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ABSTRACT: In this report, we present a novel platform to
study proton-coupled electron transfer (PCET) by control-
ling the proton flux using an electrode-supported hybrid
bilayer membrane (HBM). Oxygen reduction by an iron
porphyrin was used as a model PCET reaction. The proton
flux was controlled by incorporating an aliphatic proton
carrier, decanoic acid, into the lipid layer of the HBM. Using
this system, we observed a different catalytic behavior than
obtained by simply changing the pH of the solution in the
absence of an HBM.

Proton-coupled electron transfer (PCET) reactions are central
to several biological and artificial energy conversion pro-

cesses.1,2 The four-electron reduction of O2 to water is one of the
most significant reactions that involves PCET. O2 reduction
by molecular metal complexes is important in understand-
ing biological systems such as cytochrome c oxidase (CcO)3

and in the construction of efficient cathodes for fuel cells.4

Traditionally, the pH of the bulk solution is varied in order to
study the mechanism of PCET reactions.2,5,6 The accompany-
ing shift in the thermodynamic potential of the redox center
gives limited information about the role of the proton flux in
PCET processes. More recently, Nocera and co-workers synthe-
sized hangman porphyrins in which a distal acid�base group
is positioned near the redox center in order to control the
proton transfer.7,8 However, the nature of the proton flux and
its effect on the reactivity of a catalytic center remains largely
unknown.

In this work, we constructed a catalyst-embedded hybrid
bilayer membrane (HBM) to study the effects of proton flux
on O2 reduction (Figure 1A). This methodology enables control
of the proton flux to study PCET reactions independent of the
pH of the bulk solution.

In anHBM system, amonolayer of lipid molecules is anchored
to a self-assembled monolayer (SAM) of alkanethiols that are
covalently attached to a gold electrode. The polar head groups
of the lipids are oriented outward toward the aqueous solu-
tion and the hydrophobic tails inward to the hydrophobic
SAM.9�14 It has been established that the nature of the
underlying SAM dictates the rate of electron transfer to the
appended redox species.15,16 Previous work has shown that
rapid electron transfer to the catalytic site is necessary to mini-
mize partial reduction of O2 (i.e., formation of superoxide
and/or hydrogen peroxide).17,19

In this study, the composition of the lipid monolayer was
altered by using aliphatic proton carriers in order to control the
proton flux to the catalyst embedded in the HBM. O2 reduction
by an iron porphyrin (Figure 1B) was used as a model catalyst to
study the effects of proton flux on PCET reactions. To eliminate
electron transfer as the rate-limiting step, we covalently immo-
bilized the Fe porphyrin onto a SAM containing azide-termi-
nated conjugated thiols and a decanethiol diluent18 using the
Cu(I)-catalyzed click reaction.19

The electrocatalytic reduction of O2 with the exposed Fe
porphyrin-appended SAM (no monolayer of lipid) has been
well-studied.17,19 In this case, the current increased until it was
limited by diffusion of O2 from the bulk solution to the Fe
porphyrin (Figure 2 gray). When the Fe porphyrin was em-
bedded in an HBM,20 the O2 reduction current was much lower
and peaked at amore negative potential (Figure 2 black). Protons
do not diffuse readily through lipid bilayers, and in nature,
proton transport is tightly regulated by various channels and
mediators.21 Therefore, it was expected that proton migration
through the lipid layer of the HBM would be slow. This was
supported by the independence of the midpoint potential of the
Fe(II)/Fe(III) couple on the pH of the solution in the HBM
system (Figure S5 in the Supporting Information), which is in
contrast to the 59 mV per decade shift observed for an exposed
catalyst.22 Since the four-electron reduction of O2 is coupled to
four protons, it might be predicted that the catalytic current

Figure 1. (A) Schematic diagram representing the HBM system.
(B) Fe porphyrin catalyst used in this study.
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would be limited by the rate of proton transfer. In this case, there
would be either no reaction or a slow and steady current rise at a
high overpotential resembling that for a slow-electron-transfer
r�egime.17,19 However, since we observed a current that peaked,
the catalysis was limited by O2 diffusion

23 and not by the proton
flux. This suggests that in the aprotic environment created by the
HBM, O2 undergoes one-electron reduction to superoxide.

