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Discovery of an efficient catalyst bearing low overpotential toward water oxidation is a key step for light-driven water
splitting into dioxygen and dihydrogen. A mononuclear ruthenium complex, Ru(ll)L(pic). (1) (HoL = 2,2"-bipyridine-
6,6'-dicarboxylic acid; pic = 4-picoline), was found capable of oxidizing water eletrochemically at a relatively low
potential and promoting light-driven water oxidation using a three-component system composed of a photosensitizer,
sacrificial electron acceptor, and complex 1. The detailed electrochemical properties of 1 were studied, and the onset
potentials of the electrochemically catalytic curves in pH 7.0 and pH 1.0 solutions are 1.0 and 1.5V, respectively. The
low catalytic potential of 1 under neutral conditions allows the use of [Ru(bpy)s]*™ and even [Ru(dmbpy)s]*" as a
photosensitizer for photochemical water oxidation. Two different sacrificial electron acceptors, [Co(NH3)sCI]Cl, and
Na,S,0s, were used to generate the oxidized state of ruthenium tris(2,2'-bipyridyl) photosensitizers. In addition, a two-
hour photolysis of 1in a pH 7.0 phosphate buffer did not lead to obvious degradation, indicating the good photostability
of our catalyst. However, under conditions of light-driven water oxidation, the catalyst deactivates quickly. In both
solution and the solid state under aerobic cond|t|ons complex 1 gradually decomposed via oxidative degradation of its
ligands, and two of the decomposed products, sp®> C—H bond oxidized Ru complexes were identified. The capability
of oxidizing the sp® C—H bond implies the presence of a highly oxidizing Ru species, which might also cause the final

degradation of the catalyst.

Introduction

In nature, water is oxidized by the oxygen-evolving com-
plex (OEC) in photosystem II (PSII) driven by light, provid-
ing electrons and protons for the sustainability of all life
forms on earth. Inspired by the function of OEC, tremendous
efforts have been made on artificial photosynthesis systems
aiming at light-driven water splitting into molecular hydro-
gen and oxygen.' > This approach is extremely important for
solar energy conversion into a fuel, and the ultimate challenge
in this approach is the catalytic water oxidation driven by
visible light.” In heterogeneous systems, light-driven water
oxidation or water splitting has been demonstrated in several
ways, such as electrolysis using photovoltaic cells,® semicon-
ductor-based photoelectrodes via the photoinduced electron
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and hole separation,” '® and catalytic systems composed
of transition-metal photosens1t1zers and metal (Ir and Ru)
oxide water oxidation catalysts.'"*'> On the other hand, light-
driven water oxidation in homogeneous systems is rarely
reported.

