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Artificial photosynthesis is a solar energy conversion 
technology that mimics natural photosynthesis, and considered 
to be one of the next big breakthroughs in energy. Our group 
studies the development of functional metal complexes toward 
the realization of artificial photosynthesis. Specific areas of 
research include (i) synthesis of ruthenium-based molecular 
catalysts for water oxidation and carbon dioxide reduction, (ii) 
creation of cluster catalysts for multi-electron transfer reac-
tions, (iii) mechanistic investigation into water oxidation 
catalyzed by metal complexes, (iv) application of proton-
coupled electron transfer toward multi-electron transfer reac-
tions, (v) electrochemical evaluation of the activity of molecu-
lar catalysts for water oxidation and carbon dioxide reduction, 
(vi) electrochemical measurement of metal complexes in 
homogeneous solutions under photoirradiation, and (vii) 
development of reaction fields via self-assembly of molecular 
catalysts. Figure 1.  An overview of our work.
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1.  Oxygen Evolution Catalysed by a 
Mononuclear Ruthenium Complex bearing 
Pendant -SO3

– Groups1)

Rational molecular design of catalytic systems capable of 
smooth O–O bond formation is critical to the development of 
efficient catalysts for water oxidation. In this work, we developed 
a new ruthenium complex which bears pendant SO3

– groups in 
the secondary coordination sphere: [Ru(terpy)(bpyms)(OH2)] 
(terpy = 2,2’:6’,2’’-terpyridine, bpyms = 2,2’-bipyridine-5,5’-
bis(methanesulfonate)). Water oxidation driven by a Ce4+ 
oxidant is distinctly accelerated upon introduction of the 
pendant SO3

– groups in comparisons to the parent catalyst, 
[Ru(terpy)(bpy)(OH2)]2+ (bpy = 2,2’-bipyridine). Spectro-
scopic, electrochemical, and crystallographic investigations 
concluded that the pendant SO3

– groups promote the for-
mation of an O–O bond via the secondary coordination sphere 
on the catalyst, whereas the influence of the pendant SO3

– 
groups on the electronic structure of the [Ru(terpy)(bpy)
(OH2)]2+ core is negligible. The results of this work indicate 
that modification of the secondary coordination sphere is a 
valuable strategy for the design of water oxidation catalysts.

Figure 2.  Schematic illustration of efficient O–O bond formation 

through modification of the secondary coordination sphere.

2.  Three Distinct Redox States of an Oxo-
Bridged Dinuclear Ruthenium Complex2)

Mixed-valence (MV) complexes are excellent model sys-
tems for the investigation of electron-transfer phenomena in 
biophysical processes such as photosynthesis and in artificial 
electronic devices based on conjugated materials. Given that 

the electronic properties of MV states could be strictly con-
trolled by the oxidation state of the dinuclear core, systematic 
investigations on the several oxidation states of dinuclear 
metal complexes are an interesting and important research 
topic. In this work, a series of [{(terpy)(bpy)Ru}(µ-O){Ru(bpy)
(terpy)}]n+ ([RuORu]n+, terpy = 2,2’;6’,2’’-terpyridine, bpy = 
2,2’-bipyridine) was systematically synthesized and charac-
terized in three distinct redox states (n = 3, 4, and 5 for 
RuII,III

2, RuIII,III
2, and RuIII,IV

2, respectively). The crystal 
structures of [RuORu]n+ (n = 3, 4, 5) in all three redox states 
were successfully determined. X-ray crystallography showed 
that the Ru–O distances and the Ru–O–Ru angles are mainly 
regulated by the oxidation states of the ruthenium centers. 
X-ray crystallography and ESR spectra clearly revealed the 
detailed electronic structures of two mixed-valence com-
plexes, [RuIIIORuIV]5+ and [RuIIORuIII]3+, in which each 
unpaired electron is completely delocalized across the oxo-
bridged dinuclear core. These findings allow us to understand 
the systematic changes in structure and electronic state that 
accompany the changes in the redox state.

Figure 3.  Two distinct MV states derived from a homovalent dimer.
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