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Light-driven water oxidation occurs in oxygenic photosynthesis
in photosystem Il and provides redox equivalents directed to
photosystem |, in which carbon dioxide is reduced. Water oxida-
tion is also essential in artificial photosynthesis and solar fuel-
forming reactions, such as water splitting into hydrogen and
oxygen (2 H>0 + 4 hv — O3 + 2 Hy) or water reduction of CO; to
methanol (2 H,O + CO; + 6 hr — CH30H + 3/2 0y), or hydrocar-
bons, which could provide clean, renewable energy. The “blue
ruthenium dimer,” cis,cis-[(bpy)2(H20)Ru"ORu"(OH,)(bpy).]**,
was the first well characterized molecule to catalyze water oxida-
tion. On the basis of recent insight into the mechanism, we have
devised a strategy for enhancing catalytic rates by using kinetically
facile electron-transfer mediators. Rate enhancements by factors
of up to ~30 have been obtained, and preliminary electrochemical
experiments have demonstrated that mediator-assisted electro-
catalytic water oxidation is also attainable.

catalysis | redox mediator | electron transfer

ater oxidation is a key reaction in photosynthesis, the basis

for most of life as we know it (1-8). It is also a central
reaction in artificial photosynthesis, an example being solar-
driven splitting of water into hydrogen and oxygen, 2 H,O —
O, + 2 H; (9-11). In natural photosynthesis, water oxidation
occurs at photosystem II (PSII) through the Kok cycle after
absorption of four photons. Detailed insight into how this reaction
occurs is emerging on the basis of theoretical and spectroscopic
studies and recent x-ray diffraction and extended x-ray absorption
fine structure results to 3.0-A resolution (12-14).

Given the demands of the half reaction, 2 H,O — O, + 4 H" +
4e~, with requirements for both 4e~/4H* loss and O—O bond
formation, water oxidation is difficult to achieve at a single catalyst
site or cluster. In addition to PSII, water oxidation is
also catalyzed by the ruthenium “blue dimer” cis,cis-
[(bpy)2(H20)Ru™MORu™(OH,)(bpy)2]** (bpy is 2,2'-bipyridine)
and structurally related derivatives (15-21) (Fig. 1). Other catalysts
based on iridium and ruthenium complexes and in ruthenium-
containing polyoxometalates have been reported recently (22-295).

The low oxidation state Ru™-O-Ru" form of the ruthenium
blue dimer undergoes oxidative activation by proton-coupled
electron transfer (PCET) in which stepwise loss of electrons and
protons occurs. PCET is essential, because it allows for the
buildup of multiple oxidative equivalents at a single site or
cluster without building up positive charge (21, 26). As shown by
the results of pH-dependent electrochemical studies (16), loss of
4e~/4H™ occurs to give a reactive, transient intermediate fol-
lowed by O, evolution.

In the absence of a serendipitous discovery, mechanistic
knowledge is required for the design of robust, long-lived
catalysts for water oxidation. Such knowledge is also important
for the microscopic reverse reaction, oxygen reduction to water,
which occurs at the cathode (reducing electrode) in fuel-cell
applications (27, 28).

Mechanistic investigations of ruthenium blue dimer wa-
ter oxidation with Ce(IV) as the net oxidant,
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(bpy)(H0) RuORu(H,0) (bpy)5 ™

4 Ce(1V) + 2 H,O O, + 4 HT,

have resulted in seemingly contradictory observations and/or
different interpretations of data in different laboratories (17—
21). A theoretical analysis of the mechanism based on a density
functional theory (DFT) calculation has also appeared (29).

Results and Discussion

We recently were able to reconcile the seemingly disparate
experimental observations on water oxidation by the ruthenium
blue dimer by a comprehensive series of chemical mixing ex-
periments with spectral and electrochemical monitoring. These
observations revealed a complex mechanism involving a series of
pH-dependent intermediates (21). With this insight in hand, we
now report a strategy for enhancing catalytic rates based on
added redox mediators that increases catalysis rates of water
oxidation by the blue dimer by enhancing the slow step in the
overall catalytic cycle.

