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The previously described expert system has been extended: rules allowing the elucidation of a larger number of 
mechanisms have been added and automatic control of additional experimental parameters such as concentration 
and composition of the solution in the cell and the electrode size has been made possible. The new rules cover a 
number of mechanisms consisting of two electron transfer steps (ECE, EE, “square” and “triangle” schemes) and 
simple mechanisms in which either the reactant or the product undergoes a fast, reversible adsorption. Previously 
used criteria for the detection of a net reaction in the system and for the determination of the type of the electron 
transfer were made more robust by combining results obtained with cyclic voltammetry and convolution voltammetry. 
With the present set of rules, the expert system is capable to evaluate 39 mechanisms and their variants. To validate 
this set, the system was run with a number of compounds for which reaction mechanisms have already been studied. 
In all cases, the mechanism found as the most probable was the correct one. The time of the elucidation depended on 
the number of experiments that had to be done and varied from 4 up to 6 h. During this time, the system worked 
practically without human supervision. 
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In two previously published papers [1,2] a 
knowledge-based (expert) system, capable to elu- 
cidate simple electrode reaction mechanisms in a 
fully automatic manner, has been described. The 
set of rules for the elucidation in that system 
covered a number of mechanisms where a single 
electron transfer step (ETS), possibly coupled to 
a homogeneous chemical reaction, occurred. Cur- 
rently, this set has been extended and improved: 
more complicated mechanisms, where two elec- 
tron transfer steps take place (EE and ECE 
mechanisms) and a number of instances of “tri- 
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angle” and “square schemes”, mechanisms often 
encountered among electrochemical processes of 
complexes (see below), have been included 
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Additionally, rules have been provided for the 
elucidation of simple mechanisms involving either 
strong or weak adsorption of the substrate or the 
product of the charge transfer. 

Generally, the method of reasoning, the repre- 
sentation of knowledge and the principal struc- 
tures of the expert system remained identical to 
those described previously [2]. The main change 
was the addition of new experimental parameters 
that can be controlled by the expert system and 
the improvement of the user interface. At pres- 
ent, the expert system can control two (or more) 
burettes and a pump, which allows to vary the 
concentration of the electroactive compound, as 
well as to replace the solution to start a new 
series of experiments without the need of human 
intervention. The size of the mercury drop used 
as the electrode can be varied, too, giving on one 
hand a tool to study spherical diffusion effects 
and on the other .hand, to eliminate them. All 
these changes significantly improved the degree 
of automation of the whole system. 

Changes in the user interface resulted in a 
capability to generate extensive reports on the 
elucidation as well as to produce semi-graphic 
representation of decision trees, showing how the 
system has reached the final conclusion about the 
reaction mechanism. 

EXTENSIONS AND IMPROVEMENTS OF THE EXIST- 
ING RULE SET 

Substantial improvements of old rules defining 
the determination of factors controlling the trans- 
port to the electrode and the detection of a net 
chemical reaction in the system have been carried 
out. The new versions of rules are either based 
on more complete experimental evidence or they 
are better theoretically supported. 

Net reaction 
Irreversible steps (of electrochemical or chemi- 

cal character) in cyclic voltammetry cause con- 
sumption of the substrate(s) during the measure- 
ment leading to the presence of a net reaction in 
the system. A criterion for the detection can be 
based on the restoration of the initial state at the 

electrode surface after a cyclic change of the 
potential: if a net reaction does not occur, the 
surface concentration of all species after the ex- 
periment should be exactly the same as before. If 
there is a net reaction, concentrations will differ. 

In the previous version of the expert system, 
the rule for the detection of a net reaction was 
based on an arbitrary criterion: if the charge 
passed during the voltammetric backward scan 
was less than 50% of the charge passed during 
the forward scan, the hypothesis that there is a 
net effect was accepted. Currently, the surface 
concentrations are explored as primary quantities 
and a combination of criteria based on convolu- 
tion voltammetry and cyclic voltammetry is used. 

Because the charge is only indirectly related to 
the surface concentrations, the direct application 
of the latter quantities is the better approach. 
The value proportional to the surface concentra- 
tion of the product of an electrode reaction dur- 
ing the experiment can be obtained by convolu- 
tion [3-51 of the voltammetric current with a 
(at)-1/2 function (semi-integration) [6,7] 

i(t) * g(t) = nFm1’2cs( t) (1) 

where n, F, A and D having their usual electro- 
chemical meaning, i(t) being current, c”(t) the 
surface concentration and g(t) the convolution 
function, equal to (rt)-‘/2. Equation 1 is valid 
under the assumption, that the transport to and 
from the electrode can be described by semi-in- 
finite linear diffusion. In practice, however, the 
assumption about the linearity of the diffusion is 
rarely valid and therefore it is better to use 
so-called spherical convolution [7], delivering the 
surface concentration of the product under mixed 
(linear and spherical) diffusion conditions that 
are much more frequently encountered. A method 
presented in a paper by Engblom and Oldham [8] 
is even better, because it takes into account that 
datapoints could be acquired using staircase 
voltammetry rather than the linear sweep method. 
The disadvantage is that it requires the value of 
the diffusion coefficient, which is often unknown 
or not exactly known. 

The semi-integral criterion for the presence of 
a net reaction can then be formulated as follows: 
if the initial concentration of the compound is 
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restored, the convolute value should return ex- 
actly to its initial value (usually zero) after the 
cycle is completed, which means that the product 
of the reaction has been converted back to the 
substrate [7,9]. If it does not return to its original 
value, consumption of the initially present sub- 
stance is suggested. 

The convolution criterion alone is insufficient, 
because the substrate or the product of the reac- 
tion can be accumulated on (or in) the electrode 
by adsorption, deposition or amalgamation. In 
this case, the initial value of the surface con&r- 
tration is not restored after the completion of the 
voltammetric cycle and convoluted voltammo- 
grams will not deliver proper results. However, if 
the accumulation effect becomes dominant, an 
alternative approach is possible: because there is 
no loss of the compound by its diffusing away, the 
total charge passed during the voltammetric cycle 
should approach zero. 

Because the possible reaction consuming the 
reagent can be either slow or fast compared to 
the time scale of the experiment, both criteria 
should be evaluated for a number of different 
scan rates. Deviations from zero can then be 
checked using statistical tests; consequently, the 
probability that a net reaction occurs is a con- 
junction of probabilities that both normalized 
charge and normalized convolute (semi-integral) 
differ from zero. 

Characteristics of separate signals 
Suggestion of the mechanism of observed sig- 

nals. The philosophy of rules characterizing the 
separate signals has not been changed, but the 
rules have been given broader theoretical founda- 

tions and multiple techniques have been em- 
ployed to obtain experimental information. 

Suggestions for mechanisms, previously exclu- 
sively based on the Nicholson and Shain criteria 
involving variation of voltammetric peak potential 
with scan rate [lo], have been extended to semid- 
ifferential voltammetry for cases of uncompli- 
cated, fast and slow electron transfers. According 
to Goto and Ishii [ll], the semiderivative peak 
obtained in the case of a fast, uncomplicated 
electron transfer step can be described using the 
equation 

d’/ri/dt’/x x ( n2F2AvCD1/2/4RT) 

xcosh-2[(nF/2RT)(E-E,,2)] 

(2) 

where, c, R, T and E have their usual meaning, 
v is a scan rate and E1,2 is a polarographic 
halfwave potential of the reacting redox couple. 
It is found, that the peak appears at a potential 
value equal to El,2 irrespective of the scan rate 
used; the peak height is represented by the ex- 
pression n2F2AvCD’/2/4RT and it increases lin- 
early with the scan rate. 

