zi)

i=l af (N-n-1)

_

s2

7

a

shows that such values are simply a consequence of the fact
that, due to a finite sample size, s2 is uncertain.

It

would therefore be inappropriate to search about within the
chi square = 1 region for the absolute minimum, since this
does not indicate a significantly better fit than anywhere
else within this region.
In the case of the porphyrin, attempting to narrow
the low chi square region by intersection of several contour
maps at different wavelengths is not fruitful since the
spectrum, after omission of the Soret region, is rather
featureless.

While the presence of a region of low chi

square value which is wavelength independent indicates that
a good fit can be obtained with the postulated mechanism,
it is not possible using the spectroelectrochemical data
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above, to simultaneously estimate the values of
k^.

Clearly then, the values of

anc^

and ec are also not

accessible.
In order to demonstrate the utility of the contour
plot for estimating non-linear parameters, spectroelectrochemical data, similar to that for the porphyrin system
were synthesized by means of a program which uses the
spectroelectrochemical simulation to obtain time dependent
spectra given values for the parameters and s spectrum for
each of the species involved.
shown in Figure 60.

The synthesized data are

The noise which is added to the spectra

is distributed in a Gaussian fashion about the calculated
-3

value and has a standard deviation of 10
the contour map for k^/k^ at 500 nm.

.

Figure 61 shows

Comparison with

Figure 54 shows the similarity between the actual and
synthesized data in this wavelength region.
Figure 62 shows the contour map in the Soret region
at 450 nm.

Because of the significantly different shape of

the absorbance-time curve at this wavelength, certain
parameter combinations which yield a good fit at 500 nm do
not give good results at 450 nm.

Therefore the region of

low k^ on the left of the contour plot has risen from its
low level in Figure 61 and must be ruled out.

This leaves,

as regions of good fit, a narrow valley extending almost
vertically up the middle of Figure 62 and widening slightly

•Starting

Material

1.0
a>
o
c
o
J3
L-

o
w

.a
<

Final Product

0.5

400
Wavelength
Figure 60.

Synthetic time dependent spectra.
N)
O
O

Figure 61.
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at the top.

While this allows a better guess at the value

of k^, it is not helpful in determining k^/k^.
Another approach to obtaining more specific informa
tion concerning parameter estimates from contour plots is to
improve the quality of the data.

To illustrate this, the

synthetic data of Figure 60 were prepared again with onetenth as much noise.

In practice, this would have to be

accomplished by improving the light throughput of the
spectrophotometer, reducing the bandwidth of the electronics,
or ensemble averaging of many experiments.
the contour plot at 500 nm.

Figure 63 shows

Note in particular the presence

of the minimum which has appeared.

The region of best fit

has now been reduced in size considerably and reasonable
estimates for both parameters may be made.
Additional information from the porphyrin spectroelectrochemical data can be obtained if the results from the
cyclic voltammetry are taken into account.

It will be

recalled that, on the basis of the separation of E° for the
one electron transfers it was possible to calculate a value
for k^/kj^ from thermodynamic considerations of 0.038.
Assuming this value, k^ can be estimated from the contour
plots.

The value of k^ obtained in this manner is 0.3 ±

0.05 sec

in excellent agreement with that obtained from

cyclic voltammetry.
With estimates for the non-linear parameters it is
now possible to estimate the molar absorptivities of B and C

-2

Figure 63.

-I
Log
kj

Contour plot of the synthetic data for which
a = 10~4 at 500 nm.
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by means of the least squares algorithm.

Since molar

absorptivities may be wavelength dependent, it is necessary
to perform this procedure at all wavelengths.

Figure 64

shows spectra for B and C calculated in this way.

The

unstable appearance of these spectra is due to the
similarity in the absorbance-time profiles of B and C.
Reference to Figure 65, in which the absorbance-time curve
for each individual species is shown, reveals the almost
identical shape of the two intermediate profiles.

Because

of this similarity, small deviations in the total
absorbance-time curve due to noise can cause significant
changes in the portion of the absorbance assigned to each
of the intermediate species, reflected in changes in molar
absorptivity.
Recalling the rationalization for this mechanistic
scheme, intermediate B, the P(-I) oxidation state, is
expected to have a spectrum similar to that of the P(-I)
species observed by Neri and Wilson (1973).

Important

features include a somewhat lower and broader Soret band
than that corresponding to the diacid, as well as a small
and diffuse absorption continuum from there out to the red
end of the spectrum, features which are apparent in Figure
64.