A few molecular complexes have been reported to catalyze the
oxidation of water. Few Mn complexes 1[(te ]py)zanOz-
(H,0),J(NO5)5 (terpy = 2,2:6',2"-terpyridine),*™ [Mn,L%-
(H50),])(ClOy), (L* = N—methyl-N’ -glycyl-N,N'- b1s(2-pyridyl-
methyl)ethane-1,2-diamine; it should be noted that one oxygen
atom in the generated dioxygen by this catalyst comes from
oxidant),"® and L°Mn,O, cubanes (L° = (p-R-C4H4),PO, ",
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R = H, Me, OMe)}'*!'7 were described to be functional toward
water oxidation with low to high turnover numbers (TONs). In
contrast, many more ruthenium-based water oxidation catalysts
were produced with promising catalytic properties. In the early
1980s, Meyer and co-workers reported an oxo-bridged dinuclear
ruthenium complex, {cis,cis-[Ru(bpy)»(H,0)]»(#-0)*"} (bpy =
2,2'-bipyridine), the so-called ‘blue dimer”, that efficiently
catalyzes water oxidation.'>'? Since then, more and more efforts
have been devoted to the design of more active ruthenium-based
catalysts, and fruitful results have been obtained. Several deri-
vatives of the “blue dimer” were synthesized with more or less
enhanced catalytic activities.** > Kaneko and Yagi investigated
a series of amine-coordinated Ru complexes, [(NHs)sRu'"-
(u-O)Ru™(NH;),(u-O)Ru"(NH;)s]°", for instance, as water
oxidation catalysts in both homogeneous and heterogeneous
systems.** Tanaka and co-workers reported a novel dinuclear
Ru complex, [Rux(OH),(3,6-Bu,Q),(btpyan)](SbF¢), (3.,6-
Bu,Q = 3,6-di-tert-butyl-1,2-benzoquinone; btpyan = 1,8-bis-
2,26 2’ '-terpyrid-4'-yl)anthracene), with redox-active quinone
ligands.? In 2004, Llobet et al. rePorted a dinuclear Ru complex,
{[Ru(IT)(terpy)(H20)]x(u-bpp)} ™ (bpp = 2,6-bis(pyridyl)pyra-
zolate), using bpp as a bridging ligand instead of an oxo bndge
and a turnover number of 34 toward water oxidation using
Ce(IV) as an oxidant at pH 1.0 was achieved.” After ligand
modification, this type of Ru-bpp-based water oxidation catalyst
was anchored on conducting solid supports, and a TON of 250
was achieved in the heterogeneous phase using Ce(IV) as an
oxidant.?” Recently, several mononuclear ruthenium aqua com-
plexes containing terpyridine as the backbone and only one aqua
ligand in each complex were reported active toward water
oxidation, and the reaction kinetics are first order with respect
to catalysts.”** Meyer and co-workers proposed a seven-
coordinate ruthenium intermediate during the catalytic pro-
cesses.”® Thummel and co-workers developed a series of non-
aqueous polypyridyl ruthenium complexes that catalyze water
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oxidation with higher reactivity.**** Notably, to demonstrate
the mechanistic aspect, one of the mononuclear nonaqua
ruthenium complexes was studied in detail, and this catalyst
could be recovered without ligand exchange after several cata-
Iytic cycles. Consequently, a plausible mechanism involving
seven-coordinate ruthenium species was also proposed.® To
avoid using organic ligands in the construction of water oxida-
tion catalysts, Hill, Bonchio, and their co-workers developed a
new purely inorganic water-soluble catalyst, a Ru polyoxome-
talate [{RU404(OH)2(H20)4}('}/ SIW10036)2]10 343 Inaddition
to ruthenium-based complexes, robust Ir catalysts capable of
catalyzing water oxidation with low reaction rates have been
reported by Bernhard and co-workers.*® On the basis of this
work, Crabtree and co-workers designed several Cp*-based
iridium complexes and gained an increase in the reaction rate
and a decrease in the robustness.”’

For photoinduced water oxidation in homogeneous sys-
tems, the functional catalysts are few. In principle, photo-
sensitizers with oxidation potentials higher than 0.82 V are
able to drive water oxidation, since the oxidation of water to
molecular oxygen thermodynamically happens at 0.82 V
versus NHE under pH 7.0 conditions. However, to the best
of our knowledge, among the rare water oxidation catalzfsts
only a couple of dimeric ruthenium co g)lexes 23,38
tetraruthenium polyoxometalate complex,”’ and CoSO, 41
were reported to promote photochemical water oxidation
in homogeneous systems in the presence of photosensitizers
[Ru(bpy)s]*" or Ru(4,4-DCE-bpy);*" (4,4-DCE-bpy =
4.4'-dicarboxyethyl-2,2'-bipyridine). Another Ru(II) com-
plex has been reported to split water stoichiometrically into
dihydrogen and dioxygen in consecutive thermal- and light-
driven steps.*?

Aiming at light-driven water oxidation (Scheme 1), we
attempted to lower the oxidation potential of ruthenium-
based water oxidation catalysts by introducing negatively
charged hgands and to match the redox potential of
[Ru(bpy)s]~", which is a well-known photosensitizer with
good photopysical properties and a long lifetime of its excited
state. We have reported a dinuclear ruthenium complex with
a negatively charged ligand which greatly lowers the oxida-
tion potential of the ruthenium complex.* Benefiting from
the stabilization of the high valent ruthenium complex by a
negatively charged ligand, very recently, we have designed a
mononuclear ruthenium complex, Ru(II)L(pic), (1) (see the
structure in Scheme 1; H,L = 2,2-bipyridine-6,6’-dicarboxylic
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Scheme 1. Visible Light-Driven Water Oxidation Using Three-Com-
ponent Molecular Systems

W @

R Me
R=H or CH; Complex 1

acid; pic = 4-picoline), with a dicarboxylate ligand as an
efficient water oxidation catalyst, and a seven-coordinate
Ru(IV) intermediate has been successfully isolated and
structurally characterized.**

In particular, complex 1 was found to be capable of
catalyzing water oxidation at low overpotentials. Herein,
we report the electrochemical properties of complex 1 in
water, and the visible light-driven water oxidation by com-
plex 1 using photosensitizers of [Ru(bpy)s]*" (E, n=126V)
and even [Ru(dmbpy);]*" (E;, = 1.10 V; dmbpy = 4,4'-
dimethyl-2,2’-bipyridine; Scheme 1).