In case of a slow, uncomplicated electron 
transfer, the semiderivative peak can be de- 
scribed with the following equation [12]: 

x e ( -l)iexp(jz)(j!)-“2 (3) 
j=l 

where z = (ncuF/RTXE” - E) + f ln(RTk,/ 
ncYFvD), k, being the standard heterogeneous 
rate constant. The maximum value of the sum, 

TABLE 1 

Diagnostic criteria for suggestion of mechanism of the ETS, based on semiderivative staircase voltammetry (Acronyms as in the 
Table 4 in Ref. 2) 

Suggestion of the mechanism 
of electron transfer step (ETS) 

E 
ES (cathodic branch) 
Es (anodic branch) 

Trend of semiderivative 

dE,/du vs. u dE,/d In v vs. v 

Constant 
Constant 
Constant 

Value of semiderivative 

dE,/dv vs. v dE,/d In v vs. v 

0 
< -RT/2nF 
> RT/2nF 
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0.2970, occurs at 2 = -0.055 and the potential of 
the semiderivative peak can be expressed as 

E, = [E” + O.OSSRT/crnF 

+ (RT/2anF) ln( RTk,/mFD)] 

- (RT/2mF) In u (4) 

showing a linear dependence on the logarithm of 
the scan rate. The peak height equals 

On the basis of these equations, the diagnostic 
criteria collected in Table 1 can be established. 

Control of the transport to the electrode. As far 
as factors controlling the transport of electroac- 
tive substance to the electrode are concerned, a 
larger number of different situations is consid- 
ered than before and more techniques are em- 
ployed. The main line of reasoning, i.e., descrip- 
tion of different types of transport as deviations 
from the semi-infinite linear diffusion, is pre- 
served. The transport can be larger than in semi- 
infinite linear diffusion, for example if spherical 
diffusion or kinetic effects (chemical or catalytic 
reaction) take place; in this latter case it can even 
lead to a steady state. Lower intensity of the 
transport can be observed in cases of limited 
diffusion and reactions from the adsorbed state. 
In the latter case, the whole amount of substance 
adsorbed reacts within a very short time and the 
current drops sharply to zero after exhaustion of 
the component. 

In the current set of rules, criteria based on 
cyclic chronocoulometry, staircase voltammetry 
and convolution voltammetry are employed. In 
chronocoulometry, according to Anson [13], the 
quantity of charge in cyclic chronocoulometry can 
be described using the equation 

Q = 2&i”1/2Cn-‘4’/2 
(5) 

and 

Q(t>7) =2nFAD lPC,-w[+ (~-7)‘/2] 

(6) 

if, after the time 7, the potential is changed to a 
value at which the concentration of the product 
of the reaction is zero (semi-infinite linear diffu- 

sion assumed). One can find, that the charge 
passed in each half-cycle should vary linearly with 
the square root of the time elapsed from the 
beginning of the half-cycle. If additional contribu- 
tions enhance the transport, the charge is greater 
than predicted from the purely linear model. The 
inverse effect appears when the transport is slower 
than for linear diffusion (limited diffusion, strong 
adsorption of product or substrate on the eleo 
trode): the observed charge increases slower and 
for adsorbed species it can even reach a constant 
value almost instantaneously. 

A unique effect can be observed in the case of 
weak adsorption of the reactant: effects of the 
reaction of diffusing species (visible in long times) 
and adsorbed ones (observable in short times) are 
combined, the plot Q vs. tW112 is linear, but 
shifted along the charge axis with an amount 
corresponding to the charge consumed in the 
reaction of the substance present at the electrode 
surface. 

In staircase voltammetry (XV), information 
about the transport of the reactant to the elec- 
trode surface is primarily included in the height 
of the voltammetric peak and in its shape, partic- 
ularly in the form of the descending branch of the 
peak. As before, different types of transport can 
be treated as distortions of the semi-infinite lin- 
ear diffusion caused by, e.g., chemical processes, 
depletion of the bulk of the solution, etc. All 
these effects, except adsorption, have one com- 
mon feature: they become more important with 
time and their influence is better visible at slow 
scan rates. 

To derive appropriate criteria, a classic analy- 
sis of Nicholson and Shain [lo] can be employed: 
the measured current follows the equation 

i = coPx( C$) (7) 

where co represents a general proportionality 
constant, cl is the constant relating the time scale 
of the experiment to the time scale of the phe- 
nomena involved, u is the scan rate and x(c,t) is 
a function defining the peak shape. The constant 
cl is different for various mechanisms, but inde- 
pendent of the scan rate if the flux of the sub- 
stance at the electrode surface is governed by 
semi-infinite linear diffusion. In such cases, the 
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variation of the height of the voltammetric peak 
should be linear with the square root of the scan 
rate. 

For mixed spherical and linear diffusion the 
situation is different: the increased flux of the 
electroactive substance leads to an increase of the 
recorded currents. The quantitative description 
of the effect is difficult, but it can be intuitively 
expected that the peak height will no longer be 
linearly dependent on u112, particularly in the 
slow scan rate region. The current in the de- 
scending branch of the peak will also deviate 
from a t- ‘I2 decay with an increasing distance 
from the top of the peak and with a decrease of 
the scan rate. A qualitatively very similar effect 
can be observed when an extra amount of sub- 
stance is delivered in a chemical way. In the 
extreme case, the production rate of the reactant 
in the solution becomes equal to the consumption 
rate at the electrode and a steady state is ob- 
tained: the current is entirely controlled by the 
rate of the chemical reaction. In the voltammo- 
gram, after reaching the maximum value, the 
current becomes constant and a wave instead of a 
peak appears. 

In some cases, electrolysis can cause a de- 
crease of the bulk concentration of the reagent 
(limited diffusion). It can be expected, that the 
main effect is a more rapid decay of the current 
after reaching the top of the peak (faster than the 
usual t-1/2 relationship). Also, a decrease of the 
scan rate leads to a faster decrease of the peak 
current, again resulting in deviations from the 
linear i - u112 dependence. In the extreme situa- 
tion when the reagent is completely consumed, 
the equivalent amount of charge passes through 
the electrode: in such a case, the peak height 
becomes linearly dependent on the scan rate. In 
situations when mixed linear and limited diffu- 
sion occurs, transition from a proportionality to tr 
to a proportionality to u1i2 could be observed. 

If the reactant is strongly adsorbed on the 
electrode forming a mono- or a submonolayer on 
its surface and the adsorption equilibrium is 
rapidly reached, the situation resembles the ex- 
treme form of limited diffusion. The amount of 
substance is limited and it is available directly in 
the place where the electron transfer occurs, so 

no transport is necessary. The charge consumed 
in the reaction is constant, dependent only on the 
amount of substance and independent of scan 
rate. The result is a symmetric, sharp voltammet- 
ric peak, whose height is proportional to the scan 
rate; the width of the peak can be very small, 
because it is related to the variation of the ad- 
sorption energy with the electrode potential [7]. 
Theoretical studies of adsorption in voltammetry 
were done by several authors (see for example 
[7,14,151). 

Also useful is the dependence of the peak 
current and peak shape on the concentration. In 
principle, when the electron transfer is preceded 
by a first-order (or pseudo-first order) homoge- 
neous process with respect to the electron trans- 
fer substrate or if there is no preceding step, the 
peak height should change linearly with the con- 
centration. The situation differs, when the reac- 
tion is of higher order, but that case is not consid- 
ered here. When adsorption occurs, the limited 
capacity of the monolayer causes a characteristic 
“saturation” effect: above a certain value of the 
bulk concentration, the peak height stabilizes and 
becomes independent of the concentration. 

Convolution voltammetry facilitates the inter- 
pretation of SCV curves, particularly the informa- 
tion included in the peak shape. In the simplest 
case of semi-infinite linear diffusion and fast 
electron transfer, the convolution of the voltam- 
metric current with a t-‘12 decay results in an 
S-shaped wave [16-181. Other mechanisms have 
been discussed in a number of papers [19-231. 

When the transport to the electrode is en- 
hanced or diminished compared to semi-infinite 
linear diffusion, the plateau of this wave has 
positive or negative slope, respectively. In this 
latter case, a “badly formed” peak is obtained. 
This method was applied in the detection of 
adsorption [24]. In this mmer the problem of 
the detection of decreased flux can be reduced to 
finding peaks in semi-integral voltammograms. 

To extend this test to processes in which the 
transport is larger than semi-infinite linear diffu- 
sion, a mathematical trick can be made: instead 
of semi-integration, integration to slightly lower 
order (e.g., 0.45~integration) can be used. In such 
a transformation, all voltammetric peaks for which 
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the transport is as fast as or slower than linear 
diffusion, are converted to “badly formed” peaks 
or waves, while others are only partially broad- 
ened. Comparing peaks visible on the original, 
the 0.45integrated and the semi-integrated 
voltammogram it is possible to classify them with 
respect to the type of the transport. 

