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Cyclic voltammetry (CV) is
widely used for the initial charac-
terization of electrochemically active
systems. In addition to indicating the
number of different oxidation states,
and their relative energies, CV can
also be used for mechanigtic studies
of systems in which the electron
transfer reactions are coupled to
chemical reactions, due to the char-
acteristic appearance of cyclic vol-
tammograms associated with
different mechanisms (1). These
characteristicaly shaped voltammo-
grams are the subject of thisarticle.

The cyclic voltammogram for a
reversible process (i.e., the surface
concentrations of the oxidized and
reduced species required by the
Nernst equation aremaintained at all
potentials) is shown in F1 for the
reaction O + e=R. The separation of
the peak potentials on the forward
(reduction) and reverse (oxidation)
scans (AEp) is about 58 mV (at 25
°C) (2), and the magnitudes of the
two peak currentsareequal (the peak
current ratio, ipfipe, = 1). The cou-
pling of chemical reactions to the

Digital simulation is used to illustrate some of the characteristic cyclic
voltammograms for selected el ectrochemical mechanisms in which the
electron transfer reactions are coupled to chemical reactions.

electron transfer reactions can lead
to changes in the peak potentials
and/or the peak currents, and the ef-
fect of chemical reactions is often
expressed in terms of changesin the
peak current ratio and/or peak poten-
tials. In addition, in this article, the
effectsof chemical reactionsarealso
shown using cyclic voltammograms
generated by DigiSim™, asimulation
program for CV.

When considering the effect of
chemical reactions, itis very impor-
tant to note that any variations from
reversible behavior arerelated not to
the absolute magnitude of the rate
constant for the chemical reaction
(k), but to the value of this rate con-
stant relative to the time scale of the
experiment. For example, decreas-
ing the time scale of the experiment
also decreases the time available for
the chemical reaction, and hence the
effect of the chemical reaction canbe
decreased. Thetime scale of acyclic
voltammetry experiment is deter-
mined by the scan rate v (increasing
the scan rate decreases the experi-
mental timescale); therefore, theim-

portant parameter in determining the
effect of chemical reactionsisk/v. In
the following examples, simulated
voltammograms are shown for dif-
ferent mechanisms at different val-
ues of k/v (where k isthe rate of the
forward chemical reaction), unless
specified otherwise (3).

The nomenclature used to de-
scribe the mechanismsis based on E
for an electron transfer reaction and
C for achemical reaction; for exam-
ple, an EC mechanism consistsof an
electron transfer reaction (E) fol-
lowed by a chemical reaction (C).
Unless stated otherwise, the follow-
ing parameter values were used for
al simulations; E° =0V, scan rate =
1Vsl ks=1cms?l a=0.5. These
values were selected so that there
would be no interfering effectsfrom
slow heterogeneous el ectron transfer
kinetics.

CE (1,4)

P=0
O+e=R
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F1

Simulated voltammogram
for O + e = R under
reversible conditions.
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Simulated voltammogram
for CE mechanism.
Keq=0.001 and kiv=1V'*.
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F3

CV-the Movie frame
showing concentration
profiles of O and R at a
potential in the current
plateau of the simulated
voltammogram shown in
F2.

B DigiSim 2.1 for Windows - EMPTY
File Display  Continue Help
c[molfl]
j x
3.5E-005 1 A ]
14)
7
3E-005 4
R 0 v
2.5E-005 -
1E-005-
2E-005
2E-005-
1.5E-005+ E:0.5 025 0 -0.25
Species:
0
1E-005+ R
P
5E-006 4
0
[l J
T T . . ; .
cm: 0 0.005 0.01 0.015 0.02 0.025 0.03

Current Separations 18:1 (1999)

This mechanism requires a sys-
teminwhich two speciesarein equi-
librium, with only one speciesbeing
electroactive (O). The appearance of
the voltammograms will therefore
depend upon the equilibrium con-
stant for these two species, aswell as
k/v. F2 showsthe simulated voltam-
mogramat K, =0.001, andk =1s™.
The current response on the forward
scan isindicative of steady-state be-
havior (i.e., itissigmoida rather than
peak-shaped), whereas the reverse
scan shows apeak, and the current is
much larger. Thiscan berationaized
as follows. On the forward scan, the
concentration of O at the electrode
surface is very small. However, the
reduction of O perturbs the equilib-
rium between P and O and causesthe
conversion of P to O in order to re-
store equilibrium. Therefore, therate
of electrolysis(and hencethecurrent)
is determined by the rate of conver-
sion of P to O (i.e, the current is
kineticdly controlled). The R gener-
ated by the reduction of O accumu-
latesin the diffusion layer (F3) (this
concentration-distance profile was
generated using CV—-the Moviell,
part of the Digi Sim program), and is
available for reoxidation on the re-
verse scan (i.e., the current is diffu-
sion-controlled).