Experimental Section

General Considerations. Complex 1, [Ru(dmbpy);](PF),,
and [Ru(bpy);](PFy); were prepared according to the literature
methods.* ¢ [Ru(bpy);]Cl,-6H,0, RuCly-xH,0, 4,4'-di-
methyl-2,2'-bipyridine, sodium persulfate, a pH 7.0 phosphate
buffer (50 mM), and a pH 7.2 phosphate buffer (8.3 mM) were
purchased from Aldrich, and all other chemicals are commer-
cially available. At room temperature, the concentration of the
saturated [Co(NH3)sCl]|Cl, in a phosphate buffer (initial pH 7.0,
50 mM) was quantitatively analyzed to be 29 mM with UV —vis
spectrometry. The NMR spectra were recorded with a 400 MHz
of Bruker Avance spectrometer. Mass spectrometry measure-
ments were performed on a Q-Tof Micro mass spectrometer.
UV—vis absorption spectra were measured with a PerkinElmer
Lambda 750 UV—vis spectrophotometer. Cyclic voltammetric
(CV) measurements were carried out with an Autolab potentio-
stat with a GPES electrochemical interface (Eco Chemie), using
a glassy carbon disk (diameter 3 mm) as the working electrode, a
platinum spiral in a compartment separated from the bulk
solution by a fritted disk as the counter-electrode, and an Ag/
AgCl electrode (3 M KCI aqueous solution) as the reference
electrode. The cyclic volatmmograms were obtained in either a
phosphate buffer (pH 7.0) solution or a CF3;SOs;H aqueous
solution (pH 1.0) containing 10% acetonitrile.

Irradiation and Photolysis. The photochemical oxygen evolu-
tion was investigated under irradiation with a 500 W xenon arc lamp
equipped with a 400 nm cutoff filter and a water jacket to remove
UV and IR radiation, respectively. The intensity where irradiated is
~0.3 W/em?. The photolysis of a complex 1 aqueous solution (5 x
107> M) in a phosphate buffer (pH 7.0) containing 5% acetonitrile
was studied using the above-mentioned light source. The deoxyge-
nated solution was irradiated under stirring and cooled with a water
cooling system. The absorption spectra of the solution were mon-
itored by a PerkinElmer Lambda 750 UV —vis spectrophotometer.

Oxygen Evolution. The oxygen evolution was analyzed with
either a Clark-type oxygen electrode (Hansatech Instruments,
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DW2/2 unit with an S1 electrode; more details of the Sl
electrode and DW2/2 unit could be obtained from the Web site
of Hansatech Instruments Ltd.) or GC chromatography (a GC
7890T instrument with a thermal conductivity detector, a 5 A
molecular sieve column, and with Ar as the carrying gas).

1. Oxygen Evolution Monitored by Oxygen Electrode. Oxy-
gen evolution by complex 1 using [Ru(bpy)s](PF¢); as the
oxidant was recorded with an oxygen electrode. A degassed
acetonitrile solution of 1 (100 L, 80 uM, 8 nmol) was injected
using a syringe through a septum into 2 mL of a deoxygenated
phosphate buffer (pH 7.0) solution containing a small amount
of [Ru(bpy)z](PFe); (due to the instability of [Ru(bpy);](PFe)s
under neutral conditions, we used it directly without drying;
therefore, the exact amount of this oxidant was uncertain). The
generated O, was measured and recorded versus time (Figure
S1, Supporting Information).

For photochemical oxygen generation, the reaction system
was cooled by a circulated water cooling system. Generally, for
the three-component system, the catalyst, sensitizer, and elec-
tron acceptor were dissolved in a phosphate buffer solution
(total 2 mL). After degassing, the above solution was irradiated
and the formation of oxygen was recorded by oxygen electrode.
The other control experiments were carried out in a similar way.
For the [Co(NH3)sCI*" system, the concentrations of 1, the
photosensitizer  ([Ru(bpy)s]** or [Ru(dmb})y)3]2+), and
[Co(NH;)sCI** were 5.5 x 107° M, 6.7 x 107> M, and 2.9 x
1072 M, respectively. In the S,04>~ system, the concentrations
of complex 1, [Ru(bpy);]*", and S,05°~ were 9.5 x 107° M, 1 x
1073 M, and 1 x 10~ 2 M, respectively.