The criteria described above are very simple, 
but they have an important limitation: all waves 
obtained in convoluted voltammograms overlap, 
i.e., every subsequent one rises from the plateau 
of the previous wave. The bias of one plateau is 
taken over by all following waves, making them 
difficult to interpret. Due to this feature, simple 
classification gives reasonable results for the first 
peak in the forward branch of the voltammogram 
only. 

To reduce the risk of an error in the determi- 
nation of factors controlling the transport, a com- 
bination of criteria employing all three tech- 
niques (chronocoulometry, staircase voltammetry 
and convolution voltammetry) is used. The valid- 
ity of the obtained results is subject to different 
restrictions. The general one is that different 
types of transport are always treated as different 
types of deviations from the semi-infinite linear 
diffusion model, but in order to detect them the 
magnitude of the deviation has to be significant. 

TABLE 2 
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This implies, that the hypothesis about the linear 
diffusion model is the default one and, to some 
extent, preferred: if there is no significant reason 
to reject it, it is accepted. Another limitation 
concerns overlapping signals: when more than 
one electrode process takes place at the given 
potential with a comparable rate, criteria for the 
determination of the transport type may deliver 
results for an averaged effect. 

In Table 2, the diagnostic criteria used for the 
determination of factors controlling the flux of 
the electroactive substance are collected. 

NEW RULES 

A common feature of rules for all new mecha- 
nisms is that they are largely based on the corre- 
lation of the measured currents with the variation 
of experimental parameters, as well as on the 
changes in the current ratios with the time scale 
of the experiment. The new rules cover mecha- 
nisms collected in Table 3. 

ECE mechanisms 
This group consists of 18 variants of ECE 

mechanisms, differing in the reversibility of elec- 
trochemical and chemical steps. Criteria used are 

Diagnostic criteria for the determination of the type of transport to the electrode (Criteria within one set of columns, separated by 
vertical lines, are joined by the AND operator; between separated columns OR operator is used. Acronyms of dependences: 
IV = i,/v’/2 vs. v, IC = i,/C vs. C, DIV = (d1’2i/dt1/2)/v vs. v, DIC = (d’j2i/dt ‘/21/C vs. C; (d1/2i/dt1/21 is a current 
semiderivative) 

Transport type Q vs. t ‘I2 dQ/d(t-‘/2) Peak in convolution Trend in the absolute 
voltammetry a value of 

0.5 0 - 0.45 -0.5 IV IC DIV DIC 

From adsorbed state (ADS) Nonlinear Decrease yes yes yes yes Incr. Deer. 
Mixed limited-linear 

diffusion (LIM-LIN) Nonlinear Decrease yes yes yes yes Deer. Const. 
Mixed adsorption-linear 

diffusion (ADS-LIN) Linear Constant yes yes yes yes Incr. Not incr. 
Semi-infinite linear 

diffusion (LIN) Linear Constant yes yes yes no Const. Const. Const. Const. 
Mixed linear and kinetic 

effect (LIN-KIN) Nonlinear Increase yes yes no no Deer. Const. 
Totally kinetic (KIN) Nonlinear Increase yes no no no Deer. Const. 

B Numbers describe instances of so-called differintegration (generalized differentiation and integration operation): 0.5 = 
semiderivative, 0 = original voltammogram, -0.45 = 0.45integration, -0.5 = semi-integration. 
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the number of signals observed under various 
circumstances, their interrelation, the presence of 
a net reaction, characteristics of the separate 
reduction and oxidation signals and the ratio of 
heights of semiderivative peaks (see Table 4). 
Taking into account that there are at least four 
compounds involved in the entire reaction scheme 

it can be generally expected, that signals of the 
four processes: A, + B,, B, + A,, A, + B, and 
B, + A, should be observed. The actual number 
of observable signals is, however, influenced by 
the characteristics (e.g., irreversibility) of reac- 
tions taking place. In principle, the process A, + 
B, is of EC type, whereas A, + B, should exhibit 
some similarities with CE reaction. 

A useful criterion in the elucidation of ECE 
mechanisms is the appearance of an additional 
peak (secondary peak) iu the third branch of the 
voltammogram. Such peaks can be observed if 
the standard potential of the reversible second 
electron transfer step is less extreme than that of 
the first charge transfer; they originate from the 
A, intermediate produced during the second 
half-cycle. 

In the elucidation of ECE mechanisms, the 
relative heights of voltammetric peaks play an 
important role [24]. However, the determination 
of these parameters in the case of an ECE pro- 
cess is likely to be difficult, or even impossible, 
due to the overlap of SCV peak tails. To avoid 
this problem, rules in this expert system make use 
of semiderivative voltammetry: with its narrower 
peaks with easily measurable heights this tech- 
nique is advantageous. The chance of overlap is 
significantly reduced and results for peak heights 
are much more reliable. 

Table 4 collects criteria for the elucidation of 
ECE mechanisms. 

There is a number of restrictions for the appli- 
cability of the above criteria: generally, if the 
chemical step is very fast, an ECE mechanism is 
indistinguishable from EE. Additionally, the pos- 
sibility of cross-reaction (disproportionation) has 
been neglected in the present rules. 

Mechanims with adsorption 
Four simple cases of uncomplicated electron 

transfer are considered here, where adsorption 
(either strong or weak) of substrate or product 
takes place. Rules are based on the paper by 
Wopschall and Shain [25]. In the case of strong 
adsorption, two peaks in each branch can be 
observed, if the adsorption is weak, only one peak 
with a characteristic shape can be found in each 
branch. 

Elucidation criteria (see Table 5) are primarily 
based on the determination of factors controlling 
the transport to the electrode, among others on 
the characteristic dependence of adsorptive peak 
height on the scan rate in voltammetry. This 
latter feature is also exploited in criteria involving 
peak height ratios. 

It should be emphasized, that above criteria 
are valid under the assumption, that no complica- 
tions accompany the electron transfer step and 
the rate of adsorption is very high compared to 
th% time scale of the experiment. It is also as- 
sumed, that no competitive adsorption (for in- 
stance of the substrate and the product of the 
electrode reaction) takes place. 

EE Mechanisms 
This group covers four combinations of two 

electron transfer steps, where each step can be 
either fast or irreversible (ErEr, ErEi, EiQ and 
EiEi) and one special case of ErEs mecha ‘sm 
with E:’ ~8: Ef’. There is no coupled horn 

i 
e- 

neous chemical process and no adsorption t es 
place. 

The variation of potentials of both processes 
with scan rate should follow patterns predicted 
for electron transfers with an uncomplicated 
character. 

The most crucial step in proving the EE mech- 
anisms is the exclusion of the chemical reaction 
intervening the electron transfer steps. If the 
substrate of the second step is produced in a 
chemical step, the relative height of peak 2 with 
respect to peak 1 in the forward branch of the 
semiderivative voltammogram increases with a 
decrease of the scan rate. If there is no interme- 
diate chemical reaction, such an effect does not 
occur and the ratio of peak heights is constant. 
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The difference between the ECE and EE mecha- 
nism is also manifest in a different type of trans- 
port for the first and the second signal in the 
ECE mechanism, while in the EE mechanism the 
type of transport is the same. It is, however, 
impossible to exclude the presence of a very fast 
chemical reaction between steps 1 and 2. Such a 

reaction has no visible effects in the time scale of 
the experiment and, as already mentioned in the 
part concerning the ECE mechanism, ECE and 
EE mechanisms would not be distinguishable un- 
der such circumstances. 

Table 6 lists criteria used to elucidate EE 
mechanisms. 

