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In aqueous solution above pH 2.4 with 4% (vol/vol) CH3CN,
the complex [RuII(bda)(isoq)2] (bda is 2,2′-bipyridine-6,6′-dicar-
boxylate; isoq is isoquinoline) exists as the open-arm chelate,
[RuII(CO2-bpy-CO2

−)(isoq)2(NCCH3)], as shown by 1H and 13C-NMR,
X-ray crystallography, and pH titrations. Rates of water oxidation
with the open-arm chelate are remarkably enhanced by added pro-
ton acceptor bases, as measured by cyclic voltammetry (CV). In 1.0 M
PO4

3–, the calculated half-time for water oxidation is ∼7 μs. The key
to the rate accelerations with added bases is direct involvement of
the buffer base in either atom–proton transfer (APT) or concerted
electron–proton transfer (EPT) pathways.

water oxidation catalysis | Ru polypyridyl complexes | electrocatalysis |
solar energy | water splitting

Metal-complex catalyzed water oxidation continues to evolve
with new catalysts and new mechanistic insights (1–9). Studies

on single-site Ru catalysts such as [RuII(Mebimpy)(bpy)(OH2)]
2+

[Mebimpy is 2,6-bis(1-methylbenzimidazol-2-yl)pyridine; bpy is
2,2′-bipyridine; Fig. 1], both in solution and on surfaces, reveal
mechanisms in which stepwise oxidative activation of aqua pre-
cursors to RuV=O is followed by rate-limiting O–O bond for-
mation (10–15). The results of kinetic and mechanistic studies
have revealed the importance of concerted atom–proton trans-
fer (APT) in the O–O bond-forming step. In APT, the O–O
bond forms in concert with H+ transfer to water or to an added
base (11, 12, 16–19). APT can promote dramatic rate enhance-
ments. In a recent study on surface-bound [Ru(Mebimpy)(4,4′-
((HO)2OPCH2)2bpy)(OH2)]

2+ [4,4′-((HO)2OPCH2)2bpy is 4,4′-
bis-methlylenephosphonato-2,2′-bipyridine] stabilized by atomic
layer deposition, a rate enhancement of ∼106 was observed
with 0.012 M added PO4

3− at pH 12 compared with oxidation at
pH 1 (20).
Sun and coworkers (21, 22) have described the Ru single-site

water oxidation catalysts, [RuII(bda)(L)2] (H2bda is 2,2′-bipyr-
idine-6,6′-dicarboxylic acid, HCO2-bpy-CO2H; L is isoquinoline,
4-picoline, or phthalazine). They undergo rapid and sustained
water oxidation catalysis with added CeIV. A mechanism has been
proposed in which initial oxidation to seven coordinate RuIV is
followed by further oxidation to RuV(O) with O–O coupling to
give a peroxo-bridged intermediate, RuIVO–ORuIV, which un-
dergoes further oxidation and release of O2 (21, 22). We report
here the results of a rate and mechanistic study on electrochemical
water oxidation by complex [1], [RuII(CO2-bpy-CO2)(isoq)2] (isoq
is isoquinoline) (Fig. 1). Evidence is presented for water oxidation
by a chelate open form in acidic solutions. The chelate open form
displays dramatic rate enhancements with added buffer bases, and
the results of a detailed mechanistic study are reported here.

Results and Discussion
Fig. 2 compares cyclic voltammograms (CVs) for complex [1] in
0.1 M HClO4 and at pH 7.0 [0.20 M H2PO4

−/HPO4
2− phosphate

buffer, I = 0.5 M (NaClO4)] in 4% (vol/vol) CH3CN at a glassy
carbon electrode (GC) (0.071 cm2). The Ag/AgCl [3 M NaCl,
0.21 V vs. normal hydrogen electrode (NHE)] reference elec-
trode was isolated with an electrolyte filled bridge to avoid

chloride ion diffusion into the anode compartment. The sample
was purged with argon to remove O2 before each scan, with only
O2 freshly produced in oxidative scans detected on reverse scans
at –0.3 V vs. NHE, a peak potential (Ep) for the O2/O2

