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The fundamental aspects of electrochemistry at liquid-liquid interfaces are introduced to present

the concept of molecular electrocatalysis. Here, a molecular catalyst is adsorbed at the interface
to promote a proton coupled electron transfer reaction such as hydrogen evolution or oxygen

reduction using lipophilic electron donors.

1. Introduction

An often-quoted stance in electrochemistry is: “Electrochemistry
is great! The only problem is the electrode!” Indeed, for many
years, the preparation of reproducible electrode surfaces has
been a headache and gave bad press to electrochemical science.
An easy way to alleviate this problem has been for many years
to use mercury drop electrodes, which made the heyday of
polarography. Another approach pioneered by the French
school of Clavilier et al.,' has been to borrow techniques from
surface science to prepare single crystal electrodes with well-
characterised crystallographic faces.

For molecular electrochemists wishing to study molecular
electrocatalysis, the electrode surface should be as inert as
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possible acting just as a supply or sink of electrons. In this
case, the electrode can be coated with a thin film of adsorbed
molecular catalysts, and a classical example has been the
coating of porphyrins on electrodes to carry out oxygen reduc-
tion. However, for many reactions, the interface is an integral
part of the reaction, as demonstrated by the production of
oxygen on iridium oxide electrodes.> In classical electro-
catalysis, the goal is to use the intrinsic chemical properties
of the interface to catalyse the reactions using the surface
functional groups such as oxides to provide selectivity and
efficiency.

Soft electrified interfaces such as membranes for ion-selective
electrodes, biomembranes, liquid—liquid interfaces represent
another class of electrochemical interfaces. Indeed, the Inter-
face between Two Immiscible Electrolyte Solutions (ITIES) is
a defect free interface where the electrochemical methodology
e.g. cyclic voltammetry can be applied to study a wide range of
charge transfer reactions such as ion transfer, assisted ion
transfer, heterogeneous electron transfer or proton coupled
electron transfer reactions.’

The purpose of this article is to present some fundamental
concepts of electrochemistry at ITIES with a special focus on
molecular electrocatalysis and to show how this concept can
be of use for energy research. Indeed, major challenges in
sustainable chemistry include the water splitting reaction,
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oxygen reduction and carbon dioxide reduction. These reac-
tions proceed via proton coupled electron transfer mechanisms
and here ITIESs present some specificities such as the
possibility to react O, or CO, and aqueous protons with
lipophilic electron donors located in the adjacent organic
phase, in the presence of adsorbed amphiphilic molecular
catalysts.

2. Voltammetry at ITIES
2.1 Polarised ITIES

For more than a century, it has been known that ITIES can be
polarised but it was only since the use of 4-electrode potentio-
stats in the eighties that the field of electrochemistry at
polarised ITIES really started. In this case, two reference
electrodes with Luggin capillaries are used to control the
interfacial polarisation whilst two counter electrodes are used
to pass the current as shown in Fig. 1.

The potential drop across the ITIES spans across two
back-to-back diffuse layers and as a result the interfacial
thickness is about 10-20 nm. There have been over the last
three decades many studies to determine the interfacial
structure. By definition, a liquid—liquid interface is a dynamic
one, with capillary waves of different amplitudes and frequencies.
Capacitance measurements have shown that the two back-to-
back diffuse, or Gouy—Chapman layers do overlap, due to the
interfacial corrugation, appearing at long time scale as a
mixed solvent layer. Using a potential of mean force for the
ion, Schlossman et al. have developed a generalised Poisson—
Boltzmann equation to analyse X-ray reflectivity data and
probe the ion distribution across the diffuse layers.*

To polarize an ITIES, it is essential to use a hydrophilic salt
such as LiCl and a very lipophilic salt such as bis(triphenyl-
phosphoranylidene)ammonium tetrakis(penta-fluorophenyl)-
borate (BA*TB™). In such a system, as the interface is polarised
positively (water vs. oil) the interfacial capacitor becomes
charged (water (+)|organic (—)) until the polarisation is
strong enough for either an aqueous cation or an organic
anion to cross the interface, which can be measured as a
current. Here, the Gibbs energy of transfer of Li " from water
to 1,2-dichloroethane (1,2-DCE) is equal to 63 & 4 kJ mol™"
and that of TB™ equal to —65 + 4 kJ mol~',> and therefore the
potential window is limited by the transfer of Li*. Inversely,
when we polarise the interface negatively, we charge the
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—
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Fig. 1 Four-electrode cell for electrochemical studies of ITIES.
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Fig. 2 Potential window at a micro water|1,2-dichloroethane inter-
face. Full line: LiClI/TDATPB (tetradecylammonium tetraphenyl-
borate) limited respectively by the transfer of CI~ and TPB™, dotted
line Li,SO,/BATB limited respectively by the transfer of SO4*~ and Li ™.