Intermediate C, corresponding to the porphodimethene,

is expected to exhibit a single strong absorption in the
vicinity of 518 nm.

Such a band is observed in the

calculated spectrum, though the wavelength corresponding
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to the peak is difficult to determine.

This species

. .
exhibits a molar absorptivity
of about 1 x 105.

Situations Which Result in Ambiguity
Three situations have been identified which make
the assignment of parameter values difficult or impossible
by means of spectroelectrochemistry alone.

The most obvious

of these occurs when the time dependent spectra are feature
less, that is, when all of the species involved have
absorption bands in roughly the same wavelength regions.
If wavelengths cannot be found in which the shape of the
absorbance-time curves differ markedly it is likely that
contour plots will have minima of similar shape covering the
same region of parameter space.

If this region is large,

no estimate of parameters can be made, although the
existence of a fit is verified.

Noise on the data can also

obscure much of the detail of a contour plot, resulting in
a large and diffuse region of acceptable fit.
It has also been seen that very similar absorbancetime profiles for intermediate species result in unstable
estimates of molar absorptivity.

To demonstrate that this

can be improved by suppressing noise, the individual spectra
of the intermediates for the synthesized data were estimated
via the least squares technique using the correct value for
all other parameters.

Figure 66 shows the result, similar

to the case for the porphyrin data.

If, however, the time
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Spectra of the two intermediates from the synthetic data for which the
noise standard deviation ( a ) is 1 0 ~ 3 .
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dependent spectra are simulated with only one-tenth the
noise, the relatively smooth spectra shown in Figure 67 are
obtained.

These are, moreover, the correct spectra as

supplied to the synthesizing program.
A situation which is not apparent for the simple
EDEC case, but may arise with more complicated mechanisms,
is that in which the shapes of the absorbance-time curves
for two or more intermediates are so similar as to be judged
identical by the least squares algorithm.

For a general

case involving two intermediates for which the total
absorbance may be represented by
*Ti

=

eAZAi +

EBZBi + ECZCi + EDZDi

this corresponds to a situation where
ZBi 88 SZCi

where A,^ is the theoretical total absorbance at time i,
is the molar absorptivity of species k,

is the

absorbance factor for species k at time i, and s is a
positive real number.

Given observations of the actual

total absorbance, A^ at n different times, the least squares
error is

E

=

(Ai

" 6AZAi * £BZBi " ECZCi * eDZDi>2

or, combining known terms
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Spectra of the two intermediates from the synthetic data for which
o = 10-4.
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E

= 1\
=1

(Ai

" EBZBi " £CZCi'2

into which we can substitute the expression for Z^

E =

?

(A- - eBSz

- e z

>2

1= 1

Differentiating partially with respect to the

and setting

the result to zero
n

n

.E. Ais2ci = eB

1=1

n *

,E. s ZCi + eC

1=1

n

a

,E. SZCi

1=1

n
n
n
„
Z A!Z . = en E sZl. + e_ Z z l .
. . l Ci
B 1=1
. ,
Ci
C 1=1
. , Ci
1=1
The first of these two simultaneous equations may be re
arranged to yield

s

,Z. A'ZCi

1=1

= SeB

.E.

1=1

SZCi + SEC

.E. ZCi

1=1

But this is just the second of the equations multiplied by
the constant s. The equations are therefore not independent
and the determinant of the right hand sides will be zero,
resulting in failure of the least squares algorithm.
This difficulty is most likely to arise in mechanisms
where two intermediates are linked by a fast reversible
chemical reaction.

In this case an equilibrium obtains in

which changes in the concentration of one of the
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intermediates leads to compensating changes in the other.
The two species track each other therefore, in such a way
as to differ very little in behavior, although their
absolute magnitudes may be quite different.

While it can

be argued that even in this case the intermediates will not
have exactly the same shape, especially since their behavior
is being estimated with a finite difference technique, the
small differences may be lost in the finite precision of the
computer during calculation of the determinant.
When failure of the least squares algorithm occurs,
the molar absorptivities are assigned the largest possible
positive value.

This has obvious deleterious effects on

the value of chi square, a desirable situation which pre
vents the operator from mistaking a failure region for one
of good fit.

While it is clearly impossible to estimate

the jnolar absorptivities of the intermediates causing this
failure, it is possible to verify whether or not the
postulated mechanism fits the data.

This is most con

veniently done by setting one of the offending molar
absorptivities to zero and performing the calculation
again.