2. Oxygen Evolution Monitored by GC. In a typical experi-
ment, [Co(NHj3)sCI|Cl, (36.2 mg, 1.45 umol), [Ru(bpy);]Cl,
(25 uL, 2 mM), complex 1 (100 4L, 0.5 mM), and a pH 7.0
phosphate buffer (5 mL) were added to a Schlenk tube. The
solution was degassed using the freeze—pump technique three
times and then warmed to room temperature prior to irradia-
tion. The total volume (containing the gas phase and the
solution) is 64 mL. The amount of oxygen evolved was deter-
mined by the external standard method.

Isolation of Ru(II)L(pic)(4-HOOC-py) (4-HOOC-py = Pyr-
idine-4-carboxylic Acid). Evaporation of methanol from a solu-
tion of complex 1 (0.52 g) in the mixed methanol and water
solution gave a dark red precipitate. After filtration and washing
with cold ethanol, complex 1 (0.50 g) was obtained as a dark red
crystalline solid. The proton NMR spectrum of this solid was
identical with the structure of complex 1. After storage of this
solid under aerobic conditions for circa one month, the color of
complex 1 was gradually changed from dark red to dark green.
This dark green solid was dissolved in methanol, and excess
ascorbic acid was added as a reducing agent to convert the
solution from green to red. Then, the solvent was evaporated to
afford a dark red solid. After purification by column chroma-
tography on silica gel using dichloromethane—methanol (3:4,
v/v) as an eluent, Ru(I)L(pic)(4-HOOC-py) was obtained as a
dark red solid (0.16 g, 30%). '"H NMR (400 MHz, CDCls): 6
8.60 (d, 2H), 8.04 (d, 2H), 7.92—7.87 (m, 4H), 7.66 (d, 2H), 7.55
(d, 2H), 7.05 (d, 2H), 2.26 (s, 3H). MS (ESI): m/z* 605.05 (M +
2Na — H)*. Caled: 605.00. UV—vis, Amax(methanol)/nm: 299
(e/dm® mol~! ecm ™! 22200), 384 (7800), 460 (5200).

Results and Discussion

Electrochemical Properties. The cyclic voltammogram
of complex 1 in a pH 1.0 aqueous solution showed two
oxidation waves at 0.86 and 1.11 V, corresponding to the
respective Ru'"™ and Ru"™" processes (Figure 1).4” In

(47) All of the redox potentials reported in this paper are versus NHE.
[Ru(bpy)s]*" was used as a reference with the Ely,rz(Ru”/RuI”) being 1.26 V
versus NHE.
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Figure 1. Cyclic voltammograms of 1 (1.0 mM) and [Ru(bpy);]Cl,
(1.0 mM) in a CF3SOs;H aqueous solution (pH 1.0) containing 10%
acetonitrile.

addition, a catalytic water oxidation peak was observed
from 1.5 V. This potential is much higher than the
potential of the oxidized state of [Ru(bpy)s]*" (E; n =
1.26 V). Consequently, the light-driven water oxidation
by complex 1 using [Ru(bpy)s]*" as a photosensitizer is
thermodynamically unfavored in a pH 1.0 aqueous solu-
tion.

Our recent results on the mechanism of water oxidation
by complex 1 show that ligand exchange is not necessary
and complex 1 can catalyze water oxidation via seven-
coordinate ruthenium intermediates.** This type of reac-
tion mechanism was also suggested by Meyer et al. and
Thummel et al. recently.”®>" Due to this consideration,
there is no need to use pH 1.0 conditions for water
oxidation if we use an oxidant other than Ce(IV). There-
fore, complex 1 could be potentially functional toward
water oxidation under neutral conditions. Moreover,
water oxidation is favored under less acidic conditions.
The electrochemical properties of complex 1 were inves-
tigated in the pH 7.0 phosphate buffer solution (Figure 2).
A reversible wave is observed at £y, = 0.72 V, which is
assigned to the Ru™™ process. Further scanning toward
the anodic direction results in the catalytic water oxida-
tion curve beginning from ca. 0.98 V, which is ca. 0.5 V
lower than that observed in a pH 1.0 aqueous solution. In
order to prove that the catalytic curve is indeed due to the
catalytic oxidation of water, a reverse scan to —1.0 V was
carried out. An irreversible reduction peak at —0.5 V was
observed, which was assigned to the reduction of molec-
ular oxygen. In addition, the reversibility of the Ru'"/™
couple suggests that this catalyst has certain stability
during the electrochemically catalytic water oxidation.
Most importantly, the catalytic potential of complex 1 is
0.28 V lower than the oxidation potential of [Ru(bpy);]**
(Figure 2), which indicates that [Ru(bpy)s]>" could drive
complex 1 to oxidize water.