As K is increased, the current
responsetendstoward diffusion con-
trol on both the forward and reverse
scans, until a reversible voltammo-
gram is observed at a K, value be-
tween 10 and 100 (F4). The effect of
varying k/v at afixed value of K is
shown in F5. For small k/v, the
chemical reaction has little effect,
and the voltammograms show re-
versible behavior, with the peak cur-
rent being determined by Kg;. Ask/v
increases, both the peak currentsin-
crease, but the peak current ratio is
larger than 1 (for the reason de-
scribed above). In the limiting case
of high k/v, the voltammogram
shows reversible behavior, but the
peak currentsarelarger, and the peak
potentials are shifted in a negative
direction relative to the voltammo-
gram for small k/v.
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F4

Simulated
voltammograms fora CE
mechanism.

Keqg=0.001 (a), 0.01 (b),
0.1 (c), 1 (d), 10 (e), 100
(9, and kiv=1v'*.
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F5

Simulated
voltammograms for CE
mechanism.

Keq=0.001 and ki/v=0 (a),
1(b), 10 (CZ’ 100 (d),
1000 (e)V-.
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F6

Simulated
voltammograms for EC
mechanism.
Keq=10,000 and kiv=0
(@), 1 (b), 10 (c)V1.
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An example of a CE mechanism
is the dissociation of N,O, (5):

N>O4 = NO»
NO,=NO, +¢&

EC (1,6)

O+e=R
R=P

The simulations for this mecha-
nism were based on an equilibrium
constant of 10* for the chemical re-
action. Atlow valuesof k/v, themost
notable characteristic of the voltam-
mograms is the decrease in the peak
current for the anodic peak with in-
creasingk/v (F6). Thiscanberelated
to the depletion of R in the reaction
layer due to its reaction to form P
(thisisshownin F7). At sufficiently
high values of k/v, thereisno longer
any significant anodic peak. How-
ever, increasing the value of k/v does
cause further change in the voltam-
mograms, namely a shift of the
cathodic peak potentialsin apositive
direction (F8) (by about 29 mV for
each decadechangeink/v). Ask/vis
increased to higher values, the an-
odic peak reappears, and thelimiting
voltammogram for high values of
k/v hastheappearanceof areversible
voltammogram, but it is located at
potential positive of that of the vol-
tammogram for k/iv = 0 (F9) (the
potential shifts by 59 mV with each
decade increase of the equilibrium
congtant). The reappearance of the
anodic peak shows that the reverse
chemical reaction occursat asignifi-
cant rate at high values of k/v (note
that the same equilibrium constant
was used for al simulations in this
example; therefore, ask/v increases,
the rate constant for the reverse
chemical reaction also increases).

One example of an EC mecha-
nism is the oxidation of
*CpoFey(CO),(u-CO),, followed by
the reaction of the oxidized complex
with acetonitrile (7):

* CpaFex(CO)a(p-CO)2 =
[*Cp2Fex(CO)2(u-CO)z] +e

[* Cp2Fex(CO)2(1-CO)2] " + MeCN =
[* CpFe(CO)2NCMe]” + * CpFe(CO),.
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Simulated
voltammograms for an EC
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(notethat the 17 electron radical gen-
erated by the dissociation of the Fe-
Fe bond undergoes further chemical
reactions).

EC Catalytic (ECcat)

O+e=R
R+A=0+B

Inthe previous section, the effect
of afirst-order chemical reactionfol-
lowing the electron transfer reaction
was discussed. In this section, the
chemical reaction is again sub-
sequent to the electron transfer reac-
tion, but inthisexamplethe chemical
reaction is second-order and in-
volves a homogeneous electron
transfer between the two reacting
species (R and A) to regenerate the
starting material (O).

Simulated voltammograms for
the EC.4 mechanism at different val-
ues of k/v are shown in F10. Ask/v
is increased, the current changes
from diffusion-control to control by
the kinetics of the catalytic reaction.
At k/v = 1000, a steady-state (sig-
moidal) current response is attained;
this showsthat the rate of removal of
O by the heterogeneous electron
transfer reaction is balanced by the
rate of generation of O by the homo-
geneous electron transfer reaction.