– couple
(5, 23). As shown in Fig. 2, and as reported earlier by Sun and
coworkers (21), in 0.1 M HClO4 there is evidence for catalytic
water oxidation but electrocatalysis under these conditions is
relatively slow. However, significantly enhanced catalytic cur-
rents are observed at pH 7.0 with added phosphate buffer and
the overpotential for water oxidation is only about 0.2 V. The
low overpotential and high reactivity toward water oxidation
compared with other Ru polypyridyl water oxidation catalysts
is notable. Also notable in the CVs is the appearance at pH 1.0
of evidence for two redox couples before the onset of water
oxidation, whereas only one redox couple is observed at pH 7.0
before catalytic water oxidation.
The results of pH-dependent differential pulse voltammetry

(DPV) measurements in 4% (vol/vol) CH3CN are summarized in
the E-pH (Pourbaix) diagram in Fig. 3A. From the CV data and
the diagram, at pH 7.0, 2e− oxidation of RuII to RuIV occurs at
E1/2 = 0.83 V vs. NHE. Although the RuII complex has been
characterized structurally as six-coordinate with the bda ligand
tetradentate in the solid state (21), asymmetrical 1H-NMR and
13C-NMR spectra (SI Appendix, Fig. S1) in 1:9 CD3CN:D2O (vol/vol)
point to a loss of symmetry in solution with terdentate bda
coordination, a nonbonded carboxylate arm, and coordinated
nitrile, [RuII(CO2-bpy-CO2

–)(isoq)2(NCCH3)]. Dissociation
of carboxylate group was also found for [RuII(bda)(pic)2] (24)
and [RuII(pda)(pic)2] (25) (H2pda is 1,10-phenanthroline-2,9-
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dicarboxylic acid) complexes. Terdentate coordination was ver-
ified by X-ray crystallography (see below).
However, in 3:1 CD3OD:D2O (vol/vol), symmetrical 1H-NMR

and 13C-NMR spectra were observed (SI Appendix, Fig. S2)
consistent with coordination of both carboxylate arms and tet-
radentate coordination ([1] in Fig. 1). A Pourbaix (E1/2-pH) di-
agram in 30% (vol/vol) CF3CH2OH–water in the absence of
CH3CN is also shown in Fig. 3B. The ∼0.2-V increase in
E1/2(RuIII/II) with added CH3CN is notable, consistent with co-
ordination of the nitrile and an increase in E1/2(RuIII/II) due to
stabilization of RuII by dπRu-π*(nitrile) back-bonding (26). When
oxidized to RuIII, the CH3CN ligand is readily displaced by H2O,
forming [RuIII(CO2-bpy-CO2

–)(isoq)2(OH2)]
+, a behavior found

in related iron complexes (27). The bound H2O molecule serves
as a proton source when oxidized. Due to the increase in
E1/2(RuIII/II) with added CH3CN, the E1/2-pH plot for this couple
intersects the pH-dependent RuIV/III couple at pH ∼ 6.0. Past
this pH, only the 2e− RuIV/II wave is observed and RuIII is either
unstable toward disproportionation (10, 11) or undergoes rapid
further oxidation.
DPVs in 30% (vol/vol) CF3CH2OH at pH 7.0 with added

H2PO4
−/HPO4

2− buffer and increasing amounts of added
CH3CN are shown in Fig. 4. Waves appear in the DPVs at peak
potentials, Ep = 0.64, 0.83, and 0.99 V vs. NHE, for the RuIII/II,
RuIV/III, and RuV/IV couples with the current for the latter
being significantly enhanced by catalytic water oxidation. With
incremental addition of up to 4% (vol/vol) CH3CN, Ep(RuIII/II)

at 0.64 V shifts to more positive potentials. With 4% (vol/vol)
added CH3CN, Ep(RuIII/II) becomes more positive than
Ep(RuIV/III) and a single wave appears for the RuIV/II couple. In
a CV measurement, the integrated area for this wave is con-
sistent with a 2e– process. Ep for the RuV/IV couple was un-
affected by 4% (vol/vol) added CH3CN. Forward and reverse
DPVs (SI Appendix, Fig. S3) were also obtained in 30% (vol/vol)
CF3CH2OH at pH 7.0 [0.05 M phosphate buffer, I = 0.25 M
(NaClO4)], with results consistent with catalytic water oxidation
at the onset of the RuV/IV couple.
The X-ray crystal structure (SI Appendix, Fig. S4) of the per-

chlorate salt reveals a six-coordinate complex with coordi-
nated CH3CN and a dissociated, protonated carboxylate arm,
[RuII(CO2-bpy-CO2H)(isoq)2(NCCH3)]