Chemical Water Oxidation Driven by [Ru(bpy)s]*>".
Subsequently, chemical water oxidation by catalyst 1
using [Ru(bpy);]*" as the oxidant was investigated. Be-
fore the injection of catalyst 1 to the deoxygenated pH 7.0
buffer solution containing [Ru(bpy);](PF¢);, oxygen evo-
lution was observed, but with a very low reaction rate, as
monitored by Clark-type oxygen electrode (Figure S1,
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Figure 2. Cyclic voltammograms of 1 (1.0 mM) and [Ru(bpy);]Cl, (1.0
mM) as well as the background in a phosphate buffer (pH 7.0, 50 mM)
solution containing 10% acetonitrile. The inset shows the reduction peak
of generated O, and the background.

Supporting Information). In contrast, the injection of
catalyst 1 resulted in much faster generation of dioxygen
(Figure S1). As expected, complex 1 can function as a water
oxidation catalyst by using [Ru(bpy);]’" as a chemical
oxidant, indicating that the photogenerated [Ru(bpy);]* "
could potentially drive complex 1 to oxidize water.

Photochemical Water Oxidation: Oxygen Formation
Measured in Liquid Phase. To construct an artificial
system that drives water oxidation with visible light, we
employed a three-component system composed of [Ru-
(bpy);]Cl, as a photosensitizer, [Co(NH3)sCI|Cl, as a
sacrificial electron acceptor, and complex 1 as a catalyst
(Scheme 1). [Co(NH3)sCI]* " reacts with the excited ruthe-
nium complex, [Ru(bp¥)3]2+*, to generate the [Ru-
(bpy)al** species (eq 1).*%%

[Co(NH3)sCIJ*" + [Ru(bpy),]* ™
— [Ru(bpy);]*" +Co* +5NH; +Cl~ (1)

Figure 3 depicts the photochemical water oxidation
monitored by the Clark-type oxygen electrode. In the
absence of light, as complex 1 was added into the deox-
ygenated phosphate buffer (pH 7.0) solution containing
[Co(NH;3)sCIICl, and [Ru(bpy)s;]Cl,, no oxygen was
formed. Irradiation of the above solution immediately
resulted in the evolution of dioxygen, and its concentra-
tion reached a highest value of ca. 390 nmol after 7 min
(Figure 3, curve c). The deactivation of this system was
due to the decomposition of the photosensitizer while
most of complex 1 was also decomposed. From the slope
of the initial oxygen evolution, the maximum turn-
over frequency (TOF,,.,) for catalyst 1 was found to be
>550 h™' (see Figure S2, Supporting Information). The
final pH after the illumination was tested to be 7.7, which
is due to the release of NH3 according to eq 1.

To prove that the oxygen generated in the above
reaction was indeed promoted by catalyst 1, several
control experiments were conducted: (1) Under the same
conditions but without the photosensitizer, no oxygen
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a) [Co(NH,),CIICI, + 1
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Figure 3. Photochemical oxygen evolution in 2 mL phosphate buffer
(initial pH 7.0, 50 mM) solutions of (1) [Co(NH3)sCI|Cl, (2.9 x 102 M) +
1 (5.5 x 107° M), curve a; (2) [Co(NH;)sClICL, (2.9 x 1072 M) +
[Ru(bpy);]Cl, (6.7 x 107 M), curve b; (3) [Co(NH3)sCIICl, (2.9 x
107> M) + [Ru(bpy)s]Cl (6.7 x 107> M) + 1 (5.5 x 10~° M), curve c.