Using the example stated above with two inter

mediates for which Z,. . = sZ
D1

CI

if En is set to zero, then
D

r may be determined such that
A,. = e_ Z,. + rZ_,. + e~Z_.
A Ai
Ci
D Di
gives the lowest value for chi square.

Since
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e_Z„. + zJL„. = e^sZ-. + e~Z_.

B Bi

C Ci

B

Ci

= (C B S

C Ci

+ £C) Zci

it follows that
EBS

+

ec

"

r

gives the lowest value of chi square also.

Thus, setting

JD to zero results in the same value of chi square as would
have been found could the least squares algorithm have been
performed without this assumption.
Advantages Over Manual Curve Fitting
There are several ways of going about fitting
spectroelectrochemical data manually.

For a given mechanism

there are sometimes tricks that can be employed as with the
EC case described by Grant and Kuwana (1970) in which the
position in time of an absorbance maximum in the absorbance
time curve can be used to calculate directly the value of
the chemical step rate constant.

Lacking such convenient

methods, it is always possible to hold all parameters
constant except one, plot absorbance-time curves correspond
ing to several values of the adjustable parameter, select
that parameter value which best fits the data, and move
on to another parameter.

This procedure is essentially the

same as that employed by GSOPT except that, when performed
manually by plotting graphs, etc. it is extremely time con
suming.

Days may be required to estimate just two
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parameters at one wavelength.

GSOPT, with its use of

interactive computer graphics, reduces the time required
considerably by managing all of the calculations, pro
viding output in the form of plots on the graphics terminal,
offering a quantitative measure of the goodness of fit, and
allowing the operator to enter his choice of parameter in
an intuitive way, with immediate presentation of the result
ing fit.

In addition, fitting of non-linear parameters may

be performed without coupling from linear parameters, as
these may be estimated computationally.
Manual techniques of the GSOPT type do not give
satisfactory results when two parameter values are strongly
dependent upon one another, that is, when moving one
parameter from a region of good fit causes the other to
exhibit a new region of good fit.

These situations are

handled nicely by the contour plot, for which such a situa
tion manifests itself immediately as a trough, which may
be curved and have multiple minima.

The contour plot also

reveals at a glance regions in which it is unnecessary to
search for a fit, resulting in further operator time
savings.
The least squares fit routine, in addition to
facilitating the fit of a larger number of parameters than
might otherwise be feasible, permits the calculation of
molar absorptivities as a function of wavelength without
further operator attention once values for the mechanistic

216
parameters have been assigned.

This also results in a time

savings, as well as allowing greater detail in the spectrum
obtained.
Advantages Over Purely Computational
Methods
There are a number of ways of seeking minima in
multidimensional surfaces, the Newton-Raphson and other
gradient methods, and the variants on the simplex method
being presently in greatest vogue.

Use of such a technique

would allow treating the above problem with its five
adjustable parameters, as a five dimensional space, in which
a purely computational algorithm would search until the
single point corresponding to the lowest value of chi square
was found.

While such a procedure would be very consumptive

of computer time, given the necessity to simulate each point
to be evaluated by the method, it would require no operator
attention whatever, if properly protected, to locate some
minimum.

Hanafey et al. (1978) have applied the simplex

method to a similar problem with only two adjustable
parameters and obtained satisfactory results except that the
simplex often returned values corresponding to local minima
which were significantly removed from the global minimum.
The EECC case, for example, in which electron transfer
is followed by two successive irreversible chemical steps,
gives, under certain conditions, the contour plot shown in
Figure 68.

Two minima are observed, only one of which
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represents the correct parameter combination.

While the

contour map shows this feature immediately, the simplex
would have to be started within one or the other of the
minima to ensure that that particular minimum was found.
This presumes knowledge that only two minima exist in the
region of interest and their approximate locations.
A more serious difficulty with the computational
methods arises in the case of mechanisms such as the EDEC
which was fit to the porphyrin data above.

A large region

was noted within which the fit was acceptable which did not
change appreciably with wavelength.

Certainly at least one

minimum occurs within this region but its location could
certainly not be expected to remain invariant with wave
length, and, in fact, it may not even lie close to the
correct set of parameter values.

The computational method

would most likely then give widely varying estimates of the
parameter values at different wavelengths.

Of course, it

would be possible to go back and calculate chi square for
a given set of parameter values at each wavelength and thus
attempt to approximate the region in which the values could
lie, but the contour map gives this information directly
and completely, and requires no operator attention.
Because of the interactive nature of this approach,
it is possible to enter outside information at any point
during the fitting or estimation procedure.