+, consistent with the
asymmetric NMR spectra. Evidence for the terdentate ligand
complex in solution was also obtained by pH titrations with
spectrophotometric monitoring from pH 0.7 to 13.0 (see below).

Fig. 1. Structures of [RuII(Mebimpy)(bpy)(OH2)]
2+ (Left) and [RuII(CO2-bpy-

CO2)(isoq)2] [1] (Right).

Fig. 2. (A) CVs of 0.2 mM [1] in 0.1 M HClO4 (red) and at pH 7.0 (blue)
0.20 M H2PO4

−/HPO4
2− buffer, I = 0.5 M (NaClO4). GC working elec-

trode, purged with argon before each scan, 4% (vol/vol) added CH3CN,
and scan rate of 100 mV/s. Scan direction: 0 V → −0.39 V → (1.61 or 1.21)
V → −0.39 V → 0 V. (B) A magnified view of A over the potential range
0.60–1.30 V vs. NHE.

Fig. 3. Pourbaix (E1/2-pH) diagram for complex [1] in 4% (vol/vol) CH3CN
(A) and in 30% (vol/vol) CF3CH2OH (B) obtained from differential pulse
voltammograms (DPVs). HClO4, acetate buffers, phosphate buffers, and
borate buffers were used to adjust pH at 0.25 M ionic strength. In B, RuII(H+)
is an abbreviation for [RuII(CO2-bpy-CO2H)(isoq)2(NCCH3)] and RuIII-OH2 for
[RuIII(CO2-bpy-CO2

–)(isoq)2(OH2)]
+.
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Initial titration runs were performed over an extended pH
range (0.7–13.0). No significant spectral changes were observed
above pH 7 (SI Appendix, Fig. S5), except for loss of a very minor
impurity absorption (680 nm, pKa = 10.8 ± 0.2) at high pH.
Subsequent titrations were performed over a limited pH range

(0.7–7.2) where protonation of the free and coordinated car-
boxylate groups of the bda ligand were observed (SI Appendix,
Fig. S6). Singular value decomposition (SVD) analysis of these
data revealed the presence of at least four colorimetric compo-
nents, requiring a model with three successive pKa steps. As il-
lustrated in SI Appendix, Fig. S6B, the process near pH 5.0
produces no significant change in the predicted spectra of col-
orimetric species C and D, which suggests that the very small
absorbance changes in this pH region simply result from a minor
impurity and are not associated with complex [1]. The process
near pH 2.4 results in small shifts in spectral features and am-
plitudes, a pKa value consistent with protonation of the un-
coordinated carboxylate group of complex [1] identified by X-ray
crystallography. The largest change in spectral features occurs in
the region below pH 1.5 where protonation and deligation of the
remaining carboxylate group is assumed to occur. The titration
was not extended to lower pH owing to the likely precipitation of
complex [1] in concentrated perchloric acid media on the long
timescales of the titration experiments. Therefore, the fitting
procedure in SPECFIT/32 was constrained with fixed values of
pKa(1). Sensible predicted spectra (positive at all wavelengths)
were obtained for 0 ≤ pKa(1) ≤ 0.2. By matching the predicted
spectrum of species A to that obtained via a pH jump kinetics
experiment (see below) a fixed value of pKa(1) = 0.2 was chosen
for refinement of the data in SI Appendix, Fig. S6.
To assess the reliability of the predicted spectrum of species A