interfacial capacitor (water (—)|organic (+)) until the polaris-
ation is strong enough for an aqueous anion or an organic
cation to cross the interface. Here, the Gibbs energy of transfer
from water to 1,2-DCE of CI~ is equal to 51 & 4 kJ mol~! and
that of BA™ equal to —67 = 4 kJ mol™" > such that the potential
window is limited by the transfer of chloride. When using LiSO4
instead of LiCl, the potential window can be extended, as
sulfate ions are more hydrophilic than chloride. All in all, in
such a system the potential window is equal to about 1 Volt as
shown in Fig. 2, where a micro-ITIES supported within a
micro-hole in a thin polymer film® has been used in order to
observe the large currents limiting the potential window. It
should be stressed here that the potential scale is the absolute
Galvani potential difference, and that the zero of this scale
corresponds to an uncharged interface equivalent to a flat band
potential in semiconductor electrochemistry.

2.2 Ion transfer reaction

The Nernst equation for an ion transfer reaction is obtained
by writing the equality of the electrochemical potentials of the
ion in the two adjacent phases and is given by

RT ay
AV = ¢% — 0 = AVe0 + T In (j) (1)
where A ¢ is the Galvani potential difference between the two
phases, and AY ¢7 is the standard transfer potential of the ion i
expressing in a voltage scale the standard Gibbs energy of
transfer AGyY ~° from water (w) to the organic solvent (o)

wyo _ AGE"
oy = )

Eqn (1) shows that when we polarise by external means, i.e.
with a potentiostat, the interface positively (w vs. o) at
potentials higher than the standard transfer potential, a
cationic species i will transfer to the organic phase or an
anionic species i will transfer to the aqueous phase.

Another way to write the Nernst equation is to define the
ionic partition coefficient P;

a° ZiF w ZiF
P; :—;:exp RT(Aquonqbf)} = P;’exp[RTAZqS}

3)

15164 | Phys. Chem. Chem. Phys., 2010, 12, 15163-15171

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/C0CP00590H

Downloaded on 07 December 2010
Published on http://pubs.rsc.org | doi:10.1039/COCPO0590H

View Online

Eqn (3) shows that the partition of ions depends on the
Galvani potential whereas that of neutral species depends only
on the nature of the solvents.

Another way to polarise an ITIES is to choose supporting
electrolytes such that the distribution of ions in excess will fix
the interfacial polarisation. Let us consider a simple example.
When two immiscible solvents contains the same electrolyte
C"A™, the partition of the electrolyte will result in a polari-
sation of the interface, and the Galvani potential there
established is called the distribution potential given by

A‘(’)V<l)%+ + AXJQSOA— Eln VOCH)X—
2 2F Ve Ta-

Ase = )

where y represents the ionic activity coefficients. When many
ionic species are present in the adjacent immiscible solutions,
the Galvani potential difference can be calculated numerically
if the standard transfer potentials of the different species
are known.

2.3 Assisted ion transfer reaction

ITon transfer reactions can be facilitated by different complexa-
tion reactions occurring in either phase as shown in Fig. 3.
The scheme illustrated in Fig. 3 applies also to acid—base
reactions. In this case, it is convenient to use ionic distribution
diagrams (also called ionic partition diagrams), which like a
Pourbaix diagram show zones of predominance in a plot of the
Galvani potential difference as a function of the pH.”*

2.4 Electron transfer reaction

Polarised liquid-liquid interfaces can be the locus of hetero-
geneous electron transfer reaction between say an oxidised
species in water and a reduced species in the organic phase as
shown in Fig. 4.

