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Although electron transfer proc-
esses involving two electrons are
discussed in the literature as “two-
electron” processes, it is generally
accepted that such processes in-
volve two separate one-electron
transfer processes. Analysis of such
reactions (e.g., by digitad simula-
tion) must therefore be based on the
analysis of these one-electron proc-
esses. In this article, a number of
examples will be used to illustrate
some of the characteristic features
of cyclic voltammograms of sys-
tems that undergo “two-electron”
electron transfer processes.

The systems considered in this
article are divided into two catego-
ries: those with two discrete (local-
ized) redox centers, and those in
which the change in charge is delo-
calized over the entire molecule.
However, it should be noted that
these descriptions can be consid-
ered as the limiting examples of a
continuum of structures.

a) Two Localized Redox
Centers

Molecules containing two lo-
calized redox centers have been
widely studied, due to their ability

The factors that give rise to two-electron transfer processes are
discussed and are illustrated by examining the redox behavior of a

range of compounds.

to catalyze reactions that require
multiple electron transfers (e.g., the
reduction of oxygen). The cyclic
voltammograms of such molecules
are determined by the separation of
the redox potentials of the different
centers. If the redox potential of the
second electron transfer process
(for a net two-electron reduction) is
no more than 100 mV more nega-
tive than that of the first electron
transfer process, then the two proc-
esses cannot be resolved; that is,
there is only one wave in the cyclic
voltammogram. However, the
shape of thiswave (the peak separa-
tion, AEp, and the peak width, Ep-
Epp) is determined by the differ-
ence in the redox potentials (note
that it is aso affected by the elec-
tron transfer kinetics and the stabil-
ity of the reactant and product
molecules). A plot of AE, vs. E;° -
E,® for a molecule undergoing two
one-electron reductions is shown in
F1 (1) (these data assume revers-
ibility; that is, rapid electron trans-
fer kinetics and stable reactant and
product molecules). It can be seen
from this curve that the limiting
value of AE, is about 30 mV (2);
however, the redox potential of the
second reduction must be signifi-

cantly more positive than that of the
first process (i.e., the second proc-
ess requires less energy than the
first) before this limit is reached (if
the two redox potentials are the
same, then AE, is 42 mV). Mole-
cules in which the second eectron
transfer process requires less energy
than the first process are discussed in
the second section of this article.

It is often convenient to discuss
the separation of the peak potentials
for systems with two redox centers
in terms of the comproportionation
equilibrium constant of the inter-
mediate (i.e., the product of the first
electron transfer reaction). This is
given by the equation

(E1® - E,°) F
K.= ex —_—
c= P [ RT

The separation of the redox po-
tentials AE® (and hence the magni-
tude of K.) is determined by the
degree of interaction between the
redox centers. It has been shown (3)
that AE® = 35.6 mV when there is
no interaction. This trandates to a
AE, value of 59 mV (using the
above plot); that is, the peak pa
rameters are the same as those of a
reversible one-electron transfer re-
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F1

Plot of peak separat/on 701
as a function of E° -
E>° for systems under-
going two one-electron
reductions.
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F3

Observed (solid line)
and simulated (dashed
line) cyclic voltammo-
gram of Ose(CO)1s (fig-
ure adapted from refer-
ence 6).
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action, the only difference being an are classified as Class | according
increase in the peak current. Sys- to the Robin-Day scheme (4). The
tems showing minimal or no inter-  electron transfer reactions of Class
action (values of K, less than 100) | molecules can be considered in
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terms of the oxidation states of the
individual redox centers; that is, the
reduction of a bimetallic molecules
can be represented as

MM + 2e = [M(IDM(ID]2-

As the degree of interaction in-
creases, AEC and K also increase.
Values of K, greater than 106 indi-
cate extensive delocalization of
charge between the redox centers,
and such systems are classifed as
Class Ill. The extensive delocaliza-
tion means that the redox properties
cannot be considered in terms of the
oxidation states of the individual re-
dox centers, and a molecular orbital
description is required; that is,

M, +e& =My
My + €& =My

Class Il systems show an inter-
mediate degree of delocalization
(100 < K < 109). Although thereis
some delocalization between the
metal centers, the redox properties
can till be considered in terms of
the oxidation states of the individ-
ual redox centers; that is,

MM + e = [MITM(D]-
IMUT)M®ID] + € = [MIDM(I1)]%

Since the two redox potentials
are well separated, the product of
the first electron transfer reaction
(generdly referred to as the mixed-
valence intermediate) can some-
times be isolated. Such species are
characterized by an absorption in
the visible spectrum due to charge
transfer between the two redox sites
(termed the intervalence band).

The variation of the cyclic vol-
tammetric behavior with the degree
of interaction between the two re-
dox centers has been illustrated by a
series of tetranuclear molybdenum
and tungsten molecules (5). These
molecules consist of two quadru-
ply-bonded M, units (M, = Mo, or
W) linked by an organic ligand L
(F2). The degree of interaction be-
tween the two units depends on a)
the coupling ligand and b) the met-
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F4

Interconversion of
Oss(CO)1g and
[Oss(CONsF (each circle
represents an Os(CO)s
group).