A powerful method for studying the blue-dimer oxidation
mechanism is spectrophotometric monitoring of changes in the
solution absorbance after addition of the powerful chemical
oxidant Ce(IV) with E*’[Ce(IV/II])] = 1.74V vs. the normal
hydrogen electrode (NHE) in 1.0 M HCIOy4. The dimer and its
various oxidation states all absorb light strongly in the visible
because of a combination of Ru—O-Ru bridge-based and charge-
transfer absorptions (21). The use of Ce(IV) is restricted to
strongly acidic solutions to avoid the complex hydrolysis phe-
nomena that occur above pH = 1 (30).

Addition of 1 eq of Ce(IV) to solutions containing
((bpy)2(H0)RuMORU(OH,)(bpy)2)* " ((H20)Ru™ORu™ (OH,)**)
in 0.1 M HNO; gives [(bpy)2(HO)Ru'VORu™(OH,)(bpy),]**
((HO)Ru'YORu™(OH,)**) (Eq. 1), with Ay = 495 and 1,173 nm.
Addition of another 2 eq of Ce(IV) (Eq. 2) gives previously charac-
terized [(bpy)2(O)RuYORu!V(O)(bpy):2> " ((0O)RuYORuY (0)3+), with
Amax = 488 and 710 nm. This reaction occurs in two steps with &(298
K, 0.1 M HNOs) = 45 X 10> M~ 's7! for the first step giving
the intermediate Ru'™V-O-Ru'V. It is unstable with respect to dis-
proportionation and undergoes further, rapid oxidation to give
(O)RuVORuV(0)** (21). The designation of localized oxidation states
in this and related mixed-valence intermediates is a convenience. There
is evidence for strong electronic coupling across the u-oxo bridge, and
oxidation states may be delocalized, (O)Ru*Ru*>(0)** (31, 32).

(H,O)Ru™ORu"(OH,)**
+ Ce** - (HO)Ru'"VORu"(OH,)*" + Ce*" + H"  [1]
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Fig. 1. Structure of the ruthenium blue dimer cation, cis,cis-
[(bpy)2(H20)RUMORU"(OH,)(bpy),]4*, in the salt [(bpy),(H20)RuORuUM
(OHy)(bpy)21(Cl04)4-2H,0. The .cif file was taken from the Cambridge Crystallo-
graphic Data Centre (www.ccdc.cam.ac.uk) and corresponds to the structure
published in ref. 16. [Reproduced with permission from ref. 16 (Copyright 1985,
American Chemical Society).]

(HO)Ru'VORu™(OH,)** + 2 Ce** — (O)RuVORu!'V(0)3*
+2Cet+3 H' [2]

Oxidation past (O)RuYORu'Y(0)** by 1 eq of added
Ce(IV) gives an intermediate (I) with Amax = 482 and 850 nm.
The same intermediate appears after addition of 3 eq of
Ce(IV) to (HO)Ru'VORu™(OH,)**. Redox titrations with
addition of Fe?" as a reducing agent show that addition of
4 eq of Fe?* results in quantitative reduction of I to
(H,O)RuMORuM(OH,)**. Increasing the acid concentration to
1.0 M HNOs results in absorption spectral shifts to Aymax = 451
and 750 nm. The absorption changes with acid concentration are
reversible and consistent with the acid-base equilibrium be-
tween I and a second, protonated form (II) shown in Eq. 5 with
0 <pK, <1

[(bpy)2(O)RuYORu'v(0O) (bpy),]**
+ Ce(IV) — {(bpy)(O)RuYORu"(0) (bpy)3*} + Ce(III)
[3]
{(bpy)2(O)RuYORuY(O)(bpy)5 "}
+ H,0 — [(bpy),(HO,) Ru™ORuY(0) (bpy),]** + H*
[4]
[(bpy)>(HO,)Ru'YORu"(OH) (bpy)»]** (1L, A na
= 451,750 nm)=[(bpy),(HO,) Ru™ORuY(0) (bpy),]**
+ H' (I, Aoy = 482, 850 nm)  [5]

Appearance of the intermediate at Ay = 482 and 850 nm
occurs rapidly after one-electron oxidation of (O)Ru-
VORu!'Y(0)** to (O)RuYORuY(0)**. The latter does not build
up as an observable transient but has been trapped as an unstable
black ClO; salt in ice-cold 1.0 M HCIOy4 (17).