TABLE 3 

List of additional mechanisms, that can be elucidated by the expert system &mbolsz E = electron transfer step, C = chemical step, 
A = adsorption, “ A ” and “ 4 ” = reversible and irreversible electr. transfer, “ 0 ” and “ + ” = reversible and irreversible 
chemical reaction) 

Symbol Reaction Description 

ErCrEr A&B-CAD 

ErCiEr AAB+CAD 

ErCrEi A&B-CAD 

ErCiEi AAB+CAD 

EiCEr 

EiCEi 

EA.9 

EAw 

AsE 

AWE 

ErEr 

ErEs 

AaB=CADor 
AAB+CAD 

A4BoCADor 
AAB+C%D 

A&B* 

A&B* 

A*hB 

A*AB 

A&B&C 

A&B&C 

ErEi A&B&C 

EiEr A&B&C 

EiEi 

E-E 

A&B&C 

A&B&.A’oA 

EZE A&sBcoB’&,A’oA “Square scheme”: electron transfers fast, chemical reaction reversible, 
large difference in formal potentials 

ECE reaction with both electron transfers fast and reversible chemical step; 
three cases: E$” a ET, Ei’ = Ef’ and Ei’ w EF’ 

ECE reaction with both electron transfers fast and irreversible chemical step; 
three cases: E:’ a EF’, E$” = Ef’ and Ei’ w Ef” 

ECE reaction with the first E step fast, the second one, irreversible and reversible C 
step. Three cases: Ei’ a EF’, E;‘ = EF’ and E!’ w Ef’ 

ECE reaction with the first E step fast, the second one, irreversible and irreversible 
chemical reaction. Three cases: E!’ a EF‘, E!’ = Et’ and “20’ w EF’ 

ECE reaction with the first electron transfer irreversible and the second one, fast, 
three cases: E!’ a Ef’, Ef’ = EF’ and Ez’ w EF’ 

ECE reaction with both electron transfers irreversible, three cases: 
E!’ a Ef’, Ez’ 3 Ef’ and E:’ w Ef’ 

Fast electron transfer with a fast, strong adsorption of the product 

Fast electron transfer with a fast, weak adsorption of the product 

Fast electron transfer with a fast, strong adsorption of the substrate 

Fast electron transfer with a fast, weak adsorption of the substrate 

Uncomplicated double-step electron transfer, both steps fast, E!’ a EF’ 

Uncomplicated double-step electron transfer, the first step fast, the second one slow, 
E$” -x E;’ 

Uncomplicated double-step electron transfer, the first step fast, the second one 
irreversible, Et’ a Ef’ 

Uncomplicated double-step electron transfer, the first step irreversible, the second one 
fast, Ei’ a EF’ 

Uncomplicated double-step electron transfer, both step irreversible, Eg’ a Ef’ 

“Triangle scheme”: electron transfers fast, chemical reaction reversible, 
large difference in formal potentials 
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“Square” and %iangle’9 scheme mechanims and that all signals can be observed separately. 
In this case two different forms of the elec- The overall scheme of reaction can be ,written as 

troactive compound, remaining in a chemical 
equilibrium, can react giving either two different A’B 

products or only one product. It is taken for 
granted that electron transfer steps (ETS) are not 
irreversible, that the differences of potentials at 

II II 

which electron transfer steps occur are significant A”Br 

TABLE 4 

Diagnostic criteria for ECE mechanisms (AcronYms: F = signal in the forward branch, B = signal in the backward branch of the 
voltammogram, HS = hidden signals (see [ZD, SS = secondary signals, NR = net reaction, SMS = suggestion of mechanism of the 
electron transfer, RSDH = ratio of semiderivative peak heights) 

Mecha- Relation Number HS SS Signal as- NR SMS Absolute trend 
nism E,O’/E,O’ 

IYpe of the transport 
of F, B signment (see Table 2) in RSDH 

ErCrEr E:’ a EF’ 292 no Fl: LIN Fl: ECr Bl /Fl const no no Bl+Fl 
B2+F2 F2 LIN-KIN F2)Fl: deer 

B2/Bl: deer 
Bl/Fl: const ErCrEr 

ErCrEr 

ErCiEr 

ErCiEr 

ErCiEr 

ErCrEi 

ErCrEi 

ErCrEi 

ErCiEi 

ErCiEi 

ErCiEi 

EiCEr 

EiCEr 

EiCEr 

EiCEi 

EiCEi 
EiCEi 

191 

192 

292 

191 

1, 2 

2, 1 

1, 1 

171 

291 

1, 1 

1, 1 

2, 1 

1, 1 

1, 1 

290 

170 
LO 

no no 

no Yes 

no no Bl*Fl 
B2+F2 

no no 

no no 

no no Bl+Fl 

no no 

no no 

no no Bl+Fl 

no no 

no no 

no no 

no no 

no Yes 

no no 

no no 
no no 

no Fl: LIN-KIN 
E?: LIN-KIN 

no Fl: LIN-KIN 

Yes Fl: LIN 
F2: LIN-KIN 

Yes Fl: LIN-KIN 
IQ LIN-KIN 

Yes Fl: LIN-KIN 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Fl: LIN 
F2: LIN-KIN 
Fl: LIN-KIN 
Bl: LIM-LIN 
Fl: LIN-KIN 
Bl: LIM-LIN 
Fl: LIN 
F2: LIN-KIN 
Fl: LIN-KIN 
Bl: LIM-LIN 
Fl: LIN-KIN 
Bl: LIM-LIN 

Yes Fl: LIN 
n: LIN-KIN 

Yes Fl: LIN-KIN 
F2 LIN-KIN 

Yes Fl: LIN-KIN 

Fl: LIN 
n: LIN-KIN 
Fl: LIN-KIN 
Fl: LIN-KIN 

Bl: E or CEr B2/F2: incr 
B2/Fl incr 

Fl: ECi Bl/Fl: incr 
B2/Bl: deer 
Bl/Fl: const 
Bl/Fl: incr 

Bl: E or CEr B2/F2: incr 
B2/Fl incr 

Fl: ECr F2/Fl: deer 
Bl/Fl: incr 
B2/Fl: incr 

B2/Fl: incr 

Fl: ECi F2/Fl: deer 
Bl/Fl: incr 
B2/Fl: incr 

B2/Fl: incr 

F2/Fl: deer 
B2/Fl: deer 
Bl/Fl: deer 

Bl/Fl: deer 
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TABLE 5 

Diagnostic criteria for single mechanisms with adsorption (F = Signal in the forward branch, B - signal in the backward branch of 
the voltammogram, HS = hidden signals (see [2]), SS = secondary signals, DDPH = difference of semiderivative peak height vs. 
scan rate) 

Mechanism Number of F, B HS ss Qpe of the transport Trend in DDPH 

EAS 

EAw 

AsE 

AWE 

292 
191 
171 

292 
1, 1 
191 

ll0 

yes 
no 

no 

yes 
no 

ll0 

no 

no 

no 

Fl: ADS 
Bl: ADS 
Fl: LIN 
Bl: ADS-LIN 
Fl: LIN 
Bl: LIN or LIN-KIN 
Fl: ADS-LIN 
Bl: LIN or LIN-KIN 

Fl-F2 decrease a 
Bl-B2 increase ’ 

Fl-F2 increase a 
Bl-B2 decrease a 

’ For reduction in forward branch and oxidation in backward one; otherwise trends should be. reversed. 

TABLE 6 

Diagnostic criteria for double-step mechanisms (Acronyms: F = signal in the forward branch, B = signal in the backward branch of 
the voltammogram, HS = hidden signals (see [2& SS = secondary signals, NR = net reaction, SMS = suggestion of mechanism of 
the electron transfer, RDPH = ratio of semiderivative peak heights, DDPP = difference of semiderivative peak potentials) 

Mecha- Number HS SS Peak as- NR lope of 
signment triUlSpOrt 

Fl +Bl, no Fl: LIN 
F2+B2 F2: LIN 
Fl+Bl no Fl: LIN 

FZLIN 
Fl-,Bl yes all LIN 

SMS Trend in Trend in DDPP 
nism ofF,B 

ErEr 292 

ErEs 292 

ErEi 2, 1 

II0 

no 

no 

no 

no 

no 

RDPH 

all E 

Fl: E 
Bl: E 
Fl: E 
F2: Es 
Bl: E 
Fl: Es 
F2ZE 
Bl: E 
all E 

F2/Fl: const. Fl-Bl: const. 
F2-B2: const. 