A widely studied reaction has been the electron transfer reac-
tion between aqueous ferri—ferrocyanide and organic ferrocenium—
ferrocene, as recently discussed.”'®

The major characteristic of this type of electron transfer
reactions is to be potential dependent, i.e. it is possible to drive

Fig. 3 Thermodynamic constants for assisted ion transfer reactions.
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Red, K \y Ox,

Fig. 4 Heterogeneous redox reaction at a liquid|liquid interface.

the reaction in either direction by controlling the interfacial
applied potential difference.
O} + RS = R} + 0%

At equilibrium, we can write the following equality of the
electrochemical potentials

R+ R, = 0, + i, (5)

and, developing this expression for a single electron transfer
reaction, we obtain a Nernst equation for this heterogeneous
electron transfer, i.c.

W

AY) =AYy + - In (agla;@: (6)
1 2

with AJ¢gr the standard redox potential for the interfacial
transfer of electrons. This value is simply the difference of the
standard redox potential for the two redox couples, both
expressed with respect to the aqueous Standard Hydrogen
Electrode (SHE).

AK‘#%T = [Eg)z/Rz]gHE - [Eg)l/Rl]gVHE (7)

Of course, it is experimentally difficult to determine that
standard redox potential of organic redox couples with respect
to the aqueous SHE, and one way to circumvent this difficulty
is to measure the organic standard redox potential on the
ferrocene scale that can be referred to the aqueous SHE by
different thermodynamic cycles. In the case of 1,2-dichloroethane,
it has been found that:
[Epe reloit = 0.6440.05V (8)

When the standard redox potential in water is known, for
example for the reduction of oxygen to hydrogen peroxide, it is
then possible to calculate its value in 1,2-DCE with respect to the
aqueous SHE if the different Gibbs energies of transfer
are known.

[E3, ji,0,)suE = [ES, my0,)suE — (AGY Y16, — ZAG?{, e )/2F

©)

Fig. 5 illustrates the redox scales at the water|1,2-DCE interface
for the reduction of oxygen.""

It is interesting to see that the reduction of molecular
oxygen to peroxide anion occurs at a more negative potential
in the organic solvent, as it involves the formation of an ionic
species. Inversely, the reduction of molecular oxygen to water
occurs at a higher potential as it involves the disappearance of
four protons. Electron transfer reactions at ITIES can be
studied by cyclic voltammetry, but care has be taken when
analysing the voltammetric response that depends strongly on
the concentration ratio of the reactants.'> A key issue when
studying heterogeneous electron transfer reactions is to ensure
that the reactants and the products do not partition to the
adjacent phase.’ Indeed, in the case of ferrocene, its partition
to water cannot always be neglected and it has been shown
that the reaction can take place on the aqueous side of
interface.'”
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I~ 4~

Fig. 5 Redox potential scale for oxygen in water (top scale) and in 1,2-dichloroethane (bottom scale) versus the Standard Hydrogen Electrode

(SHE).

2.5 Proton coupled electron transfer reactions

Polarised liquid-liquid systems can be used to react organo-
metallic complexes usually sparingly soluble in water with
aqueous protons. Fig. 6 illustrates two examples such as the
reduction of protons by metallocenes and the reduction of
oxygen catalysed by amphiphilic molecular catalysts. A
catalyst recently studied is cobalt porphine depicted in
Fig. 7a, a planar molecule that was found to adsorb at the
water|1,2-dichloroethane interface.!® In this case, a voltam-
metric signal could be observed at positive potentials when all
the four reactants were present, namely oxygen, aqueous
protons, adsorbed cobalt porphines acting as a catalyst, and
ferrocene as electron donor in the organic phase.

Fig. 7 shows such a Proton Coupled Electron Transfer
(PCET) wave for a similar system to that of ref. 13, but
with dimethylferrocene as electron donor. The signal at
positive potentials corresponds to the PCET reaction, but