Therefore,

when it was found that the region of low chi square was so
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large as to preclude estimation of k^/k^, the value from an
independent experiment could be supplied and estimation
proceed from that point.

To enter this information to a

purely computational method, assuming that its importance
was realized, would involve starting the entire procedure
again from the beginning without being able to derive
significant benefit from the previously obtained results.
An understanding of how the various parameters
affect the absorbance time curves can be very useful in
postulating a more acceptable mechanism, should the current
model fail to fit adequately.

For example, if the ECC

mechanism were to be fit to the porphyrin data with the
first rate constant around 0.3 sec ^ as shown by the cyclic
voltammetry, attempts to assign the intermediate absorption
band at 510 nm to the product of the first chemical step
would meet with failure.

The use of GSOPT or perhaps even

examination of the absorbance-time profiles for each
component would show that this could not possibly be the
case since the absorbance at 510 nm rises far too rapidly
to be preceded by a reaction exhibiting such a slow rate.
It would be apparent that this absorbance must be primarily
due to some species formed prior to this chemical reaction,
and, if this is unacceptable, that the mechanism will have
to be modified to allow this.

No hint is given by a purely

computational technique concerning the cause of an
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unacceptable result.

The additional facilities of the

interactive method would have to be available to determine
this.

CONCLUSION
The fruit of this research has been the development
of an approach for verifying the appropriateness of a
postulated reaction mechanism in accounting for the linear
potential sweep chronoamperometric and spectroelectrometric
behavior of a chemical system, as well as providing
facilities for the estimation of a number of physical
parameters pertaining thereto.

To this end a program has

been prepared which calculates the theoretical cyclic
voltammetric response expected under specified conditions,
and allows comparison of this theory with the data.

The

system approach utilized by this program makes it flexible
and easy for the non-programmer to use, as well as pro
viding a framework upon which the provision of new
capabilities or additional mechanism repertoire is straight
forward.
A group of interactive routines has also been
developed for analyzing spectroelectrochemical data which
are superior to manual techniques on the one hand, and
purely computational algorithsms on the other in many ways.
Through application of these routines the investigator is
encouraged to make maximum use of his chemical intuition
as applied to judging the likely efficacy of the direction
taken by the procedure and is able at any time to provide
221
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additional independently gathered information.

The tech

nique is time efficient as compared with manual methods, is
not affected by the presence of local minima, actually
presenting the investigator with a global picture of the
fitting possibilities, as well as a feeling for the effects
of each parameter, and indicates the absence of a proper
fit, often providing information which the investigator can
use to postulate a more reasonable scheme.
To demonstrate the utility of the techniques
developed, they were applied to the data obtained from a
1 M HC1 solution of meso-tetra(4-N-methyl-pyridyl) porphyrin.
From previous work a mechanism was postulated in which the
porphyrin diacid undergoes a two electron reduction along
with addition of two protons to form a porphodimethene,
which then eliminates a proton to form the phlorin monoca
tion.

This mechanism was found to yield an acceptable fit

with the interposition of a disproportionation step between
the two one electron transfers.

The disproportionation was

fast and reversible with an equilibrium constant of 0.038,
the rate constant of the irreversible chemical reaction
following electron transfer was 0.25 1 .02 sec

and the

intermediate species postulated were shown to be reasonable
on the basis of the spectra obtained.
Enhancement of the* signal to noise characteristics
of the spectroelectrochemical data is a prime avenue for
future work on the porphyrin system.

This would not only
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improve the quality of the intermediate spectra obtained but
would also allow the wavelength resolution of the monochromator to be increased, resulting in more ideal behavior
in the Soret region.

In addition to instrumental improve

ments such as increasing the light throughput of the
monochromator, the desired enhancement could be achieved
by ensemble averaging of many experiments.
The choice of the FORTRAN IV language for imple
mentation of the cyclic voltammetry analysis structure was
a matter of expedience rather than suitability, in that
while FORTRAN is available on most computer systems, it is
either inflexible or cumbersome in performing interactive
operations at run time.

A more appropriate choice of

language might be a self-compiling hierarchical environment
similar to FORTH (Moore 1974).

As an example, this would

permit changing a single parameter in fifty data files by
instructing the system at run time to perform a conceptually
simple loop operation, instead of changing each individual
file from the console, a process requiring ten to fifteen
minutes and prone to occasional errors.

More complex

repetitive operations could also be automated at run
time, after a few trial runs to determine exactly what was
to be done.
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