in SI Appendix, Fig. S6B, a sample of complex [1] in 30% (vol/vol)
CH3CN/H2O was mixed 1:1 with 30% (vol/vol) CH3CN/2 M
HClO4 (0.7 M acid after mixing), and the spectrophotometric
changes were followed for 300 s (SI Appendix, Fig. S7). SVD
analysis of the spectral data revealed the presence of three col-
orimetric components, and the data were fit to a kinetic model
with two sequential first-order decays (A → B → C): k1 = (6.2 ±
0.2) × 10−2 s−1, k2 = (1.8 ± 0.1) × 10−2 s−1. The fitted spectrum
of species C in this model corresponds to partial formation (at
pH ∼0.2) of the extrapolated spectrum predicted by SPECFIT/32
for species A in the pH titration experiment (SI Appendix,
Fig. S6B).
Comparison of CVs of [1] at different electrodes was con-

ducted at pH 7.0 with GC, fluorine-doped tin oxide (FTO)
and FTO electrodes derivatized by surface binding of the
electron transfer shuttle [RuII(bpy)2(4,4′-(PO3H2)2bpy)]

2+ (RuP)
(28, 29) (Fig. 5A). Higher catalytic currents were observed at
GC compared with FTO with no significant current enhance-
ment observed at FTO up to 1.6 V (Fig. 5B). An absence of

Fig. 4. (A) Differential pulse voltammograms (DPVs) with 0.2 mM [1] in 30%
(vol/vol) CF3CH2OH–pH 7.0 [0.05 M phosphate buffer, I = 0.25 M (NaClO4)]
mixture with increasing amounts of CH3CN. Ferrocene (FeCp2) was added as
an internal reference. Potential Increment: 4 mV; amplitude: 0.05 V. (B) A
magnified view of A over the potential range 0.50–0.90 V vs. NHE.

Fig. 5. (A) CVs of 0.2 mM complex [1] at different electrodes: GC working
electrode (green), bare FTO (blue), and RuP-FTO (red). pH 7.0 with 0.10 M
phosphate buffer, I = 0.5 M (NaClO4), argon was purged before each scan,
4% (vol/vol) CH3CN, and scan rate of 100 mV/s. Comparison of background
(dashed lines) and in the presence of complex (solid lines) at bare FTO (B),
GC (C), and RuP-FTO (D). The Inset in D shows an expanded view. RuP is
[Ru(bpy)2(4,4′-((HO)2(O)P)2-bpy)]

2+, which is surface attached to FTO and
functions as an electron transfer mediator.
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electroactivity at oxide electrodes has been reported for neutral
organic molecules (30). At FTO electrodes modified by addition
of RuP, an electrochemical response for [1] is observed including
evidence for catalytic water oxidation (Fig. 5D).
Scan rate normalized CVs (i/υ1/2: υ is the scan rate) from 20 to

200 mV/s at pH 7.0 [0.10 M H2PO4
−/HPO4

2− buffer, I = 0.5 M
(NaClO4)] in 4% (vol/vol) CH3CN are shown in Fig. 6A. The
waveform for the Ru(IV/II) couple at E1/2 = 0.80 V is scan rate
independent under these conditions. Its peak current (ip) varies
linearly with υ1/2 (Fig. 6B) consistent with the Randles–Sevcik
relation in Eq. 1, and diffusion-limited electron transfer at the
electrode (31). In Eq. 1, A is the electrode area, F the Faraday, ip
the peak current, [RuII] the bulk concentration of complex, and
n = 2 is the number of electrons transferred. The diffusion co-
efficient, D ≅ 1.6 × 10−6 cm2·s–1, was obtained from the scan rate
dependence of ip (Fig. 6B).
There is clear evidence in the CVs for catalytic water oxidation

at higher potentials by the current enhancements that appear
following oxidation of RuIV to RuV at Ep,a = 1.08 V. Peak cur-
rents increase with decreasing scan rates consistent with a con-
tribution to the waveform from rate-limiting water oxidation
catalysis:

ip = 0.446nFA
�
RuII

�ðnFυD=RTÞ1=2, [1]

icat = n′FA
�
RuII

�ðDkcatÞ1=2. [2]

CVs of 0.2 mM [1] at a glassy carbon electrode with 4% (vol/vol)
added CH3CN were used to explore the role of the added buffer
base HPO2−