Fig. 6 Hydrogen evolution at ITIES using an organic electron donor,
here decamethylferrocene (DMFc) (top) and oxygen reduction at
ITIES using an adsorbed molecular catalyst such as a porphyrin and
a simple electron donor such as ferrocene (bottom).
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Fig. 7 (a) Cobalt porphine CoP, (b) cyclic voltammograms in the
presence of dimethylferrocene (DFc) at various concentrations of CoP
in 1,2-DCE, 10 uM (red), 25 uM (full black), 50 uM (blue) and
75 UM (green). Dotted line, supporting electrolyte BATB only, dashed
line in the presence of DFc but in the absence of CoP. Scan rate:
50mv s~

unfortunately no model has been developed yet to analyse
quantitatively these voltammetry data. From a qualitative
viewpoint, one can notice the lack of reverse current wave
on the reverse scan. The signal observed between —0.2 and
0 Volt corresponds to a simple ion transfer reaction, namely
that of dimethylferrocenium from 1,2-DCE to water when
scanning in the negative direction, and back to 1,2-DCE when
scanning back in the positive direction. Voltammetry at ITIES
is a valuable tool to study proton coupled electron transfer
reactions of biological interest. This has been pioneered by the
group of S. Kihara who has investigated the oxidation of
B-nicotinamide adenine dinucleotide (NADH) by quinone
derivatives,'* the respiration mimetic reaction process of flavin
mononucleotide oxidation by a ferrocene derivative,' or the
interfacial oxidation of vitamin E by aqueous permanganate.'®
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3. Hydrogen evolution by PCET

It has been known for many years that metallocenes and
ferrocenophanes!”!'® can react with organic acids to form
hydrogen. In particular, Koelle et al. have studied by pulse
radiolysis the kinetics of proton reduction by cobaltocene.'
More recently, we have shown that under anaerobic conditions
decamethylferrocene (DMFc) in 1,2-dichloroethane could be
oxidised by aqueous protons in biphasic reactions with the
production of molecular hydrogen.?
Globally, the reaction can be written

2DMFcPCE + 2H'Y = 2DMFc"PCE + H,

The standard Gibbs energy can be calculated considering the
respective standard redox potentials and is given by

AG® = F([Edyre+ omrdsie — B 4kJmol ™!

w f—
et She) =

(10)

As can be seen the reaction is slightly endergonic, and there-
fore for the reaction to proceed it is required to polarise the
interface positively as shown in Fig. 8. Indeed, the Nernst
equation for this system reads

RT, (aB¢E .\ RT
DCE C
A= [EDMEct /DMFelSHE T % 7 In ( %I\é]Fa —l—TlnlOpH
ADMFe

(11)

The reaction was studied by voltammetry and shown to be
potential dependent as it only occurs at positive potentials
where the initial step is a proton transfer reaction facilitated by
DMFc. The pH dependence illustrated in Fig. 8 in anaerobic
conditions clearly shows that the current wave at positive
potentials shifts with pH.

This can result either from a direct heterogeneous electron
transfer reaction as shown by the Nernst equation (10) or from
a multi-step reaction involving the protonation of DMFc
acting here as a base. The basicity of ferrocene derivatives
has been studied both experimentally?! and theoretically?*

since the early work of Richards er al.?* Considering that
— pH=1 PCET
15 ~ e pH=2 .
- pH=3
o 10
£
(3]
2 ¥
: 0 | £ [T
SHE
ClI' transfer
T T T T
-0.2 0.0 0.2 04
w
WA
00l MLCI | 5mMBATB 0.01 M LCI
A | Aect RS & b DiMe Hel =) | = | "

Fig.8 Cyclic voltammograms at different pH values showing that the
PCET current shifts 60 mV per pH. Scan rate in all cases: 50 mV s~ .

f\f\

BH + DMFc —» DMFc-HY ——— DMFc*+H,
0 DMFc + Ha0,

Fig. 9 Reduction of protons and oxygen at polarised ITIES.

hydrogen can be produced in bulk 1,2-DCE using the organic
acid HTB according to the reaction®*

DMFcPF + H'TBP“" = DMFc¢" P + TB™P" + IH,

having a standard Gibbs energy value of —51 kJ mol™! it is
likely that the biphasic reaction at the polarised interface
proceeds by the interfacial protonation of DMFc as shown
in Fig. 9.

The other following steps are still a matter for discussion.
The reaction may proceed via a bimolecular route between
two protonated [DMFc-H] " to produce two DMFc™ and H.,.
Alternatively, the reaction may proceed by a proton attack on
a hydride form of the protonated complex [DMFc'V-H]*
yield [DMFc™V** plus H, followed by a reduction of
[DMFEcV]*" by DMFc. The final possibility is a reduction
route involving the reduction of [DMFc-H]" to form
[DMFc-H] followed by a proton attack. These reactions can
be compared to the hydrogen evolution reaction on solid
electrodes known as the Volmer—Tafel-Heyrovsky reaction
as indicated in Table 1.