In Eq. 5 the intermediate is formulated as a terminal peroxide,
(HO2)RuMORuY(0)3*. This formulation is consistent with the
results of the redox titration and the acid—base equilibrium in Eq.
5. It is also consistent with the results of DFT calculations by
Yang and Baik (29), which predict a peroxidic intermediate. The
oxidation state distribution in deprotonated form I is unknown
but consistent with proton loss and stabilization by oxo forma-
tion in Ru¥ = O (33).

Concepcion et al.

After addition of 30 eq of Ce(IV), the peroxidic intermediate
is the dominant form in the catalytic steady state as shown by
visible absorption measurements. Under these conditions, loss of
Ce(IV), monitored at 360 nm, is first order in intermediate and
first order in Ce(IV) with £(298 K, 0.1 M HNO3) = 183 M~ l-s~ 1.
These observations point to rate-limiting oxidation of
(HO,)RuMORuY(0)3* followed by rapid O, evolution (Egs. 6
and 7) as the final steps in the oxidation cycle. At the end of the
cycle with Ce(IV) largely depleted, the rate-limiting step
changes to Ce(IV) oxidation of (O)RuYORu!'V(0)3* as shown
by its buildup in solution at Amax = 488 and 710 nm.

(HO,)Ru™ORUY(0)** + Ce*" — {(HO,)Ru'VORuY(0)**}
+ Ce** [6]

rapid
{(HO,)Ru'VORuY(0)*"} + H,0 ——

(HO)Ru"VORu™(OH,)** + O, [7]

On the basis of this mechanistic insight, we have devised a
strategy for enhancing catalytic water oxidation by addition of
the kinetically facile electron-transfer mediators, Ru(bpy).(L-
L)?>* [L-L is bpy, 2,2'-bipyrimidine (bpm), and 2,2’-bipyrazine
(bpz)] and [Ru(bpm);]**. With these ligand variations, reduction
potentials for the corresponding Ru(III/IT) couples (E°" vs.
NHE) are varied systematically: 1.27, 1.40, 1.49, and 1.69 V,
respectively. Oxidation to their Ru(IIl) forms by Ce(IV) is
spontaneous or nearly spontaneous with E°'(Ce(IV/III) = 1.60
Vin 1 M HNOs. These couples undergo facile electron transfer
with self-exchange rate constants between the Ru(bpy),(L)**
and Ru(bpy)»(L)?>* forms on the order of 108 to 10° s~1, whereas
the self-exchange rate constant for the Ce(IV/III) couple is
slower by orders of magnitude (34).

bpy bpm bpz

Results obtained by monitoring Ce(IV) loss spectrophoto-
metrically at 360 nm under catalytic conditions with 30 eq of
added Ce(I1V) and added mediator are summarized in Table 1.
Under these conditions the peroxidic intermediate, as I or II
depending on acidity, still dominates at the catalytic steady state
(Figs. 2 and 3). The data in Table 1 demonstrate rate enhance-
ments for water oxidation by factors of up to ~30 as a result of
mediated oxidation of the peroxidic intermediate (Eqs. 8 and 9).
The rate enhancements are attributable to an interplay between
rate-limiting oxidation of RuL3" (Eq. 8) and rate-limiting oxi-
dation of the peroxidic intermediate (Eq. 9). For example, the
rate constant for oxidation of [Ru(phen);]>* by Ce(IV) in 0.1 M
HNO; (=10° M~ 1s71; see ref. 35) is ~500 times more rapid than
oxidation of (HO,)Ru™ORuVY(0)** by [Ru(bpy)s]** (=1.9 X
10> M~1s71). On the other hand, there is no catalysis by
[Ru(bpy)2(bpz)]** in 0.1 M HNO; (Table 1) because of slow
oxidation of RuL3" by Ce(IV).