One common EC.; mechanism
is the oxidation/reduction of an ac-
tive site of an enzyme (e.g.,
GOX(ox)) using a mediator
(Os(polyvinylimidazole)) (F11).

EE-Disp

A+e=B
B+e=C
2B=A+C

Although two-electron transfer
reactions are often considered only
in terms of the two one-electron
transfer reactions, a disproportiona-
tion reaction (2B = A + C) should
also be considered, as it can have a
significant effect on the current re-
sponse. One such example is shown
in F12. In these ssimulations, the re-
dox potential of the second electron
transfer reaction is 100 mV positive
of that of the first electron transfer
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F10

Simulated
voltammograms for ECcat
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reaction; therefore, only a single
two-electron transfer process is ob-
served (8,9). The shape of the vol-
tammogram is influenced not only
by the separation of the redox poten-
tials, but also by the kinetics of the
two electron transfer reactions. In
this example, the rate of the second
electron transfer reaction is rela
tively slow (0.001 cms?), and, inthe
absence of the disproportionationre-
action, this has a pronounced effect
on the anodic peak, with a less
marked (but still significant) effect
on the cathodic peak (F12a). Incor-
poration of the disproportionation
reaction generates the voltammo-
gram shown in F12b, in which AE,
and the width of both peaks have al
decreased. The shape of the voltam-
mogram in F12b approaches that
expected for a reversible “two-elec-
tron” process when the two redox
potentials are separated by 100 mV;
that is, the slow rate for the second
electron transfer reaction has little
effect. This can be attributed to the
fast disproportionation reaction (k =
1 x 108 M-1sh), which provides an
alternative route for the interconver-
sion of B and C.

One example of an EE-Disp
mechanism is the two-electron re-
duction of [(n®-C¢Meg),Ru]?* (F13)
(10).

ECE-Disp

A+e=B
B=C
C+e=D
A+D=B+C

Ancther common “two-€electron’
reaction involves two one-electron
transfer reactions with an intermedi-
ate chemical reaction. The current
response depends upon the relative
values of the redox potentials of the
two €electron transfer reactions and
the rate of the chemical reaction. For
a“two-€electron” reduction, if there-
dox potential of the second reduction
isat least 100 mV morenegativethan
that of the first reduction, then the
two processes can generally be re-
solved. However, if the redox poten-
tial of the second reduction is
positive of that of thefirst reduction,

Current Separations 18:1 (1999)



then a single “two-electron” reduc-
tion will be observed, as the second
reduction will occur at the potential
required for thefirst reduction. Inthe
simulations shown in F14, the two
redox potential sare separated by 200
mV. If theintermediate chemical re-
actionisnot considered (F14a), then
a reversible one-electron process is
observed. However, as the value of
k/v is increased, the current for the
oxidation of B decreases, whereas
that for the oxidation of D increases
(i.e., the combination of the chemi-
cal reaction and the second reduction
results in the net conversion of B to
D). The cathodic pesk current also
increases as the net number of elec-
trons involved in the reduction in-

creases from 1 to 2, and the peak for
the reduction of C appears on the
second cathodic scan (note that the
second cathodic scanisnot shownin
the simulations).

Asindicated above, ahomogene-
oussecond-order electrontransfer re-
action can also be associated with an
ECE mechanism. This reaction in-
creases the rate at which A is con-
sumed, and the rate at which C is
generated. This is reflected in vari-
ationsinthereative magnitudeof the
peak currents on the second and sub-
sequent cathodic scans (11) (i.e., the
peaks for the reduction of A and C).
The equilibrium constant for thisre-
action is determined by the redox
potentials of the two electron trans-

F14

Simulated
voltammograms for an
ECE mechanism.
E%=-0.1V, E°=+0.1V,
Keg=1 x 10°, and ki/v= 0
(a%, 1(b), 10 (c), 100 (d)
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duetotherapid conversionof Bto C;
that is, the chemica reaction (B = C)
drives the second-order reaction.
Simulations of the cyclic voltammo-
grams of [Rh(u-'Bu,P)(CO),],, for
which the intermediate chemical re-
action is an isomerization reaction
(F15), were only possible if the ho-
mogeneous el ectron transfer reaction
wasincluded in the mechanism (11).
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Thisreaction mechanismiscom-
monly observed for electroactive
moleculesthat can exist asmorethan
oneisomer; for example, mer andfac
isomers of transition metal com-
plexes (F16) (12-14). The driving
force for this mechanism is the dif-
ference between therelative stability
of the two isomers in the different
oxidation states; that is, changing the
oxidation statetriggersanisomeriza-
tion reaction. Since the rates of the
two isomerization reactions may be
very different in the two oxidation
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considerably with k/v, The homoge-
F15
Two—el[ectron reduction of
[Rh(u-BuzP)(CO)z]>. t-Bu> t- BUZ —| -