The initial DMFc protonation has also been studied by
surface tension measurements of electrocapillary curves. We
have shown that [DMFc-H]"™ does adsorb at the interface
prior to the proton transfer reaction, meaning that the proto-
nation reaction itself occurs in two steps; first an interfacial
protonation of DMFc resulting to adsorbed [DMFc-H] "
then desorption of [DMFc-H] " towards the organic phase.

The protonation of DMFc can be facilitated by the use of
organic bases such as dodecylaniline'" as illustrated in Fig. 9,
suggesting that the rate-limiting step is the formation of
[DMFc-H]™*

In the case of shake flask reactions, where we contact an
aqueous solution of sulfuric acid with a solution of DMFc¢ in
1,2-DCE, the reaction only proceeds if the salt LiTB is added
to the aqueous phase. The presence of the lipophilic anion in
the aqueous phase results in a proton pumping reaction

Table 1 Hydrogen evolution mechanism on a metallic electrode or at
an ITIES using decamethylferrocene

Electrode reaction Bulk reaction

Protonation

Fe'' + H' - [Fe-H]"
Bimolecular reaction
2M-H,4; —» 2M + H, 2[Fe-H]" — 2[Fe'"]*
Heyrovsky reaction Proton attack pathway
M-H, + H" > M + e~ + H, [Fe-H]™ + Fe'' - [Fe-H] + [Fe''|”
— [Fe-H] + H" - [Fe'"]" + H,
— Reduction pathway

— [Fe-H]* + H® > [Fe'Y?" + H,
o [Felv]2+ + Fel' o 2[Fe"l]+

Volmer reaction
M+ H" > M-Hpg + ¢~
Tafel reaction
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Phys. Chem. Chem. Phys., 2010, 12, 15163-15171 | 15167


http://dx.doi.org/10.1039/C0CP00590H

Downloaded on 07 December 2010
Published on http://pubs.rsc.org | doi:10.1039/COCPO0590H

View Online

associated to the extraction of the acid HTB to the organic
phase. In this case, the reaction can be written

DMFcP® + H*TB™ = DMFc P + TBP* + lH,

This reaction is exergonic, AG° = —61 kJ mol ™!, the main driving
force being the proton pump associated to the lipophilicity of the
anions TB™ dragging protons to the organic phase.

4. Oxygen reduction by PCET

Since the early work of Cunnane er al.®® that showed by
voltammetry that oxygen could be reduced at a liquid—liquid
interface by decamethylferrocene (DMFc), oxygen reduction
has also been studied using flavin mononucleotide (FMN) as a
catalyst.!> Indeed, it has been proposed that DMFc in 1,2-
DCE could reduce aqueous FMN to the semiquinone form
(FMNH?*) that was re-oxidised by dissolved oxygen. Oxygen
reduction has also been shown to occur when using tetra-
chlorohydroquinone (QH,Cl,) as the electron donor yielding
either H,O or H,0, depending on the applied potential
difference.®® Liljeroth er al. have also shown that electro-
generated Cgy~ could reduce 0,7

More recently, Su et al. have revisited oxygen reduction by
DMFc?® and have shown that the reaction proceeds first by
the protonation of decamethylferrocene on the metal center.
The protonation of DMFc occurs only in the presence of a
supporting electrolyte including a weakly coordinating ion
such as tetrakis(pentafluorophenyl)borate (TB™).

Also, it has been shown that the presence of organic bases
such as dodecylaniline could be used to facilitate the proton
extraction from the aqueous to the organic phase.!' Globally,
the reaction can be written

2DMFcPCE + 2H'Y + 0, = 2DMFc"PCE + H,0¥

The standard Gibbs energy can be also calculated considering
the respective standard redox potentials and the reaction is
found to be exergonic

C -
AG® = F(z[E]%MF&/DMFJSDH]]«:5 - [EBZ/HZOZTSVHE) = —60kJmol ™!