was generated in the presence of light (Figure 3, curve a),
showing that [Ru(bpy);]*" is necessary for water oxida-
tion in this three-component system. (2) Without catalyst
1, the system of [Co(NH3)sCI]Cl, and [Ru(bpy)s]Cl, in a
phosphate buffer (pH 7.0) could also produce dioxygen
under irradiation (Figure 3, curve b). However, the oxy-
gen evolution rate is much slower than that of the three-
component system, confirming that catalyst 1 is indeed
involved in the catalytic water oxidation processes. (3)
Although the cobalt ion was reported to catalytically
oxidize water and the [Co(NH;)sCI|Cl, in our system
can be reduced to form Co>" during the photochemical
reaction (eq 1), no obvious promotion on oxygen evolu-
tion was observed in our triad system using Co(OAc),
(5.5 x 10°®*M and 1.25 x 10~* M) instead of complex 1
(5.5 x 10~° M), indicating that the catalytic water oxida-
tion by the cobalt ion is negligible if any. (4) When RuCl;
and Ru(bpy),Cl, were used instead of catalyst 1, no
obvious promotion of oxygen was observed compared
with the system containing [Co(NH;)sCIl]Cl, and
[Ru(bpy);]Cl,. (5) A light control experiment shows that
the catalytic water oxidation in the system is driven by
light (Figure 4). All of these results clearly confirmed the
light-driven water oxidation by the molecular catalyst 1.

Another commonly used electron acceptor, Na,S-Og,
was also investigated in the typical three-component
system. S,0g” is known to react with [Ru(bpy)s]*"* to
form [Ru(bpy);]’" following an oxidative quenching
reaction (eq 2) and a thermal reaction (eq 3):*°

[Ru(bpy),]*"* 4,057
— [Ru(bpy);]*" + S04~ +S0,%~ (2)

[Ru(bpy);)*" +S04"~ — [Ru(bpy);]*" +504>~  (3)

(50) Henbest, K.; Douglas, P.; Garley, M. S.; Mills, A. jiiissleis
IR 1994, 80, 299.
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Figure 4. Light control experiment of the photochemical water oxida-
tion in a 2 mL phosphate buffer (initial pH 7.0, 50 mM) solution of
[Co(NH3)sCIICL, (2.9 x 1072 M), [Ru(bpy)s]Cl, (6.7 x 107> M), and
1(5.5 x 107° M).
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Figure 5. Illustration of the repetitive reactivation of a photochemical
water oxidation system. The reaction system is a 2 mL phosphate buffer
(initial 7.2, 8.3 mM) solution of Na,S,Og (1 x 1072 M) + [Ru(bpy);]Cl»
(1 x 1073 M) +1(9.5 x 107 M). A sodium hydroxide aqueous solution
(0.3 M) was used for the alkalization.

It was found that the pH value of the fresh solution of
sodium persulfate (10 mM) in a phosphate buffer (initial
pH 7.2) is actually 7.1 at 23 °C; so the addition of sodium
persulfate to a pH 7.2 buffer will increase the acidity. The
photochemical water oxidation was conducted under the
given conditions in Figure 5. Molecular oxygen was
generated quickly under irradiation, and the TOF,,,, of
complex 1 was calculated to be > 1250 h ™! (see Figure S3,
Supporting Information). The lifetime of this three-com-
ponent system was shortened to ca. 50 s in comparison to
7 min for the triad system using [Co(NH3)sCI]*" as the
electron acceptor. When the formation of dioxygen
stopped, the pH value of the solution dropped to 2.9
from 7.1. According to the CV studies of complex 1 in an
aqueous solution, its catalytic properties are sensitive to
the acidity of aqueous solution. An increase of acidity
could shift the onset potential of the catalytic curve to a
positive direction. Thus, the catalytic activity would be
decreased upon increasing the acidity of the solution,
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which might be the reason of the deactivation of our
photochemical oxygen evolution system.

To confirm this presumption, the deactivated solution
(pH 2.9) was neutralized to 7.1 with a sodium hydroxide
aqueous solution and irradiated again. Apparently, rapid
oxygen formation was observed (Figure 5), indicat-
ing that the deactivation is due to the increase of the
acidity. After the second run, the final pH dropped to
3.1. Repeated neutralization could regenerate the activity
once again. After the third run of the photochemical
water oxidation, the pH value decreased to 5.5. During
these repetitive experiments, the amount of oxygen
formed in each run decreased gradually. After the third
run, the addition of more Na,S,Og to the deactivated
system followed by neutralization, however, could restore
the catalytic activity as good as the first run, implying
that the catalyst is rather stable under the given
conditions. Compared with S,05>~, [Co(NH3)sCIJ* " re-
leases NH3; molecules after its decomposition that react
with the released protons during the photochemical water
oxidation and buffer the catalytic system. Therefore,
we prefer to use [Co(NH;)sCI]*" as the sacrificial electron
acceptor instead of S,04°  in the following measure-
ments.