4 . In these experiments, the pH was held constant at
7.0 while the total concentration of buffer, H2PO−

4 +HPO2−
4 , was

increased. The ionic strength was maintained at I = 0.5 M with
added NaClO4. Variations in peak currents for water oxidation
at Ep = 1.08 V and O2 reduction are shown in Fig. 7. At slow scan

rates and low buffer concentrations, nearly ideal plateau wave
shapes were observed reaching a current maximum at 1.08 V.
Reproducible CV measurements further indicate the catalyst is
stable following multiple catalytic turnovers.
Rate constants for water oxidation were evaluated from the

current ratio icat/ip and Eq. 3 assuming a reaction first order in
catalyst (see below) (31). In this equation, kcat is the rate con-
stant for the catalyzed reaction with n′ = 4 and ip the peak
current for the RuII → RuIV wave (n = 2). icat was evaluated
at Ep,a = 1.08 V, an overpotential of 260 mV for water oxidation
at pH 7.0. As shown in Fig. 6C, the expected linear variation of
icat/ip with υ−1/2 is observed with kcat calculated from the slope:

icat
ip

= 2.24
n′
n

�
kcatRT
nFυ

�1=2

= 0.508
�
kcat
υ

�1=2

. [3]

The dependence of the ratio (icat/ip)
2 (and kcat) on ½HPO2−

4 � at
pH 7.0 in H2PO−

4 =HPO2−
4 buffers from the CV measurements is

shown in Fig. 8A. It is consistent with the expression in Eq. 4 with
kHPO2−

4
= 499 ± 29 M–1·s–1 from the slope and kH2O ≅ 6 s–1 from

the intercept. The term kH2O is the rate constant for unassisted
water oxidation. kB includes contributions from both HPO2−

4 and
H2PO−

4 as proton acceptor bases with the former expected to
dominate based on earlier results (17) and the increase in pKa

from 2.15 for H3PO4 to 7.20 for H2PO4
–:

�
icat
ip

�2

=
0.258
υ

ðkH2O + kB½B�Þ. [4]

Under the same conditions at pH 7.0 with [1] varied from 0.05
to 0.40 mM, icat at 1.08 V increases linearly with catalyst con-
centration, SI Appendix, Fig. S8. This is in contrast to acidic
solutions with CeIV as the oxidant where a second-order de-
pendence on [1] has been reported (21). Under our conditions,
with electrochemical monitoring at pH 7.0, the observed be-
havior is similar to that observed earlier for related single-site Ru
polypyridyl catalysts. For these catalysts, oxidation to RuV=O is
followed by rate-limiting O-atom transfer to H2O (11, 16, 17, 19,
20). Recently, Sun and coworkers (32) reported that the bda-
carbene catalyst, [RuIII(bda)(mmi)(OH2)] (mmi is 1,3-dimethy-
limidazolium-2-ylidene) undergoes single-site catalytic water ox-
idation at pH 1.0.

Fig. 6. CV scan rate dependence with 0.2 mM complex [1] at pH 7.0 [0.10 M
phosphate buffer, I = 0.5 M (NaClO4)], GC working electrode, argon was
purged before each scan, 4% (vol/vol) CH3CN, and scan rate of 20 mV/s
(magenta), 50 mV/s (green), 100 mV/s (blue) and 200 mV/s (red). (A) CVs with
current normalized to the square root of the scan rate. (B) Dependence
of the peak current (background subtracted) for the Ru(IV/II) couple (E1/2 =
0.80 V) on the square root of scan rate. (C) Plot of icat/ip vs. 1/υ1/2. icat was
measured at 1.08 V vs. NHE.