F2/Fl: const. Fl-Bl: const. 
F2-B2: not const. 

F2/Fl: const. Fl-Bl: const. 

F2/Fl: const. F2-Bl: con&. 

F2/Fl: const. 

EiEr 2, 1 no ll0 M+Bl yes all LIN 

EiEi 290 no no all LIN 

TABLE 7 

Diagnostic criteria for triangle and square. scheme mechanisms (F = Signal in the forward branch, B = signal in the backward 
branch of the voltammogram, HS = hidden signals (see [2D, SS - secondary signals, RDPH = ratio of semiderivative peak heights, 
SPH = semiderivative peak height, i, = SCV peak height) 

Mechanism Number HS SS type of Trend in d&,/C) dC value 
ofF,B transport RDPH d(SPH/C) dC Value 

E-E 291 no no Fl: LIN-KIN F2/Fl incr ’ Fl: const. 
Bl: LIN-KIN F2: const. 

EZE 292 no no Fl: LIN-KIN F2/Fl incr a Fl: const. 
Bl: LIN-KIN F2: const. 

a For the reduction in forward and the oxidation in the backward branch; otherwise trend is reverse. 

Fl: 0.0 
F2: 0.0 
Fl: 0.0 
F2 0.0 
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or 

*Y 
I 
A’ 
dB 

A general discussion of this type of reaction has 
been presented by Ashley and Reilley [26]. It is 
assumed, that the chemical steps proceed accord- 
ing to first-order kinetics and are reversible; addi- 
tionally it is assumed, that the electron transfer 
steps are very fast. 

The diagnostic criteria (Table 7) take advan- 
tage of the fact, that depletion of the diffusion 
zone for one substrate, say A, induces its produc- 
tion from A’ in the chemical reaction thus en- 
hancing the transport to the electrode. However, 
the consumption of A’ causes a reduction of the 
corresponding A’ + B(‘) signal (lower peak in SCV 
and semiderivative voltammetry), this effect being 
more pronounced for slower scan rates. This re- 
sults in an increase of the height ratio of the 
second to the first peak of the forward branch 
with the scan rate. 

The criteria from Table 7 will not apply if the 
chemical reactions are irreversible, if they have 
other than first-order kinetics and if their rates 
are very high or very low compared to the time 
scale of the experiment. 

VALIDATION 

To validate the modified and the newly added 
rules, a number of compounds for which reaction 
mechanisms are already established have been 
studied. The selected electrochemical systems 
were mixture of Zn2+ and Cd’+ ions, 2- 
nitrophenol, 4nitrosophenol and Methylene Blue. 
The mixture of zinc and cadmium ions was used 
to validate ErEs mechanism; for the expert sys- 
tem it is indistinguishable from a substance un- 
dergoing a double-step reduction. 

For each system, validation results are col- 
lected in two tables: the first one presents sup- 
port for separate features used as criteria to 
elucidate the pertaining mechanism, on the basis 

of Tables 4-7, and the list of possible mecha- 
nisms, ordered according to decreasing support. 
In the second table, for each mechanism the 
feature that had the strongest influence on the 
support is given. Because rules for the elucidation 
of mechanisms involve mainly conjunctions of 
features, the most influential feature is the one 
with the lowest supporting pair. 

Experimental 
\ 

Autolab- General Purpose Electrochemical 
System @co Chemie, Utrecht) coupled to an 
Olivetti M24 personal computer (IBM PC-com- 
patible, 8086 cpu and 8087 numerical coproces- 
sor) were used to carry out experiments and to 
run the expert system. All measurements were 
made on the static mercury electrode (Metrohm 
VA-6631, composition of the solution in the cell 
was controlled using two Dosimat 665 burettes 
(Metrohm) and a Metrohm 661 pump unit. 

In all experiments, solutions were prepared 
with deionized water (Millipore Q2). Oxygen was 
expelled with polarographic grade nitrogen 
(Hoekloos, Netherlands). Mercury for the filling 
of the electrode (commercial grade), has been 
successively purified by shaking with ethanol, 2 M 
sodium hydroxide and 2 M nitric acid and finally 
doubly distilled at low pressure. 

0.05 M + 0.05 M solutions of cadmium chlo- 
ride (Merck, Suprapur) and of zinc sulphate 
(Fluka, p.a.) were prepared by the dissolution of 
respective salts in 1 M KC1 (Suprapur). Methy- 
lene Blue (for electrophoresis, Merck) was dis- 
solved in 80% 0.1 M boric acid-KCl-NaOH 
buffer (pH 10.0, Merck) mixed with 20 vol.% 
ethanol (Merck). The solution of p-nitrosophenol 
(Aldrich) was prepared in 0.1 M KNO, contain- 
ing 0.067 M acetate buffer (pH 4.66, Merck) and 
20% ethanol. The stock solution of o-nitrophenol 
(p.a., Fluka) was obtained by the dissolution of 
the compound in 0.1 M CH,COOH + 0.1 M 
CH,COONa buffer mixed with ethanol (50 
vol.%). 

All potentials were measured in respect to 
Ag/ AgCl (3 M KC11 reference electrode 
(Metrohm). As auxiliary electrode a glassy carbon 
rod was used. 
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During the experiments with the Cd”’ and 
Zn2+ ions mixture, the concentration in the elec- 
trochemical cell was varied from 0.8 X 10e4 to 
2.6 x 10e4 mol dmm3 and the range of scan rates 
used in voltammetric measurements was from 
0.25 V s-l up to 10.0 V s-l. The potential was 
scanned in the range -0.3 to - 1.45 V. In 
chronocoulometric experiments, the conditioning 
period of 1 s at -0.3 V was followed by two 
potential steps, respectively -0.8 and -0.3 V, 
with a duration of 0.4 s each. 

1.6 V s-l. The concentration range investigated 
was 8.0 x 10T5 to 2.6 x 10m4 mol dme3. Chrono- 
coulometric experiments were carried out in ex- 
actly the same time regime as for the cadmium + 
zinc mixture. 

In cyclic voltammetry of Methylene Blue, the 
range of potentials of -0.1 V to -0.8 V was 
scanned with a rate that varied between 0.3 and 

p-Nitrosophenol was investigated in the range 
of potentials from +0.35 V to -0.4 V using scan 
rates varying from 0.05 V s-l to 2.15 V s-l. The 
concentration was changed from 2.0 x 10m4 to 
2.0 x 10m3 mol dmW3. In the chronocoulometric 
experiment, the duration of the steps was 1 s 
(preconditioning), 0.4 s and 0.4 s (potentials 
+0.35 V, -0.4 V and +0.35 V, respectively). 

Voltammograms of o-nitrophenol were re- 

TABLE 8 

Features and their support obtained during the elucidation of the ErEa mechanism imitated by the reduction of a mixture of Zn2+ 
and Cd’+ ions in KC1 solution (Acronyms: F = signal in the forward branch, B = signal in the backward branch) 

F=2,B=2 [l.ooo, 1.oool 

Net reaction present [O.OOO, l.lE-161 

Suggesrion for the type of the ETS (Table 4 in Ref2) 
Fl: E [0.469,0.613] 
Fl: ECr [0.007,0.0541 
Fl: Es [0.006,0.8551 
Fl: EiCat [l.lE-5,6.7E-53 
Fl: ECi, CEi [8.5E-6,6.2E-51 
Fl: ErCat [2.2E-6,5.7E-53 
Fl: CEr [2.1E-6,5.5E-53 

F2: Es [0.418,0.7061 
F2: ECi, CEi [0.398,0.636163] 
F2: EiCat [0.1848,0.2941 
F2ZE [8.5E-7,0.265] 
F.Z CEr [O.OOO, 0.2381 
FL? ErCat [O.OOO, 0.1101 
F2: ECr [O.OOO, 0.0001 