According to the electrochemical data of complex 1, it
is possible to use another photosensitizer which has a
milder oxidation potential than [Ru(bpy);]*" to drive
complex 1 to oxidize water. To investigate this possibility,
an electron richer ruthenium complex [Ru(dmbpy)s]-
(PF¢), with E;,(Ru™™") = 1.10 V which is 0.16 V lower
than that of [Ru(bpy)s]°", was used as the photosensiti-
zer. Interestingly, no oxygen was observed upon the
irradiation of the mixture containing [Ru(dmbpy)s]**
and [Co(NH3)sCI|Cl, in pH 7.0 phosphate buffer
(Figure S4). Co(OAc), was used once again to test its
catalytic ability and no obvious oxygen generation was
detectable in the system. Only if catalyst 1 was included in
the system, O, evolution could be detected under illumi-
nation (Figure S4). Apparently, it is catalyst 1 that
promotes water oxidation in this system. The rate of
the oxygen generation (TOF,,,, = 360, see Fi%ure S5) is
lower than that of the system with [Ru(bpy);]*", due to
the smaller driving force from [Ru(dmbpy);]>" for water
oxidation. Nevertheless, light-driven water oxidation
using [Ru(dmbpy);]*" as a photosensitizer has not been
reported before because of the milder oxidation ability
of [Ru(dmbpy);]** and the lack of a proper water oxida-
tion catalyst bearing such a low overpotential. Concern-
ing these aspects, complex 1 is a promising catalyst
that promotes water oxidation at such a low oxidation
potential.

Photochemical Water Oxidation: Oxygen Formation
Measured in the Gas Phase. The light-driven catalytic
water oxidation in our three-component system with
[Ru(bpy)s]* " as the sensitizer has been further confirmed
by the detection of O, in the gas phase above the reaction
solution with GC (Figure 6). Photochemically generated
oxygen in the system without catalyst 1 was too little to be
detected by GC under our conditions. In contrast, the
system including catalyst 1 led to fast oxygen evolution
upon irradiation. Under the given conditions in Figure 6,
the evolved oxygen reached a maximum of 4.96 umol
after 2 h of irradiation, and the relative turnover number
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Figure 6. Photochemical water oxidation monitored by GC. The reac-
tion systems are 5 mL phosphate buffer (pH 7.0, 50 mM) solutions of (1)
[Co(NH3)sCIICl, (2.9 x 1072 M) + [Ru(bpy)s]Cl, (1 x 107> M), ®; (2)
[Co(NH3)sCIICl, (2.9 x 107> M) 4 [Ru(bpy)s]Cl, (1 x 107> M) + 1 (1 x
107> M), O.

was calculated to be ca. 100 for both catalyst 1 and
[Ru(bpy)s]**.

Decomposition of Complex 1 in Acetonitrile and the
Solid State: Aerobic Oxidation of the sp> C—H Bond.
Complex 1 could be gradually oxidized under aerobic
conditions not only in solution but also in the solid state.
The solution of complex 1 in acetonitrile was stirred at
room temperature under an air atmosphere for one day,
during which the color of the above solution changed
gradually from red to green. The final solution was
analyzed by ESI mass spectrometry in positive mode.
The spectrum of the above green solution shows three
main peaks in the 500—600 region, at m/z" = 530.07,
559.07, and 581.05, respectively, assigned to the mono-
cationic species [Ru(IIT)L(pic),] ", [Ru(I1)L(4-HCO-py), +
H]" (caled: m/z" = 559.02) and [Ru(II)L(4-HCO-py), +
Na]*t (caled: m/z" = 581.00) (see Figure S6, Supporting
Information; 4-HCO-py = 4-pyridinecarboxaldehyde).
The assignment of the Ru(II)L(4-HCO-py), species was
according to the isolation of Ru(IT)L(pic)(4-HOOC-py)
from the degradation products of complex 1 in the solid
state (see structures in Figure 7).