OC\ /P\ /CO
Rh Rh
7\, '\

t-Buz

CO

- =~

|+ 11> -+ 1

Current Separations 18:1 (1999)

\/\/
/\/\

t- BUz

|

t-Buz
OC\ /P\ /CO
Rh Rh
OC/ \P/ \CO

t-Bus

t- BUz

\/\/
/\/\

t- BU2
112-

14



F16

L L +
Square scheme for the -
interconversion of ocC | L ocC | L
geometric isomers in ~ M ~ € ~ M ~
different oxidation states. / \ / \
ocC | ocC | L
CO CcO
fac fac
L L -1+
ocC | CO ocC | CO
M ~ -e- " ~
~ ~
ocC L ocC L
L L
mer mert
fac + mert =——= fact + mer
F17
) . + C¥ & Chemical Parameters
Simulation ;;’arameters for Experimental Parameters
a square scheme
mechamam Foon___] v MRET ] Tem. W T —
Erev OmE__] o]
e ] o M
Heterog Reactions —— [Type] [E* M] [afl [eV]] [ks (cmis)] [-]
A+e=B BY J Ol [0.6 |l o5 | CI [1E+004 |H
Die=C By [-] O[04 |C1 o5 | CI [1E+D004 |
Homogeneous Reactions [Keq] [kf] [kb] <]
B=C O fro | Ol [s00 | 50 u
A=D | | m o | 2398
A+C=B+D | | Ol ||] | 0 LI
Species [0 [cm*s]] — [Canalyt [M]] — [Cinit [M]] -
B [ [IE-005 | | 7.208E-014 oK | |cancel
D Ll [1E-005 |[o | 4.147E-006
F18a
|8 DigiSim 2.1 for Windows - TEMP1.SIM
Simulated

voltammograms for
square scheme
mechanism using the

parameters shown in F17.
Scan rate = 10,000 V' s*

15

Fil= Edt Bun Stats Options Display

I1A)

0.06 1
0.044

0.02 4

-0.02

-0.04+

-0.06 4

-0.25 -0.5 -0.75

neous el ectron transfer reaction can
also affect the current response.

Since there is more than one
chemical reaction to be considered,
all the simulations for this example
were run using the same parameter
set (F17) at different scan rates.
F18a shows the simulation run at
10,000 V s Only one process is
seen, which can be assigned to the
A/B redox couple; that is, the scan
rate is sufficiently fast that the
chemical reactions have no signifi-
cant effect. In contrast, at a scan rate
of 0.01V s?, therate of thereactions
that interconvert B and C (i.e., both
theforward and reverse chemical re-
actions) arerapid relativeto the scan
rate. Therefore, equilibriumismain-
tained between B and C, and only
one process is observed (F18b), the
potential of which is intermediate
between those of the A/B and C/D
couples. At an intermediate fre-
quency (100 V s1), the B/C isomeri-
zationreactionsarefast enough to be
significant, but not fast enough to
maintain equilibrium. Therefore,
both processes(A/B and C/D) canbe
observed (F18c). Detailed analysis
of this behavior using CV—the
Moviehasbeen givenelsewhere(13).

Although the homogeneous
electron transfer reaction was not
considered in the above example, it
has been shown that it can have a
significant effect ontherelativemag-
nitudes of the peak currents for the
different isomers (13,15).

The above examples show that
different mechanismscan giveriseto
characteristic cyclic voltammo-
grams. It should be noted that, for
most of the examples, part of the
characteristic behavior involved the
variation of the shape of the voltam-
mogram with the kinetic parameter,
k/v. Therefore, variation of the scan
rate (and al so thetemperature, if pos-
sible) should be an integral part of
any mechanistic study involving cy-
clic voltammetry.

DigiSim is a registered trademark
and CV—the Movie is a trademark of
Bioanalytical Systems, Inc.
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F18b

Simulated
voltammograms for
square scheme
mechanism using the
parameters shown in F17.
Scan rate = 0.01 Vs
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