F5

Cyclic voltammograms of
1 mM [(n®-CsMes)2Ruf*
in acetonitrile at scan
rates of (a) 0.1Vstand
(b) 50 v st (figure
adapted from reference
7).
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trons are added to or removed from
amolecular orbital delocalized over
the entire molecule, rather than lo-
calized at an electronically isolated
center. This description is similar to
that used to describe Class |11 mole-
cules above. However, since the
two electrons added to Class Il
molecules are added to the same
molecular orbital, the energy re-
quired for the addition (or removal)
of the second electron must be
greater than that required for the
addition (or removal) of the first
electron. Therefore, Class |11 mole-
cules display two separate one-elec-
tron processes. For delocalized
molecules to undergo a “two-elec-
tron” reduction (i.e., only one wave
can be seen), the second reduction
must require less energy than the
first. The greater ease of the second
reduction is typically a result of
either a change in the molecular
structure subsequent to or con-
comittant with the first reduction,
or destabilization of the intermedi-
ate by changes in solvation. Char-

[(h®.n*CsMes)oRul. e

al. When L = perfluoroterephthal ate
(F2A) and M = Mo, there is little
interaction between the two Mo,
centers, and only one oxidation is
evident (K, = 13). However, when
L = oxaate (F2B), there is some
delocalization of charge between
the M, centers, and two oxidations
can be seen (K, = 5.4 x 10% (the
greater delocalization was attrib-
uted to shorter bridging group).
Substituting Mo with W aso in-
creases the extent of the delocaliza-
tion; for L = perfluoroterephthalate,
K= 6.6 x 10% and for L = oxalate,
K.=13x 1012

b) One Redox Center

In this section, we will con-
sider molecules in which the elec-
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acterization of these “two-electron”
processes therefore requires investi-
gation of the constitutent one-elec-
tron reactions and the coupled
chemical reactions.

Os6(CO)4g undergoes a two-
electron reduction to [Osz(CO),g]%
(F3) (6). This reduction is accom-
panied by a change in the metal ge-
ometry from a bicapped octahedron
to an octahedron (F4). Although a
good match between the experi-
mental and simulated data could be
obtained by simulating a two-elec-
tron process, the kinetic parameters
obtained are related to both electron
transfer steps, and provide little in-
formation about the individual elec-
tron transfer reactions. Analysis of
the cyclic voltammograms in terms

of the two one-electron processes
showed that the change in the metal
geometry occurred during the first
reduction. Since an octahedral
structure has one more bonding
molecular orbital than a bicapped
tetrahedron, this change in structure
transforms the monoanion from an
electron-rich intermediate that
would be more difficult to reduce
than the neutral molecule to an
electron-deficient intermediate that
is more easily reduced than the
starting molecule. Therefore, the
potential required for the second re-
duction is less negative than that re-
quired for the first reduction.

The effect of solvent on redox
potentialsisillustrated by the cyclic
voltammograms  of [(n®-
CeMeg),RU]?* at low scan rate (7).
When methylene chloride isused as
the solvent, two one-electron reduc-
tions can be resolved. However,
when acetonitrile is used, a single
two-electron process is observed.
This was attributed to a negative
shift of the redox potential for the
first reduction due to the preferen-
tial solvation of more positively
charged species by acetonitrile (i.e.,
the dication is stabilized by solva-
tion). The separation of the two re-
duction processes by varying the
solvent was referred to as thermo-
dynamic discrimination. Upon in-
creasing the scan rate from 0.1 V
s1to 10 V s and above (F5), the
single two-electron process re-
corded when using acetonitrile as
the solvent was split into two one-
electron processes. This kinetic dis-
crimination was possible due to the
largeincrease in AE, for the second
reduction relative to that of the first
reduction (the electron transfer rate
constants were found to be 2.0 and
45 x 10 cm s for the first and
second reductions respectively) and
the small difference in the redox
potentials (0.03 V). The slow rate
of electron transfer for the second
step was consistent with the change
in the coordination mode of one of
the ligands (from six-coordinate to
four-coordinate) that occurred dur-
ing this step (F6). The driving force
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F7

Molecular structure of
[Rh(u-t-Bu2P)(CO)2Jo.

F8

Cyclic voltammogram
of 3.71 mM [Rh(u-t-
BuP)(CO) 2] » in tetra-
hydrofuran/0.5 M
['BusNJ[BF4] at a scan
rate of 0.2 V s (figure
adapted from reference
8).

