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ABSTRACT:Dramatic rate enhancements are observed for
the oxidation of phenols, including tyrosine, at indium-tin
oxide electrodes modified by the addition of the electron-
transfer relays [MII(bpy)2(4,40-(HO)2P(O)CH2)2bpy)]

2þ

(M = Ru, Os) with clear evidence for the importance of
proton-coupled electron transfer and concerted electron-
proton transfer.

Conducting oxide electrodes such as ITO, tin-doped In2O3

(In2O3:Sn), and FTO, fluorine-doped SnO2, are commonly
used in electrochemistry. For reversible couples in nonaqueous
solvents, ITO and FTO behave similarly to typical metal or
carbon electrodes. However, for small organic molecules in
aqueous solution, there is often no electrochemical response
within the solvent limit. This effect has been exploited, for
example, in the study of amino acid oxidation by diffusional
couples such as Ru(bpy)3

3þ/2þ.1,2 The absence of facile electro-
chemistry at these electrodes considerably limits their application
in analytical and electrocatalytic applications.1-3

In an earlier study, we reported surface catalysis of water
oxidation at ITO derivatized by surface binding of the electron-
transfer relay [RuII(bpy)(4,40-(HO)2P(O)CH2)2bpy)2]

2þ [bpy =
2,20 - bipyridine; 4,40-(HO)2P(O)CH2)2bpy = 4,40-bis(methyl-
enephosphonato)-2,20-bipyridine].4 Here we report dramatic
rate enhancements for the oxidation of tyrosine (TyrOH) and
tyrosine methyl ester, whose structures are shown as insets in
Figure 1A, and 4-methylphenol (4-MeArOH) at ITO electrodes
modified by surface-attached [RuII(bpy)2(4,40-(HO)2P(O)CH2)2-
bpy)]2þ (ITO-RuII) and ITO-bound [OsII(bpy)2(4,40-(HO)2-
P(O)CH2)2bpy)]

2þ (ITO-OsII). We also provide clear evidence
for an important role for proton-coupled electron transfer (PCET)
and concerted electron-proton transfer (EPT) pathways at these
chemically modified interfaces.

Surface phosphonate binding to oxide electrodes including
ITO, FTO, and nanostructured TiO2 is well documented.5,6 We
prepared ITO-RuII and ITO-OsII by soaking slides in solutions
containing 1� 10-4 M complex in 0.1 M HNO3 or HClO4 for 4 h
followed by rinsing with methanol.4 Different surface loadings were
studied by soaking slides in solutions containing lower concentra-
tions of the complex. The surface coverage was determined by cyclic
voltammetry by peak current measurements (see the Supporting
Information, SI), as described previously.7

The electrochemistry of phenols, including the role of PCET,
has been studied in detail by Sav�eant and co-workers at glassy
carbon electrodes.3 As shown in Figures 1 and SI1 in the SI, at
ITO there is no electrochemical response with the amino acid

tyrosine added to the background limit at ∼1.6 V vs NHE from
pH 1 to 8.

Surface modification results in dramatic changes in the
electrochemical response for all three phenols. At ITO-RuII in
water, a reversible surface wave appears for the ITO-RuIII/II

couple at 1.25 V vs normal hydrogen electrode(NHE). With
added TyrOH in 0.1 M HClO4/0.8 M LiClO4, an additional,
irreversible wave appears for the pH-dependent TyrO•/TyrOH
couple at Ep = 1.33 V vs NHE.3 As shown in Figure SI2 in the SI,
the peak current (ip) varies with the scan rate (ν) for the ITO-
RuIII/II surface couple and with ν1/2 for the TyrO•/TyrOH
couple, as predicted for surface and diffusional couples,
respectively.8 Similar results were obtained for both the ester
and phenol.