Fig. 7. (A) CVs of 0.2 mM [1] at pH 7.0 in H2PO4
−/HPO4

2− buffers with 4%
(vol/vol) CH3CN and I = 0.5 M (NaClO4). Buffer concentrations are 0.01 M
(red), 0.05 M (blue), 0.10 M (green), 0.15 M (magenta), and 0.20 M (orange),
GC working electrode, purged with argon before each scan, 4% (vol/vol)
added CH3CN, and scan rate of 20 mV/s. Scan direction: 0 V → −0.39 V →
1.21 V → −0.39 V → 0 V. Magnified views show the O2 reduction (B) and the
Ru(IV/II) waves (C), respectively.
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Given the evidence from NMR, the X-ray crystal structure,
and the results of spectrophotometric titrations with added
CH3CN, the bda complex exists predominantly as [RuII(CO2-bpy-
CO2H)(isoq)2(NCCH3)]

+ in acidic solutions and as [RuII(CO2-
bpy-CO2

–)(isoq)2(NCCH3)] above pH 2.4. It undergoes 2e− oxi-
dation with loss of the nitrile ligand to give RuIV. RuIV could be
the six-coordinate oxo form, [RuIV(CO2-bpy-CO2

–)(isoq)2(O)],
or, perhaps, seven-coordinate [RuIV(CO2-bpy-CO2)(isoq)2(OH)]+

with the carboxylate arm recoordinated.
Base catalysis with acetate as the added base was investigated

at pH 5.6 with 0.05–0.50 M added buffer at I = 0.5 M (NaClO4).
CVs are shown in SI Appendix, Fig. S9, with icat values measured
at 1.16 V vs. NHE, an overpotential for water oxidation of
260 mV at this pH. From the plot of (icat/ip)

2 vs. [OAc–] in Fig.
8A, kOAc– = 93 ± 14 M–1·s–1 and kH2O ≅ 6 s–1 with the latter
consistent with the value obtained from the measurements with
added H2PO−

4 =HPO2−
4 buffer.

H2O/D2O kinetic isotope effects (KIEs) were investigated with
added 0.32 M OAc– (pH 5.6 or 0.32 M d3-OAc– at pD 6.2) and
0.071 M HPO4

2– (pH 7.0 or 0.071 M DPO4
2– at pD 7.6). Under

these conditions, i2cat decreases linearly with the mole fraction of
D2O, as shown in SI Appendix, Fig. S10. From these data, KIEs
[=kcat,H2O/kcat,D2O from the ratio (icat,H2O/icat,D2O)

2] of 2.6 for
acetate and 1.4 for HPO2−

4 were obtained, respectively. These
results are consistent with a concerted pathway in the rate-lim-
iting step, with the magnitude of the KIE dependent on the
basicity of the acceptor base and the symmetry of the preformed
H-bond (33).
A dependence on [OH–] was also investigated by rate mea-

surements with [PO4
3–] = 36 mM by varying the buffer ratio from

pH 11.0 to 12.2 [I = 0.5 M (NaClO4)]. Results are shown in SI
Appendix, Fig. S11. From the slope of a plot of (icat/ip)

2 vs. [OH–]
(Fig. 8B), kOH− = (9.3 ± 0.6) × 105 M–1·s–1 with an intercept =
(3.6 ± 0.4) × 103 s–1 ≅ kPO3−

4
× [PO3−

4 ]. From the latter, kPO3−
4
≅

(1.0 ± 0.1) × 105 M–1·s–1.
The considerable rate enhancements with added buffer bases

and OH– are summarized in Table 1. As reported earlier for
other single-site, polypyridyl RuV(O) oxidants with added buffer
bases (17, 20), the rate law is consistent with rate-limiting O-atom
transfer from RuV(O) to a water molecule with O–O bond for-
mation. In this interpretation, O–O bond formation is dominated
by APT with proton transfer occurring to added proton acceptor
bases as illustrated for HPO4

2− in Eq. 5 (17). Once formed, the
hydroperoxide intermediate undergoes further oxidation at the
electrode and O2 release, Eq. 6, to complete the catalytic cycle
(11, 16, 17, 19, 20). The notable rate acceleration with added
OH– may occur due to OH– acting as the acceptor base or due to

direct OH– attack on RuV(O) to give the intermediate hydro-
peroxide, Eq. 7 (20).