(12)

The potential dependence of the production of H,O, at
polarised ITIES was studied by Scanning Electrochemical
Microscopy (SECM), and it was shown using a platinum
microelectrode located in water but closed to the liquid-liquid
interface that the detection of H,O, was concomitant to the
voltammetric signal at the ITIES for the proton transfer
reaction facilitated by DMFc,” similar to that shown in
Fig. 8 for anaerobic conditions. The fact that the voltammetry
does not depend on the presence of oxygen shows that the first
step of oxygen reduction is the protonation of DMFc. DFT
calculations have shown that the next step is the binding of O,
to [DMFc-H] ™, followed by the release of the hydroperoxyl
radical and the formation of DMFc¢ ™' .24

The reactivity of DMFc at a polarised ITIES can be
summarized in Fig. 9, and in fact we have shown that the
proton reduction competes with oxygen reduction in aerobic
conditions.?* Of course, the redox potential for the reduction
of O, being much more positive than for the reduction of the

aqueous protons, this is not surprising that with a larger
driving force the reduction of O, occurs quasi-instantly by
contacting the biphasic system whilst the evolution of H, is a
much slower process.

5. Molecular electrocatalysis

Molecular electrocatalysis usually consists in modifying an
electrode surface by a molecular catalyst. Amongst the many
systems studied, one can cite porphyrin modified electrodes
pioneered by Collman et al.*° for 4-electron oxygen reduction
and for photovoltaic applications as recently reviewed.’!
To circumvent these inherent difficulties, Shi and Anson
pioneered the concept of a supported ITIES where the working
electrode is covered by a thin layer of organic solvents.*> This
methodology was first used to measure the rate of hetero-
geneous electron transfer reactions at ITIES**** using a
nitrobenzene film including reactants such as ferrocene (Fc),
decamethylferrocene (DMFc), zinc tetraphenylporphyrin
(ZnTPP") and cobalt tetraphenylporphyrin (CoTPP)*>" in
contact with aqueous solutions containing Fe(CN)s> /4™,
Ru(CN)¢*~, Mo(CN)s*~, and IrCls>~. Then, this approach
has been used to study proton coupled electron transfer
reactions where the reduction of tetrachloroquinone was
shown to drive proton transfer reactions across the ITIES as
shown in Fig. 10, and the authors concluded “Choosing
conditions that lead to rapid proton transfer into nitrobenzene
(and related solvents) may be important in catalytic applica-
tions such as the electroreduction of O, in acidified non-
aqueous solvents using homogeneous catalysts (for example,
metalloporphyrins) that are insoluble in purely aqueous
media”.

In a subsequent publication,*® Anson er al. reported the
reduction of molecular oxygen at graphite electrodes covered
by a thin layer of benzonitrile about 30 microns thick and
doped with cobalt 5,10,15,20-tetraphenylporphyrin (CoTPP)
as illustrated in Fig. 11. It was shown that the catalytic
efficiency of CoTPP is greater when it is dissolved in
thin layers of acidified benzonitrile than when it is directly
adsorbed on the graphite electrodes. It was also shown that the
4-electron pathways represented a significant contribution to
the current response.

TCQ

TCQH,

Graphite

Fig. 10 Reduction of tetrachloroquinone (TCQ) in a nitrobenzene
film supported on a graphite electrode acting as a proton pump.>
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We have recently studied oxygen reduction at the polarised
water/1,2-dichloroethane interface catalysed by different
cobalt porphyrins compounds such as CoTPP,>” cobalt(ir)
2,3,7,8,12,13,17,18-octaethylporphyrin (CoOEP),* cobalt(i)
porphine (CoP),'* amphiphilic cobalt(i) 2,8,13,17-tetracthyl-
3,7,12,18-tetramethyl-5-p-amino-phenylporphyrin  (CoAP)*
using ferrocene as a sacrificial electron donor that does not
react with molecular oxygen on the time scale of hours. The
reduction mechanism common to all these cobalt porphyrin
molecules is shown in Fig. 12, the major difference stemming
from their degree of adsorption at the interface or from their
redox oxidation potential.

For all these porphyrins, it is believed that the protonation
of the cobalt porphyrin oxygen complex takes place at the
interface. In most cases, the cobalt porphyrin oxygen complexes
do adsorb at the interface prior to the protonation. Of course,
the interfacial adsorption of amphiphilic porphyrins, such as
CoAP, and porphyrins that stack easily, such as CoP, is much
stronger with the possible formation of stacked molecules, as
in the case of CoP.

In the case of CoTPP rather large concentrations of
porphyrins (~mM range) are required to observe the
voltammetric signature of the protonation step as shown in
Fig. 13.