Peak currents for the TyrOH oxidation wave, ip, vary linearly
with [TyrOH] (50-150 μM) and linearly with RuII surface
coverage fromΓ/Γ0 = 1 (monolayer surface coverage: Γ0 = 1.2�
10-10 mol/cm2) to 4.2 � 10-11 mol/cm2 (Γ/Γ0 = 0.35); see
Figure SI3 in the SI. The peak potential at pH 1 (1.33 V) is
consistent with E�0≈ 1.5 V for the TyrOH•þ/TyrOH couple and
pKa = -2 for TyrOH•þ.9,10

The experimental observations are consistent with the surface
activation of electron transfer by the mechanism shown in
Scheme 1.11 In this mechanism, rapid surface oxidation of
ITO-RuII to ITO-RuIII is followed by rate-limiting interfacial
oxidation of TyrOH to TyrOH•þ by electron transfer.12-14 The

Figure 1. (A) Cyclic voltammograms of TyrOH (0.1 mM) in 0.1 M
HClO4/0.8 M in LiClO4 at 300 mV/s, at ITO (red), at ITO-RuII (Γ =
1.2� 10-10 mol/cm2, black, see text) and at ITO-RuIIþ TyrOH at 25
( 2 �C (blue). (B) As in part A, in 0.1 M HClO4/0.8 M LiClO4 (blue)
and in 50 mM buffers, 4.55 mM in buffer base at a 10:1 acid/base buffer
ratio of acetate (purple, HOAc/OAc-, pKa 4.7 at pH 3.7), citrate (green,
H3C6H5O7/H2C6H5O7

-, pKa 6.4 at pH 5.4), phosphate (red,
H2PO4

-/HPO4
2-, pKa 7.2 at pH 6.2), and ITO-RuII (black).
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surface ITO-RuIII/II couple is electrochemically reversible over a
wide range of scan rates; the rate constant for Ru(bpy)3

3þ/2þ

self-exchange in solution is ∼108 M-1 s-1.15

A rate constant for the surface oxidation of TyrOH was
obtained by peak current measurements and the expression icat
= nFAkcatΓ[TyrOH], with icat the catalytic current, n the number
of electrons transferred (assumed to be 1), A the surface area, Γ
the surface coverage of ITO-RuII in mol/cm2, and kcat the
surface catalytic rate constant.16 As shown by the plot of icat/
nFAΓ vs [TyrOH] in Figure SI4 in the SI, kcat varies with
[TyrOH], and from the slope, k = 8.0 � 104 M-1 s-1 at 25 (
2 �C in 0.1 M HClO4 and 0.8 M LiClO4. For the solution
oxidation of TyrOH by Ru(bpy)3

3þ under comparable condi-
tions, k = KAkET = 3.0 � 105 M-1 s-1.1,2

In contrast to phenol oxidation at glassy carbon,3 the H2O/
D2O kinetic isotope (KIE) is small with k(H2O)/k(D2O)∼ 1.2,
consistent with electron transfer as the dominant redox step at
the electrode rather than concerted EPT with proton transfer to
the solvent.

As shown in Figures 1B and SI5 in the SI, there is evidence for
an additional catalytic effect with added acetate (10:1 HOAc/
OAc- at pH 3.7), citrate (10:1 H3C6H5O7/H2C6H5O7

- at pH
5.4), and phosphate (10:1 H2PO4

-/HPO4
2- at pH 6.2) buffers.

At high limiting buffer base concentrations, 4.5 mM, and a scan
rate of 300 mV/s, Ep shifts to 1.24, 1.20, and 1.18 V, respectively.
This is a buffer base effect and not a pH effect. As noted in Figure
SI6 in the SI for the HOAc/OAc- buffer, Ep is virtually unaffected
by pH changes from 3.8 to 5.8 at [OAc-] = 4.5 mM. In solutions
diluted in a citrate buffer (pH 5.4, 0.01 mM), there is no buffer
effect with Ep = 1.24 V (Figure SI7 in the SI), the same value as
that in 10-3 M HClO4.

17,18

The trend in Ep values in Figure 1B follows the base strengths
of the buffer bases with pKa(HB) = 4.7, 6.4, and 7.2 for acetate,
citrate, and HPO4

2-, respectively. They are more positive than
E�0 values for the pH-dependent TyrO•/TyrOH couple with E�0
= 1.06 (pH 3.7), 0.96 (pH 5.4), and 0.92 (pH 6.2) V. These
values were calculated from E�0(TyrOH•þ/TyrOH) = 1.46 V
and pKa(TyrOH

•þ) = -2 (eq SI1 in the SI).19,20

Quantitative simulations of the cyclic voltammograms are not
yet available, but the base effect is qualitatively consistent with
the mechanism in Scheme 2. In this scheme, preassociation
occurs with the buffer base to give the hydrogen-bonded adduct,
TyrOH---B. It is followed by concerted, multisite electron-pro-
ton transfer (MS-EPT) at the electrode with electron transfer to
ITO-RuIII and proton transfer to B (Figure 2). A related pathway
has been identified in the oxidation of TyrOH byM(bpy)3