Recrystallization of complex 1 from the mixture of
methanol and water afforded a dark red precipitate whose
'"H NMR spectrum is identical with the structure of
complex 1. During the storage of this precipitate under
aerobic conditions for about one month, the color of the
precipitate changed from dark red to dark green. Dis-
solution of the dark green solid gave a green solution, to
which excess ascorbic acid was added to reduce the high
valent ruthenium complexes, resulting in the formation of
a red solution. From this solution, one main degradation
product was isolated as Ru(II)L(pic)(4-HCOO-py),
which was characterized by '"H NMR spectroscopy and
MS spectrometry (see spectra in Figure S7, Supporting
Information). For the "H NMR spectrum of this complex
in methanol-d,, there are seven peaks in the aromatic
region corresponding to 14 protons and one singlet at 2.26
ppm corresponding to 3 protons, assigned to the aromatic
protons and methyl protons of 4-picoline, respectively.
The MS peak at m/zt = 605.05 was assigned to
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Figure 7. Structures of [Ru(IIT)L(pic),]", Ru(Il)L(4-HCO-py),, and
Ru(II)L(pic)(4-HOOC-py).

[Ru(II)L(pic)(4-HOOC-py) + 2Na — H] " (calcd: 605.00).
Concerning the isolation of Ru(II)L(pic)(4-HCOO-py),
some highly oxidizing ruthenium derivatives from com-
plex 1 under aerobic conditions were formed and could
promote aerobic oxidation of the sp® C—H bond.
Although Ru(IT)L(pic)(4-HCOO-py) could still catalyze
water oxidation using Ce(IV) under pH 1.0 conditions, it
indicates that one of the degradation pathways of our
catalyst under catalytic conditions might be the degrada-
tion of ligands because at least the Ru(IV) species, a
highly oxidizing species, is present in our catalytic system
in order to oxidize water.

Photostability of Complex 1. The photostability of
complex 1 is of importance in light-driven water oxida-
tion. Monodentate ligand photodissociation from ruthe-
nium complexes is known. Typically, photoinduced
dissociation of 4- ammopyrldme from ruthenium com-
plexes has been reported in several cases.’'*> Therefore,
the photostability of complex 1 is needed to be estab-
lished. Photodissociation of 1 in a pH 7.0 phosphate
buffer containing 5% acetonitrile was studied by
UV—vis spectroscopy. After 2 h of irradiation of the
above solution, no decomposition of complex 1 was
detectable by UV—vis (Figure 8), indicating that complex
1 is very stable in the presence of light. Although the
photostability of the higher valent Ru species is not
demonstrated, the present observations including the
degradation of 1 in the solid state and the good photo-
stability of Ru(Il) species convince us to believe that
the deactivation of our system is due to the oxidative
degradation of organic ligands rather than the photode-
composition.

Conclusions

The pH-dependent catalytic properties of complex Ru-
(IDL(pic), (1) toward water oxidation was studied by electro-
chemistry, showing that complex 1 could electrochemically
catalyze water oxidation at relatively low potentials in a
pH 7.0 phosphate buffer. Such a low potential allows us to

(51) Salassa, L.; Garino, C.; Salassa, G.; Nervi, C.; Gobetto, R.; Lamberti, C.;
Gianolio, D.; Bizzarri, R.; Sadler, P. . 2009, 48, 1469.
(52) Zayat, L.; Calero, C.; Albores, P.; Baraldo, L.; Etchenique, R. L 4uz,

baiiaas. 2003, 125, 882.
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Figure 8. Absorbance-time traces of 5 x 107> M complex 1 in a
phosphate buffer (pH 7.0) containing 5% acetonitrile upon visible light
irradiation.
use [Ru(bpy)s]*" and even [Ru(dmbpy)s]*" to serve as a
photosensitizer to drive complex 1 to oxidize water. Con-
sequently, visible-light-driven water oxidation was demon-
strated in a three- com]zz)onent system containing [Ru-
2y)3] “For[ Ru(dmbpy)3 *+ as a photosensitizer, [Co(NH3)s-
or S,05° ™ as a sacrificial electron acceptor, and complex
1 as a water oxidation catalyst. Furthermore, the high photo-
stability of complex 1 was established by photolysis measure-
ments under the same light source as in the photochemical
water oxidation reactions. In addition, the aerobic sp* C—H
bond activation of the pic ligand in complex 1 was observed in
both solution and the solid state, indicating that highly
oxidizing species were generated. Accordingly, the rapid
degradation of complex 1 in the catalytic cycles might be
caused by some highly oxidizing intermediates via ligand
oxidation instead of photodissociation. The detailed mecha-
nism of photoinduced water oxidation by 1 is under investiga-
tion, and structural modification on complex 1 to produce
catalysts with even lower overpotentials and higher stability
toward water oxidation is also in progress.
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Note Added after ASAP Publication. This paper was
published on the Web on December 8, 2009, with a minor
error in equation 2. The corrected version was reposted
on December 28, 2009.
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