Rul3" + Ce*' - Rul3" + Ce* [8]
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Table 1. Observed rate constants for Ce(IV) loss by oxidation
of peroxido intermediates | (0.1 M HNOs) or Il (1.0 M HNO3)
at 298 K

k (1.0 M HNO3), k(0.1 M HNO3),

Redox mediator E1/2,V vs NHE M-Ts—1 M-Ts—1
None 80 180
[Ru(bpy)s]2+ 1.27 * 1,900
[Ru(bpy)2(bpm)]2* 1.40 1,000 5,500
[Ru(bpy)2(bpz)]>* 1.49 1,800 t
[Ru(bpm)s]?* 1.69 900 t

As monitored by Ce(lV) loss at 360 nm (see Materials and Methods).
Conditions: [(H,O)RUu"MORuU"(OH,)4*] = 1.25 X 107> M, [redox mediator] =
1.25 X 1075 M, and 30 eq of Ce(IV).

*No catalysis because oxidation of the protonated form of the peroxidic
intermediate [(HO2)RUVORUV(OH)]4* at pH = 0 by Ru(bpy)3" is thermody-
namically unfavorable and slow.

"No catalysis because oxidation of [Ru(bpy),(bpz)]2* or [Ru(bpm)s]?* by Ce(1V)
at pH = 1is slow. E°[Ce(IV/III)] = 1.6 V in 1 M HNOs, but this couple is highly
medium-dependent (30).

(HO,)Ru™ORuY(0)** + RuL3" — {(HO,)Ru'VORuY(0)**}
+ Rul3" 91

With added mediator, oxygen evolution occurs quantitatively
as shown by oxygen electrode measurements. Addition of 30 eq
of Ce(IV) resulted in appearance of the expected ~7.5 eq of O,
consistent with the expected stoichiometry in Eq. 10 and the
catalytic cycle in Scheme 1.

4 Ce(IV) + 2 H,O — 4 Ce(Ill) + O, + 4 H*  [10]

These results are important in further demonstrating and then
exploiting the complex mechanistic details of water oxidation by
the ruthenium blue dimer. They also add to the limited insight
available for water oxidation and make a possible connection
with water oxidation in PSII, in which a peroxido intermediate
has also been proposed (6, 7). Preliminary electrochemical
experiments in 0.1 M HNOj; with a glassy carbon working
electrode demonstrate that mediator-assisted electrocatalytic
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Fig. 2. Spectral changes after the addition of 30 eq of Ce(IV) to a solution
containing 1.25 X 107> M (H,O)Ru"ORu"(OH;)** and 1.25 X 107> M
[Ru(bpy)2(bpm)]?* as redox mediator in 0.1 M HNOs. Initially, the peroxidic
intermediate (HO2)RUMORUY(0)3* (Amax = 482 nm) is the dominant species in
solution, because its oxidation by the redox mediator is the rate-limiting step.
Once all of the Ce(lV) has been consumed (=50 s), the anated species
(O2NO)RUVORUV(OH)** (Amax = 455 nm) beginsto form, and it is the dominant
form of the dimer at the end of the experiment (=900 s).

17634 | www.pnas.org/cgi/doi/10.1073/pnas.0807153105
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Fig. 3. Spectral changes after the addition of 30 eq of Ce(IV) to a solution
containing 1.25 X 107> M (H,O)Ru"ORu"(OH3)** and 1.25 X 107> M
[Ru(bpy)2(bpz)]2* as redox mediator in 1.0 M HNOs. Initially, the peroxidic
intermediate (HO2)RU'VORUV(OH)** (Amax = 451 nm) is the dominant species
in solution, because its oxidation by the redox mediator is the rate-limiting
step. As a result of a higher anion concentration in this case (1.0 M NO3), the
anated species (O,NO)RUVORUN(OH)** (Amax = 455 nm) begins to form before
all of the Ce(IV) has been consumed (=180 s), and it is the dominant form of
the dimer at the end of the experiment (=300 s).

water oxidation (Scheme 2) is attainable with a turnover number
of 19, which has already been achieved.