Transport to the electrode 
Fl: LIN 
Fl: LIN-KIN 
Fl: ADS-LIN 
Fl: other 

F2: LIM-LIN 
F2: LIN 
n: LIN-KIN 
IQ other 

[0.890,0.%w1 
[0.750,0.750] 
[O.OOl, 0.0011 
[O.OoO, 0.0001 

[1.ooo, l.oool 
[l.ooo, l.oool 
[l.ooo, l.oool 
[O.OOo, 0.0001 

Assignmenr of peak-s 

Bl+Fl,B2+F2 

Bl: E 
Bl: CEr 
Bl: Es 
Bl: EiCat 
Bl: ECi, CEi 
Bl: CEr 
Bl: ECr 

B2: CEr 
B2: Es 
B2: ErCat 
B2: EiCat 
B2:E 
B2: ECi, CEi 
B2: ECr 

Bl: LIM-LIN 
Bl: ADS 
Bl: LIN 
Bl: LIN-KIN 
Bl: ADS-LIN 
Bl: KIN 

[l.OOO, 1.0001 

[0.487,0.5941 
[0.018,0.159] 
[0.013,0.785] 
[0.012,0.079] 
[3.009,0.0771 
[0.006,0.147] 
[0.ooo, 0.aoo1 

[0.536,0.666] 
[0.446,0.7051 
[9.303,0.377] 
[0.303,0.3771 
[0.002,0.486] 
[O.OOO, 0.1301 
[O.OOO, 0.0001 

[0.995,0.9951 
[0.333,0.333] 
[0.227,0.227] 
[0.201,0.201] 
[O.OOl, 0.0011 
[O.oOO, 0.0001 

B2: LIM-LIN 
B2: LIN 
B2: LIN-KIN 
B2: other 

[l.ooo, l.aool 
[l.aoo, lmol 
[l.olm, 1.oool 
[0.ooo, 0.ooo1 

System mechanism: 
ErEs 
ErCrEr, E2 -K 1 
EZE 
other 

[O.llf& 0.2571 
[4.OE-4,0.004] 
[1.5E-25, O.OOO] 
[O.OOO, 0.0001 
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corded in the range + 0.1 V to - 0.9 V, with scan 
rate varying from 0.3 to 10.0 V s- ’ and the 
concentration in the range 10m4 up to 10m3 mol 
dme3. In chronocoulometric experiments, the po- 
tential was changed from +O.l V to -0.9 V for 
0.4 and 0.4 s, respectively; the preconditioning 
pulse at +O.l V took 1 s. 

ErEs mechanism, reduction of Cd2+ and Zn2+ 
mixture in KC1 

A mixture of zinc and cadmium ions can imi- 
tate a substance that is reduced according to the 
ErEs mechanism. The difference can be detected 
by comparison of the products nF.‘/‘C for the 
first and second steps (obtained either by chrono- 
coulometry or XV technique): their ratios should 
equal Qz2 (n, and n, are the numbers of 
electrons involved in each electron transfer step). 
In the case of a mixture of two substances, the 
chance that the ratio of ~zFAD’/~C terms equals 
exactly 0.5, 1.0, 1.5 or 2.0 is extremely small due 
to differences in concentrations and in diffusion 
coefficients. Nevertheless, because the expert sys- 
tem does not use the value of the nFAD’/2C 
ratio as a criterion, a mixture of two compounds 
cannot be distinguished from a substance re- 
ducible in two subsequent steps. 

823 

Table 8 presents features evaluated by the 
expert system and the support for different hy- 
potheses about the electrode reaction mecha- 
nism. 

It can be seen, that the hypothesis about the 
absence of the net reaction is strongly supported. 
Inspection of the results for the type of transport 
to the electrode shows, that in the cases of the 
second electron transfer in the forward and in the 
backward branch, the support has gotten value 
either 1.0 or 0.0: this results from the use of a 
restricted set of conditions if parallel reactions 
take place on the electrode (signals other than 
the first one). The conditions are then based 
exclusively on the number of peaks appearing in 
voltammograms differintegrated to various in- 
stances and because this is a Boolean feature, the 
final results for the transport type also acquire a 
Boolean character. These restrictions have a lim- 
ited significance for the determination of the 
mechanism of the reaction, because conditions 
employing the type of the transport for signals 
other than the first one occur very seldom in the 
rules. 

The semi-infinite linear diffusion has been 
found to be the most probable type of the trans- 
port for the first signals in the forward and in the 

TABLE 9 

Features with the strongest influence on the support pair for hypotheses about the reaction mechanism for the reduction of the 
mixture of Cd*+ and Zn*+ ions (F, B = Number of peaks in forward and backward branches of the SCV voltammogram) 

Er, Es, Ei, CEr, CEs, CEi, 
ECr, ECi, ErCat, EiCat 

ErCrEr (Et’ 4: EF’) 
ErCrEr (Et’ = E;‘, E,O’ zw E,o’) 
ErCiEr (Ei’ 4: E$ 
ErCiEr (Et’ = Er, E;’ w Ef’), 

ErCrEi (E:’ a EF’, E:’ = Ef’, E$’ w Ef’), 
ErCiEi (E$’ a Er, Ef’ = Et’, Ef’ W Ef’), 
EiCEi(Ei aEf,E$ =EF,E! WE:) 

EA.5 
AsE 
AWE, EAw 
ErEr 
ErEs 
ErEi, EiEr, EiEi 
E-E 
EIE 

F, B 
Sugg. for the type of the ETS 

xe of transport 

F,B 
Type of transport 
Trend in semidiff. peak height difference 
F, B 
Trend in semidiff. peak potential difference 
Sugg. for the type of the ETS 
Trend in normalized semidiff. peak height 
F, B 
Trend in normalized semidii. peak height 
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backward branch. For the second signals in both 
branches, the types of transport: LIM-LIN, LIN 
and LIN-KIN were equally possible. The first 
signal in the backward branch is suggested to be 
controlled by mixed linear and limited diffusion. 

For the first and the second signal in each 
branch, E and Es mechanisms are suggested, 
respectively. The only exception is the reoxida- 
tion of zinc, where the CEr mechanism has been 
found to be more probable. This can be explained 
by the accumulation effect (criteria for sugges- 

tions for ETS mechanisms assume semi-infinite 
linear diffusion) and possible complexation/ 
decomplexation phenomena. 

In Table 9 the most influential features in the 
determination of the mechanism of the reaction 
are collected. 

EAs mechanism, reduction of Methylene Blue in 
buffered water-ethanol solution 

Methylene Blue is a compound well known to 
be reduced according to the EAs mechanism: the 

TABLE 10 

Support for features obtained during the elucidation of the mechanism of the electrode reaction of Metbylene Blue in buffered 
water-ethanol solution (Acronyms: F = signal in the forward branch, B = signal in the backward branch) 

F=2,B=2 

Net reaction present 

[Lgoo, l.aW 1 

[O.ooo, 4.5E-41 1 

Hidden and secondary signals: 

Hidden signals [O.ooo, 0.aoo1 

Suggesrion for he type of the ETS 

Secondary signals 

Bl: E 

[O.ooo, 0.ooo1 

[0.216.0.462] 
Fl: E [0.241,0.604] 
Fl: ECr [O.OOS, 0.4421 
Fl: EiCat [O.oOl, 0.041 
Fl: ErCat [3.3EA, 0.0391 
Fl: Es [4.1E-$0.9361 
Fl: other [O.OoO, 0.0001 

F2ZE 
F2:Es 
F2: ECi, CEi 
F2:CEr 
F2: ErCat 
F2: EiCat 
Fz: ECr 

10.177, ok101 
[O&63,0.699] 
[O.OOO, 0.6671 
[O.OOO, 0.6671 
[O.OOO, 0.3331 
[O.OoO, 0.3331 
[O.OOO, 0.0001 

Transport to rhe elecwode: 
Fl: LIM-LIN 
Fl: ADS 
Fl: LIN-KIN 
Fl: LIN 
Fl: KIN 
Fl: ADS-LIN 

[1.ooo, 1.oool 
[1.ooo, 1.oool 
[0.750,0.7501 
[2SE-5, 2.5E-51 
[0.000,0.0001 
[O.OOO, 0.0001 

F2: LIM-LIN 
F2: LIN 
F2: LIN-KIN 
F2: ADS 
F2:KIN 
F2: ADS-LIN 

[l.ooo, 1.oool 
[Looo, 1.oool 
[1.ooo, 1.oool 
[1.ooo, 1.oool 
[O.OOO, 0.ooo1 
[0.ooo, 0.ooo1 