3þ (M =
Fe, Ru, Os) in solution.1,2

As calculated from the expressionE1/2(calc)∼E1/2(TyrOH
•þ/0)

þ 0.059{pKa(TyrOH
•þ) - pKa(HB)}, the E�0 values for the

adduct couples in Scheme 2, TyrOH---B/TyrO•---þH-B, are more
positive than expected. For example, Ep = 1.24 V for OAc-, while
E1/2(calc) = 1.06 V.

21 The waves are also scan-rate-dependent, with
Ep shifting to more negative potentials as the scan rate is decreased
and ip decreasing as Ep decreases (Figure SI8 in the SI). These

observations are qualitatively consistent with the surface EPT
rate limited by the low surface concentration of ITO-RuIII at the
potentials at which oxidation occurs. For the surface couple,
E1/2(ITO-Ru

III/II) = 1.25 V.
We have also observed electrocatalysis of phenol oxidation at

ITO-OsII based on the less strongly oxidizing ITO-OsIII/II

couple with E�0 = 0.80 V. Oxidation of TyrOH by Os(bpy)3
3þ

in solution (pH 7) is relatively slow with k0(25( 2 �C, I = 0.8M) =
1.7� 102 M-1 s-1.1 Significant rate enhancements are observed
with added buffer bases. They arise from the initial TyrOH---B
adduct formation, followed by MS-EPT oxidation with k values
ranging from 2.0 � 105 [acetate pKa(

þHB) = 4.7] to 3.7 �
106 M-2 s-1 (Tris, pKa = 8.1). MS-EPT is in competition
with proton transfer, followed by electron transfer (PT-ET;
Scheme 3).2

In Figure 3 are shown the cyclic voltammograms of ITO-OsII

with added citrate (pKa = 6.4) and Tris (pKa = 8.1) with and
without added TyrOH at a scan rate of 300 mV/s. With added
Tris (4.5 mM), significant electrocatalysis is observed. As shown
in Figures SI9 and SI10 in the SI, ip for the surface wave varies
with ν and the TyrOH oxidation wave with ν1/2, as found for
ITO-RuII. At constant [Tris], Ep for TyrOH oxidation varies
with pH from 0.97 V at pH 6.6 (þHB/B = 31.6) to 0.91 V at pH
7.6 (þHB/B = 3.1). The pH dependence is consistent with
the predicted pH dependence of the TyrO•/TyrOH couple,
TyrOH f

-e-
TyrO• þ Hþ.3

Scheme 1

Figure 2. Illustration of surface MS-EPT with electron transfer to ITO-
Ru3þ and proton transfer to an added buffer base, B, as the proton
acceptor.

Scheme 2

Scheme 3
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Surface electrocatalysis under these conditions presumably
occurs by a mechanism analogous to that of Scheme 2 with prior
adduct formation, followed by a combination of interfacial MS-
EPT and initial proton loss, followed by oxidation of TyrO-

(PT-ET, Scheme 4). Consistent with this conclusion, at fixed
pH, ip for TyrOH oxidation increases linearly with [Tris] (Figure
SI11 in the SI). The first-order dependence is consistent with
adduct formation, followed by oxidation at the electrode.

Peak current measurements with added buffer in a 10:1 acid/
base ratio with pH = pD = 7.1 with added Tris in H2O and D2O
reveal a H2O/D2O KIE of 2.1. For the oxidation of TyrOH by
Os(bpy)3

3þ in solution with added Tris by the mechanism in
Scheme 3, kEPTKA(H2O)/kEPTKA(D2O) = 2.3 and kTyrO-KA-
(H2O)/kTyrO-KA(D2O) = 1.3. This comparison suggests invol-
vement of MS-EPT in the surface reaction.1,2

The observations made here are striking in demonstrating the
impact of surface-bound electron-transfer relays ITO-RuII and
ITO-OsII on interfacial electron transfer. They also provide clear
evidence for an important role for interfacial EPT at modified
surfaces with potentially important implications for analysis and
electrocatalysis at derivatized oxide surfaces.
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