F8(8). Thisvoltammogram is char-
acterigtic of an ECE process (a two
electron transfer reaction with an
intervening chemical reaction). The
first electron transfer reaction oc-
curs at |, and is followed by a
change from a geometry (labeled
TP) in which there is Tetrahedral
coordination around one Rh center
and Planar coordination around the
other Rh center to a geometry (la-
beled TT) in which the coordina
tion around each Rh center is tetra-
hedral. The driving force for this
structural change is again the at-
tainment of a structure that can
more easily accommodate the addi-
tional negative charge. Sincethe TT
monoanion can be considered to be
electron-deficient, it is more easily
reduced than the TP neutral mole-
cule, and hence is reduced immedi-
ately upon formation at the elec-
trode surface. Therefore, the pesk at
| represents a net two-electron re-
duction. On the reverse scan, the
TT dianion is reoxidized to the TT
anion at Il. Two reductions are ob-
served on the forward scan of the
next cycle; the first (111) is due to
the reduction of the TT anion (i.e,,
the 1I/111 couple is due to the TT

F9

Interconversion of
Cp2Rhy(u-CgHg) and
CpaRha(l1-CeHg ).

for this change in the ligand coordi-
nation mode is the restoration of a
(formal) eighteen electron count at
the ruthenium center.

Changes in the molecular
structure can also occur subsequent
to the electron transfer reactions.
The cyclic voltammogram for
[Rh(u-t-Bu,P)(CO),l, (F7) at a
scan rate of 0.2 V sl is shown in
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anion/dianion redox pair), and the
second is due to the two-electron re-
duction of the neutral TP molecule.
Examples of an EEC process
have also been reported. The cyclic
voltammogram of Cp,Rh,(1-CgHg)
(F9) at various temperatures is
shown in F10 (9). At room tem-
perature, there is a two-€electron
oxidation on the forward scan that

2+
Rh
Rh

becomes resolved into two one-
electron oxidations as the tempera-
tureisreduced. The appearance of a
second oxidation peak on the for-
ward scan suggests an EEC process,
where the chemical reaction is a
change in the coordination mode of
the bridging octatetraene ring from
n%.n4ton>n:>(F9) (this maintains
a formal eighteen electron count at
each of the metal centers). One ef-
fect of the chemical reaction fol-
lowing the second oxidation is to
shift the potential required for this
oxidation to less positive values. If
the rate of the chemical reaction is
fast enough, and the separation of
the two redox potentials is small
enough, then the shift in the poten-
tial required for the second oxida
tion may be sufficiently large that
the second oxidation can occur at
the potential of the first oxidation,
giving rise to a net two-electron
process. Lowering the temperature
decreases the rate of the chemicd
resction. More positive potentials are
now required for the second oxida
tion, and hence the two-electron
process becomes resolved into two
one-electron processes.

The above examples of two-
electron transfers involved transi-
tion metal compounds. Two-elec-
tron transfers are also very common
for organic compounds in aqueous
solutions. A simple example of a
two-electron transfer is the reduc-
tion of 1,4-benzoquinone, and the
CVs for this molecule at pH 0 and
pH 6 are shown in F11A and
F11B, respectively. It is apparent
that both the electron transfer kinet-
ics and the redox potential for this
reduction are pH dependent. This
can be attributed to the involvement
of protons in the electron transfer
reactions; the two-electron reduc-
tion requires the addition of two
protons, and the two-electron oxi-
dation requires the remova of two
protons. Therefore, lowering the pH
(increasing the proton concentra-
tion) facilitates the reduction, but
hinders the oxidation, and hence the
peaks in the CV are shifted to more
positive potentials.
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F10

Cyclic voltammograms of
Cp2Rh2(u-CgHg) in
methylene chloride at a
scan rate of 0.2 V s* at
various temperatures (fig-
ure adapted from refer-
ence 9).
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Two-€electron two-proton proc-
are complicated by the exist-
ence of three protonation states for
each of the two oxidation states.
Hence, there are nine species to be
considered, with six one-electron
transfer processes, and six proton
transfer reactions (F12). The rela
tive importance of each reaction
varies with pH. The simplest
mechanisms are the limiting cases,
which are proton-electron-proton-
electron at low pH, and electron-
proton-electron-proton at high pH.
However, at intermediate pH, the
mechanisms are more complicated.

Digital simulation of two-elec-
tron, two-proton transfer processes
using the nine species square
scheme is complicated, although
such studies have been published
(10, 11). However, it has been
shown (10) that, if the protonation
reactions are at equilibrium (i.e,
fast relative to the electron transfer
reactions) and if a = 0.5 for al the
electron transfer reactions, then a
two-electron, two-proton process
mechanism can be represented astwo
sequential one-electron-transfer proc-
eses. The apparent rate constants for
each of these one-electron processes
are related to the rate constants of the
electron transfer processes and the
equilibrium constants of the proton
transfer reactions of the nine species
scheme, and the apparent redox po-
tentials are determined by the redox
potentials and proton transfer equi-
librium constants.

A digital simulation of the
two-electron, two-proton reaction
using the “two reaction” mode is
shown in F13 for the CV of benzo-
quinone at pH 6. A good fit be-
tween the simulated and (back-
ground subtracted) experimental
data was obtained (the redox poten-
tials, the electron transfer rate con-
stants and the [linked] diffusion co-
efficients were optimized).

These examples illustrate a va-
riety of ways in which a net “two-
electron” process can arise from
two one-electron processes. In all
cases, it is necessary to consider the
overall reaction in terms of the one-
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F13

Experimental (line) and
simulated (circles) cy-
clic voltammograms of
2 mM 1,4-benzoqui-
none at a scan rate of
0.1VstatpH6.
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