¢/ \f
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Fig. 11 Oxygen reduction on a benzonitrile film supported on a
graphite electrode.*®

H202

H*

Coll.OOH
PCET

Col.00- Coll

)\/&

Fig. 12 Oxygen reduction catalyzed by cobalt porphyrins in biphasic
systems.
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Fig. 13 Cyclic voltammograms for the cell shown and the corre-
sponding potential window. The current wave in the middle of the
potential window is proportional to the CoTPP concentration.

Furthermore in the case of CoOEP, the redox potential
is low:

[ECOOEP+/C00EP]]S)1$§ 0.69V ( 1 3)

and no sacrificial electron donors are required as CoOEP is
oxidised during the course of the reaction.

The protonation of free base porphyrins can also be studied
using voltammetry at ITIES. In the case of H,TPP, it was even
possible to resolve the two successive protonations*® and the
pK, values found to be equal to 9.8 and 6.0 respectively when
using TB™ as the organic anion. Similar values of 10.4 and
6.7 were found*! when using tetrakis(4-chloro-phenyl)borate
highlighting the influence of the counter ions in the measure-
ment of the acidity constants. In this study, it was shown that
the rather slow reduction of oxygen by decamethylferrocene
(DMFc) at the polarized water|1,2-dichloroethane interface
proceeds remarkably faster in the presence of tetraphenyl-
porphyrin monoacid (H;TPP") and diacid (H4TPP>")
suggesting that these protonated porphyrins can activate molecular
oxygen.

6. Perspectives and conclusions

Liquid-liquid interfaces provide a defect free interface to study
proton coupled electron transfer reactions where aqueous
protons can react with organic electron donors in the presence
of adsorbed catalysts. These interfaces can be polarised by an
external circuit or by a judicious choice of supporting electro-
lyte to provide an electrochemical control of the reaction
driving force. In the same way that biological membranes
can be viewed as a means to separate reactants and products of
successive charge transfer reactions so as to avoid the back
transfer reactions; the reactants and the products can be
separated at liquid-liquid interfaces according to their hydro-
phobicity thereby vectorising the electron transfer processes.
In biological systems, the catalyst organisation is made
mainly by self-assembly. One goal of molecular electrocatalysis
is also to self-assemble systems. For example, we have shown
that anionic zinc meso-tetrakis(p-sulfonatophenyl)-porphyrin
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Fig. 14 Left: bromophenol blue in water (bottom) in contact
with supercritical CO,. Right: decamethylferrocene in supercritical
CO, (top) in contact with water. In both cases: 7 = 40 °C and
P = 8§ MPa.

and cationic zinc tetrakis(N-methylpyridyl)porphyrin dimers
can be used as photocatalysts.*** In the case of oxygen reduc-
tion, it could be interesting to self assemble porphyrin dimers
to drive the 4-electron reduction of oxygen thereby avoiding the
lengthy synthesis of cofacial porphyrin dyads. Indeed, Anson
et al. had shown that CoP could drive such a 4-electron
reduction on solid electrodes,* and it should be very interesting
to see if similar reactions could be observed at ITIES.

Another aspect of biocatalysis is the self-repairing aspect. In
the case of the photosystem II for oxygen evolution from
water, photo-oxidative degradation by singlet oxygen can be
observed as recently reviewed,*® and therefore new photo-
systems must be produced. On solid electrodes, the photo-
degradation of the molecular catalysts is often a problem, but
at ITIES the degradation of the amphiphilic catalysts would
result in desorption from the interface and the adsorption of
other catalysts from the adjacent bulk.

In a perspective article, the main question is: what’s next?

One way the field can develop is to study molecular catalysis
at non conventional interfaces using for example ionic liquids
as pioneered by the group of Kakiuchi,*’ or using very non-
polar solvents as pioneered by Volkov er al.*®

Another interesting system is the water—supercritical CO,
interface. Indeed, very mechanically defined interfaces can be
obtained as illustrated in Fig. 14, and photo-electrochemistry
of such interfaces is worthy of investigation.

Fig. 14 shows a biphasic water—supercritical CO, system
illustrating that the pH of the aqueous phase becomes
acidic under such conditions and showing that metallocenes
can dissolve in supercritical CO,. Reactivity and PCET
reactions at this biphasic system will be reported in the near
future.
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