Bl: Es 
Bl: CEr 
Bl: EiCat 
Bl: ECi, CEi 
Bl: ErCat 
Bl: ECr 

82: E 
B2: Es 
B2: EiCat 
B2: ECr 
B2: ECi, CEi 
B2: ErCat 
B2: CEr 

io.179; 0.751. 
[1.5E-16,0.667] 
[1.3E-16,0.333] 
[1.2E-16,0.667] 
[7.4E-17,0.333] 
[O.OOo O.ooo] 

[0.118,03481 
[0.106,0.7501 
[4.6E-17,0.333] 
[4.6E-17,0.333] 
[4.6E-17,0.333] 
[O.OOO, 0.3331 
[O.OOO, 0.3331 

Bl: LIM-LIN 
Bl: ADS 
Bl: LIN 
Bl: other 

B2: LIM-LIN 
B2: LIN 
B2: LIN-KIN 
B2: ADS 
B2: KIN 
B2: ADS-LIN 

[0.929,0.9291 
[0.929,0.929] 
[0.071,0.0711 
[O.oOO, O.OOO] 

[l.ooo, l.mo] 
[Looe, l.oeol 
[lmo, 1.oool 
[l.@oo, l.@oo] 
[0.000,0.000] 
[0.000,0.0001 

System mechanism 
EAs 
ErEs 
ErCrEr, E2 4z El 
other 

[0.4W, 0.4Wl 
[2.6E-7, 7.2E-61 
[4.6E-8,2.5E-61 
[O.OOO, 0.0001 
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TABLE 11 

Features with the strongest influence on the support pair for hypotheses about the reaction mechanism for the reduction of 
Methylene Blue (F, B = Number of peaks in forward and backward branches of the SCV voltanunogram) 

Er, Es, Ei, CEr, CEs, CEi, ECr, ECi, ErCat, EiCat 
ErCrEr (ET 4: Ef’) 
ErCrEr (Ei’ = E;‘), E;’ -zx E,o’) 
ErCiEr (ET 4: Et’) 
ErCiEr (Et’ = E;: E,O’ w E,o’), 

ErCrEi (E:’ 4: EF’, E!’ = Ef’, E:’ w Ef’), 
ErCiEi (ET a Ef’, Ef’ 2: Ef’, Eg’ w Ei’), 
EiCEr (E$” a Ef’, E!’ = Ej”, E!’ w Ef’), 
EiCEi (E$” 4: Ef’, E!’ = EF’, Et’ w Ef’) 

EA.5 
AsE 
AWE, EAw 
ErEr 
ErEs, ErEi, EiEr, EiEi 
E=E 
EZE 

F, B 
m of transport 
F, B 
Sugg. for the type of the ETS 

F, B 
Trend in i,/u 
Trend in semidiff. peak height difference 
F, B 
Trend in semidiff. peak potential difference 
Type of transport 
F, B 
Type of transport 

product of the electron transfer, the leuco form 
of the substance, is strongly adsorbed on the 
electrode surface [25,27,28]. The substrate, Meth- 
ylene Blue itself, is also adsorbed but this effect is 
much weaker than the adsorption of the product, 
so it can be neglected. 

The results of the elucidation (determined fea- 
tures as well as the list of supports for different 
mechanisms) are presented in the Table 10. 

Results for the type of transport generally al- 
low to exclude certain types: for the signal for 
which in reality the transport is governed by 

TABLE 12 

Support for features obtained during the elucidation of the mechanism of reaction of p-nitrosophenol in buffered KNOs-ethanol 
solution (Acronyms: F = signal in the forward branch, B = signal in the backward branch) 

F=l,B=2 [1.ooo, 1.oool I Net reaction ro= l.oool 

Hidden and secondary signals: 
Hidden signals 
Secondary signals 

Type of the transport: 
Fl: LIN 
Fl: LIN-KIN 
Fl: other 

Bl: LIM-LIN 
Bl: LIN-KIN 
Bl: UN 
Bl: ADS 
Bl: ADS-LIN 
Bl: KIN 

System mechanism: 
ErCiEr, E2 w El 
ErCrEr, E2 w El 
other 

[0.fKlo, O.lmtIl 
[1.ooo 1.oool 

[O.lla, 0.soo1 
[0.018,0.0001 
[O.OOO, 0.0001 

[0.995,0.9951 
[0.750,0.7501 
10.000,0.ooo1 

10.97% 0.9781 
[0.778,0.7781 
[0.444,0.4441 
[0.111,0.1111 
[O.OOO, 0.ooo1 
[O.OOO, 0.0001 

Sum. for the rype of the ETS: 
Fl: E [O.tloq 0.4441 
Fl: ECr [l.SEA,O.341 
Fl: EiCat [lSEA, 0.3221 

Fl: ECi, CEi [l.SE-4,0.321] 
Fl: Es [5.9E-13,0.496] 
Fl: ErCat [1.2E-13,0.325] 
Fl: CEr [1.2E-13,0.321] 

Bl: E wss, 05481 
Bl: CEr [O.Oll, 1.0001 
Bl: ErCat [0.003,0.2811 
Bl: EiCat [0.003,0.2811 
Bl: Es 18.3~-5,0.7331 
Bl: ECi, CEi [2.4E-9,0.989] 
Bl: ECr [0.000,0.000J I 
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adsorption, this feature is ADS or LIM-LIN, 
while for signals associated with diffusional trans- 
port of the compound, the only conclusion is that 
two possibilities (KIN and ADS-LIN) are ex- 
cluded. 

Results for the mechanism of the electron 
transfer steps suggest, that all these reaction steps 
are fast and proceed without complications. From 
the data from Table 10 it can be found, that the 
result of the elucidation is mainly influenced by 
the analysis of the changes of heights of the 
voltammetric peaks with the variation of the scan 
rate. 

The most influential features for the determi- 
nation of the final support for the mechanisms 
are collected in Table 11. 

ErCiEr mechanism, reduction of p-nitro- 
sophenol 

p-Nitrosophenol has been used as a model 
compound for the experimental confirmation of 
the theoretical description of LSV curves for the 
ECE mechanism [3]. The mechanism of the re- 
duction of this compound is known to include a 
relatively slow, irreversible chemical step between 
two fast electron transfers; the formal potential 
of the reduction of the intermediate is much 
more positive compared to the original substrate 
and therefore reduction signals totally overlap. 
The results of the expert system run are pre- 
sented in the table below (Table 12). 

During the investigations, two important fea- 
tures of the system have been found: the pres- 

ence of a net reaction and the appearance of a 
secondary signal in the third voltammetric half- 
cycle. The most supported type of transport for 
the forward peak is the linear diffusion and the 
LIN-KIN one. This suggests, that the influence of 
the chemical reaction on the flux of the electroac- 
tive substance is limited; indeed, the time-scale of 
the experiment is relatively short in comparison 
with the rate of the chemical reaction. 

The support for the mechanism of the single 
electron transfer step in the forward branch is 
actually very low and on this basis no hypothesis 
can be considered as reasonably true. This is 
correct, because each signal does not belong to 
any of the listed classes. 

The list of features that had the most impor- 
tant influence on the determination of the sup- 
port is collected in Table 13. 