�
RuVðOÞ�+ +H-O-H---OPðOÞ2OH2− →�

RuIII-OOH
�
+HOPðOÞ2OH−,

[5]

�
RuIII-OOH

�����������!−4e− , +H2O, − 3H+�
RuVðOÞ�+ +O2, [6]

�
RuVðOÞ�+ +OH− →

�
RuIII-OOH

�
. [7]

Under our conditions, there is no evidence for second-order
kinetics and rate-limiting O–O bond formation by RuV(O) as found
earlier in acidic solution for the picoline derivative (21). However,
we cannot rule out a mechanism involving rate-limiting oxidation
of RuIV-OH, presumably as [RuIV(CO2-bpy-CO2)(isoq)2(OH)]+,
to [RuV(O)]+, Eq. 8, followed by [RuV=O]+—[O=RuV]+ cou-
pling. In this interpretation, kinetic enhancements by added
proton bases, including OH−, arise by a proton-coupled electron
transfer (PCET) effect with electron transfer to the electrode
occurring in concert with proton transfer to the added base by
concerted electron–proton transfer (33–37). Note Eq. 8 with
HPO4

2− as the proton acceptor base:

�
RuIV-OH

�+
+HPO2−

4 ⇌RuIV-O-H+---OPðOÞ2OH2−

RuIV-O-H+---OPðOÞ2OH2−���!−e− �
RuVðOÞ�+

+
�
H-OPðOÞ2OH

�−
  ðrate  limitingÞ,

[8]

2
�
RuV =O

�+
→

�
RuIVO-ORuIV

�2+ ðrapidÞ. [9]

Our results demonstrate dramatic rate enhancements in water
oxidation by [1] with added OAc–, HPO2−

4 , PO3−
4 , and OH−. In a

buffer solution, 1.0 M in HPO2−
4 at pH 7.2, the rate acceleration

for water oxidation is 83-fold compared with pH 1 and 10-fold
compared with [RuII(Mebimpy)(bpy)(OH2)]

2+ at pH 7.2 (17). In
1.0 M PO3−

4 , the estimated half-time for water oxidation is ∼ 7 μs.
Until at high pH with appreciable concentrations of OH– in

solution, pH plays an indirect role with rate enhancements dic-
tated by the concentration of added buffer base and the buffer
pKa. The key to rate accelerations under these conditions is direct
involvement of the buffer base in either APT or PCET pathways.

Materials and Methods
All commercial chemical reagents were used as received except as noted.
Electrochemical measurements were performed with a CH Instruments CH-
660D electrochemical workstation at room temperature. A three-electrode
configuration was applied in a single compartment cell with a glassy carbon
working electrode, Ag/AgCl reference electrode, and platinum wire counter
electrode. Solutions were purged with argon through a solvent bubbler filled
with Milli-Q H2O in order to exclude O2, reduce evaporation, and to prevent
catalyst decomposition. More detailed experimental considerations are
provided in SI Appendix.
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Table 1. Kinetic data for base-assisted water oxidation at I= 0.5 M
(NaClO4) in 4% (vol/vol) CH3CN at 22 ± 2 oC

B pKa, HB kB, M
–1·s–1

H2O −1.74 kH2O ≅ 6 s–1

OAc– 4.76 93 ± 14
HPO2−

4 7.20 499 ± 29
PO3−

4 12.35 ≅(1.0 ± 0.1) × 105

OH– 15.75 (9.3 ± 0.6) × 105

Fig. 8. Plots of kobs vs. buffer base concentration for (A) OAc− in a HOAc/
OAc− buffer at pH 5.6 (red) and with HPO2−

4 in a H2PO
−
4 =HPO2−

4 buffer at
pH 7.0 (blue). [1] = 0.2 mM, I = 0.5 M (NaClO4), GC working electrode, 4%
(vol/vol) CH3CN, and scan rate of 20 mV/s with icat measured at 1.16 V
with OAc− and at 1.08 V for HPO2−

4 . (B) As in A, [OH–] dependence at pH
11.0–12.2, [PO3−

4 ] is 36 mM, and scan rate is 100 mV/s with the pH varied
from 11.0 to 12.2 by varying [HPO2−

4 ] in HPO−
4 =PO

3−
4 buffers with icat

measured at 1.31 V vs. NHE.
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