In the reaction center of PSII, light is harvested by an antenna
array consisting of chlorophylls and organic pigments, which
sensitize the lowest singlet excited state of chlorophyll Pgg or a
neighboring pheophytinp; (36). This excited state subsequently
undergoes oxidative quenching, giving Pgg, by electron transfer
to quinone Q. In the next step, P¢y, oxidizes redox mediator
tyrosine Tyrz (Yz), which in turn activates the oxygen-evolving
complex (OEC) by coupled electron—proton transfer (6, 26).

Cape and Hurst (37) have shown that [Ru(bpy)s]** generated
by persulfate oxidation of [Ru(bpy)s]>** can oxidize the blue
dimer, which in turn oxidizes water. We believe that it should be
possible to mimic the features of the reaction center of PSII in
designed molecular assemblies on the surfaces of appropriately
chosen semiconductor metal oxide electrodes with the ruthe-
nium blue dimer or a derivative acting as an OEC analog (21, 38).

Celv Celll

Ru'(bpy),(L-L)**  Ru'(bpy),(L-L)**

(HO)RuVORu"(OH,)**  (HO,)Ru'VORu™(0)*

Scheme 1.  Catalytic cycle for mediator-assisted water oxidation by the blue
dimer.

Concepcion et al.
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Electrode

4 Ru'l(bpy),(L-L)** 4 Ru'(bpy),(L-L)*

(HO,)RuVORu'v(0)* (HO)Ru'YORu"(OH,)**

+H,0, -0,

Scheme 2. Electrocatalytic cycle for mediator-assisted water oxidation by
the blue dimer.

Materials and Methods

Distilled water was further purified by using a Milli-Q ultrapure water-
purification system. Stock solutions of Ce(IV) for kinetic and stoichiometric
measurements were prepared from (NHz),Ce(NO3)6 (99.99+ %, Aldrich). Nitric
acid (trace-metal grade, 70%) was purchased from Fisher Scientific. cis-
[Ru(bpy),Cl,] and cis,cis-[(bpy)2(H,0)RuORuU"(OH,)bpy),1(Cl04), were pre-
pared as described previously (39, 40). 2,2’-Bipyrimidine (97%) and RuCl3-H,0

-
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were purchased from Aldrich and used as received. 2,2’-Bipyrazine (41) and
[Ru(bpy)3](Cl)2:6H,0 (42) were prepared as described in the literature.
[Ru(bpm)s](PFe)2 (43), [Ru(bpy)2(bpz)I(PFe)2 (43), and [Ru(bpy)z(bpm)](PFe),
(44) were prepared as reported in the literature and converted to the water-
soluble chloride or nitrate salts by metathesis in acetone or acetonitrile with
tetrabutylammonium chloride or nitrate. All other reagents were American
Chemical Society grade and used without additional purification.

UV-visible spectra vs. time were recorded on an Agilent Technologies
model 8453 diode-array spectrophotometer. Data were processed by use of
the program SPECFIT/32 Global Analysis System (SPECTRUM Software Associ-
ates). Kinetic measurements were also performed on a Shimadzu UV-visible
near-infrared spectrophotometer model UV-3600 by monitoring the disap-
pearance of Ce(IV) at 360 nm. Electrochemical measurements were performed
on an EG&G Princeton Applied Research model 273A potentiostat/
galvanostat. Voltammetric measurements were made with a planar EG&G
PARC G0229 glassy carbon millielectrode, a platinum wire EG&G PARC K0266
counter electrode, and Ag/AgCl EG&G PARC K0265 reference electrode. Ox-
ygen measurements were performed with a calibrated O, electrode (Micro-
electrodes, MI-730). In a typical experiment, 30 eq of Ce(IV) wasd added to
stirred solutions containing 3 X 10~ M RuORu" blue dimer in 0.1 M HNO3
with 6 X 1074 M redox mediator. The air-tight reaction cell was purged with
argon before the addition of the Ce(IV) until the digital readout had stabi-
lized. O, evolution vs. time was recorded, and the theoretical maximum was
achieved within 2% for multiple runs with and without redox mediator.
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