We accelerated the proton transport from the lipid�solution
interface to the catalytic site by incorporating exogenous de-
canoic acid into the vesicles prior to the formation of the HBM
(Figure S1). It has been demonstrated that protons can be
transported across a lipid bilayer by incorporating either an
aliphatic acid or an amine into the membrane. In their resting
state, these amphiphilic proton carriers orient themselves with
their polar head groups at the lipid�water interface.27 “Flip-flop”
diffusion results in proton transfer across the membrane in the
presence of a driving force such as a pH gradient.28,29

The molar ratio of decanoic acid to 1,2-dimyristoyl-sn-glycero-
3-phosphatidylcholine (DMPC) inside the lipid layer of the HBM
was used as an independent variable to control the rate of proton
flux to the catalyst. Incorporating 0.5 equiv of decanoic acid into
the HBM system enhanced the O2 reduction while maintaining a
hydrophobic environment (Figure 2 red). In this case, the catalyst
generated a current higher than that for the HBM-embedded Fe
porphyrin without decanoic acid but still lower than that for the
catalyst on an exposed SAM. Increasing the decanoic acid con-
centration in the lipid layer to 1 equiv relative toDMPC resulted in
even more rapid proton transport to the active site, which was
reflected in a higher current (Figure 2 blue).

Figure 2 illustrates that at each decanoic acid concentration,
the catalytic current increased until it was limited byO2 diffusion.
We observed no change in the potential at which the current
peaked in the HBM systems (Figure 2 black, red, blue; Figure
S4). Since this thermodynamic potential was constant, the
effective pH at the catalytic site did not change with the
concentration of decanoic acid incorporated into the lipid layer.
We hypothesize that the increased catalytic current reflects a
greater proton flux across the lipid layer of the HBM.

Since the total concentration of O2 in the bulk solution is
constant, the total charge under the catalytic current is propor-
tional to the average number of electrons consumed per O2

molecule. The formation of an HBM creates an aprotic hydro-
phobic environment around the catalyst, and it is known that in
aprotic solvents, O2 undergoes one-electron reduction to
superoxide.30 We propose that in the absence of decanoic acid,
O2 is reduced by a single electron to give superoxide in the HBM
system. This is supported by a comparison of the integrated
current under the catalytic wave of the Fe porphyrin on the
exposed SAM with that of the Fe porphyrin embedded in the
HBM without decanoic acid. This analysis gives the average
number of electrons consumed per O2 molecule. The ratio of
these two values is ∼3.4, which is consistent with the results of
previous H2O2 collection experiments using interdigitated array
microelectrodes for the exposed Fe porphyrin (80% four-elec-
tron and 20% two-electron),18 in which the average number of
electrons per O2 molecule reduced was determined to be ∼3.6.

Figure 2. Catalytic current due to O2 reduction by an immobilized Fe
porphyrin at 25mV/s in pH 7 phosphate buffer with 0.1MKCl: exposed
SAM (gray), HBM (black), HBM with 0.5 equiv of decanoic acid (red),
and HBM with 1 equiv of decanoic acid (blue).

Figure 3. Average number of electrons consumed per O2 molecule
reduced for an exposed SAM (red square) and in the HBM systems
containing decanoic acid (black triangles).

Figure 4. Catalytic current due to O2 reduction by an immobilized Fe
porphyrin at 25mV/s in phosphate buffer with 0.1MKCl on an exposed
SAM at pH 7 (gray) or pH 13 (green) and inside an HBM at pH 7
(black).
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As the proton flux was accelerated by incorporating additional
decanoic acid into the HBM, the average number of electrons
consumed per O2molecule increased. Figure 3 illustrates that the
number of electrons, as determined by the ratio of integrated
current, changed from 1 to 3.4 as the concentration of decanoic
acid increased from 0 to 1 equiv relative to DMPC, with no
further change observed at 1.5 equiv. This suggests that as the
amount of decanoic acid in the lipid is increased, the reduction of
O2 changes from one-electron to two-electron to mostly four-
electron. Alternatively, the ratio of four-electron to one-electron
reduction simply increases.

We compared the control of the proton flux in the HBM
system to the results of varying the concentration of protons in
solution by changing the pH of the buffer system. O2 reduction
with an exposed Fe porphyrin-appended SAM at pH ∼13
resulted in a catalytic current density similar to that observed
at pH 7, with the expected thermodynamic shift in the potential
at which the current peaked (Figure 4).

These results illustrate that the lipid layer of theHBM removes
all protic sources (H2O and H3O

+) from the lipid�SAM inter-
face. The incorporation of decanoic acid into the HBM accel-
erates the kinetics of proton transfer during O2 reduction,
whereas the pH of the bulk solution influences the thermody-
namics of the reaction.

In conclusion, we have demonstrated a relatively simple
convergent approach for constructing an electrode-supported
HBM that can be used for the direct study of PCET reactions
under controlled proton flux. This approach provides additional
insight into the role of protons and proton flux in PCET
reactions that cannot be achieved by simply changing the pH
of the bulk solution.
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