EiCEr mechanism, reduction of o-nitropherwl 
Nitrophenols have been extensively investi- 

gated and a number of papers devoted to the 
mechanism of their electrode reactions appeared 
[29-351. The o-nitrophenol undergoes a compli- 
cated reaction, most probable consisting of the 
formation of a radical followed by its fast dismu- 
tation and protonation. The rate-determining step 
is the protonation [32], therefore the overall 
mechanism is EiCiEr (irreversible electron trans- 
fer, then an irreversible chemical step followed by 
a fast electron transfer step). The reported exis- 
tence of a chemical step (protonation) prior to 
the first electron transfer, which is relatively fast, 

TABLE 13 

Features with the strongest influence on the support pair for hypotheses about the reaction mechanism for the reduction of 
p-nitrosophenol (F, B = number of peaks in forward and backward branches of the SCV voltammosram) 

Er, Es, Ei, CEr, CEs, CEi, ECr, ECi, ErCat, EiCat, 
ErCrEr (E!’ a EF’, Ei’ = EF’, Et’ w Ef’), 
ErCiEr (Eg’ a Ef”, Eg’ = Ey’) 

ErCiEr (E$’ w EF’) 

ErCrEi (E:’ a EF’, Ei’ = EF’, Ei’ w Ef’), 

ErCiEi (Et’ a EF’, E:’ = Ef’, Ei’ w Ef’), 
EiCEr (E;’ 4: EF’, E$” = Ey’, E.f’ w EF’), 
EiCEi (Ei’ 4: EF’, Ef = EF’, E!’ w Ef’), 

EAs, AsE, AWE, EAw, ErEr, ErEs, ErEi, 
EiEr, EiEi, E Q E, E g E 

F, B 
Sugg. for the type of the ETS 

F, B 
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TABLE 14 

Support for features obtained during the determination of the mechanism of o-nitrophenol reduction in mired aqueous-ethanol 
solution (Acronyms: F = signal in the forward branch, B = signal in the bachvard branch) 

F=l,B=l [l.OOO,l.Otml Hidden signals [O.aw, 0.w81 

Net reaction [l.wt, 1.0001 Secondary signals [l.ttott, l.ttatl 

Type of the transport: Bl: LIN-KIN [0.750,0.750) 
Fl: LIN [O&59, o&391 Bl: LIN [0.555,0.5551 
Fl: LIN-KIN [0.333,0.3331 Bl: LIM-LIN [0.501,0.501] 
Fl: other [O.OOO, 0.0001 Bl: other r0.000,0.0801 

Sugg. for the type of the ETS: 
Fl: Es [O.!V7,0.821] Bl: CEr [0.358,0.673] 
Fl: ECr [0.319,0.412] Bl: ErCat [0.171,0.322] 
Fl: EiCat [0.185,0.239] Bl: EiCat [0.171,0.322] 
Fl: ECi, CEi [0.168,0.216] Bl: Es [0.016,0.703] 
Fl: E [2.8B5,0.361] Bl: E [0.007,0.438] 
Fl: ErCat [O.OOO, 0.0541 Bl: ECi, CEi [O.OoO, 0.3151 
Fl: CEr [0.0800.0491 Bl: ECr [0.000,0.0801 

System mechanism 
EiCEr, E2 zw El 
other 

rO.121, 03721 
[O.OOO, 0.0001 

Results of the expert system run-are presented 
Table 14. 
The most characteristic features of this system 

has no visible effect on the results in the time 
scale of experiments carried out by the expert 
system [34]. 

in 

TABLE 15 

Features with the strongest influence on the support pair for hypotheses about the reaction mechanism for the reduction of 
o-nitrophenol (F, B = Number of peaks in forward and backward branches of the SCV voltammogram) 

Er, Es 
Ei 
CEr, CEs 
CEi, ECr, EC1 
ErCat 
EiCat, ErCrEr (Er 4: Ef’) 
ErCrEr (ET = EF ) 
ErCrEr (EF w Ef’) 
ErCiEr (Ei’ a E y’) 
ErCiEr (I$’ = Ey’) 
ErCiEr (Et’ w I$‘), ErCrEi (ET 4: Ey ) 
ErCrEi (E$’ = E;‘, E20’ w E,o’) 
ErCiEi (E:’ 4: EF’) 
ErCiEi (Eg’ = E,O’, E;’ w E,o’) 
EiCEr (Ei’ a Ef’) 
EiCEr (Ei’ = EF’) 
EiCEr (E$” w Ef’) 
EiCEi (E$” 4: EF’, Et’ = EF’, E:’ w Ef’) 
EAs, AsE 
AWE, EAw 
ErEr, ErEs, ErEi, Eiir, EiEi, E = E, E z E 

Hidden and secondary signals 
F, B 
Hidden and secondary signals 
F, B 
Hidden and secondary signals 
F, B 
Hidden and secondary signals 
Net reaction 
F, B 
Hidden and secondary signals 
F, B 
Hidden and secondary signals 
F, B 
F, B 
F, B 
Hidden and secondary signals 
m of transport 
F, B 
Secondary signals 
Hidden and secondarysignals 
F, B 
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are the appearance of the secondary signal (the 
signal in the third branch of the voltammogram) 
and the detection of the net reaction caused by 
the irreversibility of the chemical step. The type 
of the transport m the case of the first reduction 
signal has been found to be linear diffusion (LIN, 
most probably) and mixed kinetic effect and lin- 
ear diffusion &IN-KIN, less probably). The order 
of these features on the ranking list should be, 
actually, reverse; this discrepancy can be ex- 
plained by a probably relatively small contribu- 
tion of the chemical reaction the transport of the 
electroactive compound to the electrode. 

Table 15 presents the most influence features 
for the support for each hypothesis about the 
mechanism of the reaction. 

DISCUSSION 

For all compounds, the expert system assigned 
the highest support to the correct mechanism of 
the electrode reaction. There is also a very clear 
difference in support between the first and next 
hypotheses on the list of electrode reactions, 
which facilitates the easy distinction between al- 
ternative hypotheses. 

The values of numbers composing the support- 
ing pairs should not be considered as probabili- 
ties: support is quite closely related to the proba- 
bility, but the use of relative calculations in some 
of the statistical tests and the intermixing of 
Boolean and fuzzy facts makes this relation not 
straightforward. In these terms, support [O.l, 0.11 
does not mean, that the probability that the con- 
sidered mechanism is false is 90%: instead, the 
support should be compared to supports obtained 
for other mechanisms. From experience, supports 
above approx. 0.01 can be interpreted as accepta- 
tion of the hypothesis and below this limit, as 
rejection. 

The time necessary for a complete elucidation 
is quite short: the fill cycle of work, including all 
experiments, takes approx. 4-6 h. It could be 
slightly shortened if a more powerful computer is 
used, however, most of the time is spent on 
experiments. All experimental results are avail- 
able in such a form, that they can be processed by 

other application programs. The report facility 
delivers the full list of suggested mechanisms and 
features determined during the ES run in a form 
similar to the tables presented in the preceding 
sections of this chapter. 

The inspection of partial results leads to the 
conclusion, that Boolean features like the num- 
ber of visible electron transfer steps, the presence 
of hidden peaks etc. are determined properly; the 
same applies to the detection of a net chemical 
reaction in the system. Results are less informa- 
tive for suggestions for the type of electron trans- 
fer step and in the determination of the type of 
transport of the electroactive substance for sepa- 
rate signals. 

Problems with the first of these features stem 
from the fact, that the group of mechanisms of 
single electron transfer steps for which rules are 
implemented is quite limited; additionally, rules 
have been designed under the assumption, that 
the transport of electroactive substance proceeds 
according to the semi-infinite linear diffusion 
scheme. It is important to notice, that rules for 
some mechanisms are more strict (e.g., dE,/ 
d In u = 0 for Er), while for others they are more 
general (d E,/d In u not constant for ErCat): 
one can expect that the support obtained in the 
first case will be less than the support for the 
second case. 

The result for the type of transport to the 
electrode suffers from the lack of corrections for 
the effect of parallel reactions proceeding on the 
electrode. As a consequence, all available tests 
are only applied to the investigation of the first 
reduction and oxidation signals. For other signals, 
only a reduced set of criteria is used, increasing 
the chance for misinterpretation of the experi- 
mental data. In possible future extensions of the 
expert system, particular attention should be paid 
to the improvement of this part of the set of 
rules. Partial improvement of the results could be 
obtained by the application of statistical tests 
more sophisticated than those currently used to 
investigate the trend and the values of the data. 

The fact, that the right mechanism is obtained 
even in situations, where the relative support for 
one or two simple features does not reflect the 
truth means that there is a redundancy in the 
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structure of rules. This redundancy decreases the 
chance for making mistakes in the determination 
of the support for hypotheses about the mecha- 
nism and thanks to it the final results are more 
reliable. 

13 
14 
15 

16 

The operation of the expert system requires 
only a small number of interactions with the 
operator. Almost all information necessary for 
the expert system is provided at the beginning of 
the ES run and thereafter the system can work 
independently until the result is obtained. 
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