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Abstract 

This thesis concerns the development and study of Ru-based water oxidation 

catalysts (WOCs) which are the essential components for solar energy 

conversion to fuels. The first chapter gives a general introduction about the 

field of homogenous water oxidation catalysis, including the catalytic 

mechanisms and the catalytic activities of some selected WOCs as well as the 

concerns of catalyst design. The second chapter describes a family of 

mononuclear Ru complexes [Ru(pdc)L3] (H2pdc = 2,6-pyridinedicarboxylic 

acid; L = pyridyl ligands) towards water oxidation. The negatively charged 

pdc
2−

 dramatically lowers the oxidation potentials of Ru complexes, 

accelerates the ligand exchange process and enhances the catalytic activity 

towards water oxidation. A Ru aqua species [Ru(pdc)L2(OH2)] was proposed 

as the real catalyst. The third chapter describes the analogues of 

[Ru(terpy)L3]
2+

 (terpy = 2,2′:6′,2′′-terpyridine). Through the structural tailor, 

the ligand effect on the electrochemical and catalytic properties of these Ru 

complexes was studied. Mechanistic studies suggested that these Ru-N6 

complexes were pre-catalysts and the Ru-aqua species were the real WOCs. 

The forth chapter describes a family of fast WOCs [Ru(bda)L2] (H2bda = 2,2′-

bipyridine-6,6′-dicarboxylic acid). Catalytic mechanisms were thoroughly 

investigated by electrochemical, kinetic and theoretical studies. The main 

contributions of this work to the field of water oxidation are (i) the recorded 

high reaction rate of 469 s
−1

; (ii) the involvement of seven-coordinate Ru 

species in the catalytic cycles; (iii) the O-O bond formation pathway via direct 

coupling of two Ru=O units and (iv) non-covalent effects boosting up the 

reaction rate. The fifth chapter is about visible light-driven water oxidation 

using a three component system including a WOC, a photosensitizer and a 

sacrificial electron acceptor. Light-driven water oxidation was successfully 

demonstrated using our Ru-based catalysts.  

Keywords: water oxidation, ruthenium, electrochemistry, DFT calculation, 

photoelectrochemistry, negatively charged ligand, catalyst 
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bpy  2,2′-bipyridine 
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CV  Cyclic Voltammogram 
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DFT  density function theory  
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G
‡
 Gibbs free energy of activation 
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H2pdc  2,6-pyridinedicarboxylic acid 
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k rate constant 

LUMO lowest unoccupied molecular orbital 
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MLCT  metal-to-ligand charge transfer 

MS  mass spectroscopy 
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OEC  oxygen evolving complex 
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SVD singular value decomposition  
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TEA  triethylamine 
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1. Introduction 

With the depletion of fossil fuels and the increasing energy demand of our 

world as well as the global warming crisis, the supply of carbon-neutral, 

sustainable and inexpensive energy is one of the top challenges facing 

humanity in this century. For surviving and thriving, nature solves its energy 

issue through the photosynthesis which converts carbon dioxide to 

carbohydrates utilizing sunlight as immense energy source and water as nearly 

unlimited electron donor.
[1, 2]

 This has provided an ideal blue print for human 

beings and inspired scientists to design the so-called artificial water splitting 

system (Equation 1).
[3]

 The whole water splitting process consists of two half 

reactions: (i) proton reduction (Equation 2) and (ii) water oxidation (Equation 

3). The former half reaction is less energy-demanding compared with the latter 

one which is usually considered as the bottleneck of the whole water splitting 

process. The difficulty of water oxidation derives from the complexity of the 

reaction itself which involves multiple proton-coupled electron transfer 

(PCET) processes and the O-O bond formation.
[4, 5]

 As a result, water oxidation 

is extremely energy-demanding and occurs thermodynamically at 0.82 V in pH 

7.0 and 1.23 V in pH 1. In practice, overpotential is present, leading to higher 

operation potentials. To minimize the overpotential and increase the reaction 

rate, a water oxidation catalyst (WOC) is required. For the large scale 

application, a qualified WOC has to fulfill the following criteria: (i) long-term 

durability, (ii) low overpotential, (iii) high activity, (iv) low cost, and (v) low 

toxicity. Unfortunately, the development of effective WOCs is difficult and no 

WOC has reached the level of large scale application up to date. Many 

research works still focus on the understanding of the basic reaction 

mechanisms which will in turn guide chemists to design more effective WOCs. 

Equation 1 2H2O + hv  2H2 + O2 

Equation 2 2H
+
 + 4e

−
  H2 

Equation 3 2H2O  O2 + 4H
+
 + 4e

−
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 Water Oxidation in Photosystem II 1.1.

In nature, water oxidation is catalyzed by the oxygen evolving complex (OEC) 

in Photosystem II (PS II) driven by light. Protons and electrons extracted from 

water are then delivered to Photosystem I (PS I) for the reduction of CO2 to 

carbohydrates. 

The electron transfer sequence of light-driven water oxidation in PS II is 

summarized in Figure 1:
[6, 7]

 (i) P680
i
 is excited by absorption of photons or 

energy transfer from light-harvesting antenna chlorophylls, and forms P680* 

which transfers an electron to PS I via pheophytin (Phe), quinones A and B 

(QA and QB), resulting in a highly oxidizing P680
+

; (ii) P680
+

 oxidizes tyrosine 

Z (Tyrz) to a milder Tyrz radical species; (iii) the Tyrz radical extracts an 

electron from the nearby OEC; (iv) water oxidation accompanies when four 

electrons are transferred.  

 

Figure 1 Summarized electron transfer sequence in PS II. 

Extensive studies have revealed that the OEC is a Mn4CaO5 cluster.
[8]

 In the 

past decades, several crystal structures of PS II have been resolved at varies 

resolutions from 3.8 to 1.9 Å. In 2001, the first three-dimensional structure of a 

water-oxidizing PS II complex at 3.8 Å resolutions was described by Witt, 

Saenger and co-workers.
[9]

 This work gave a general view about the size, shape 

and location of the manganese cluster while the Ca atom was not able to be 

located. Most of the protein subunits and cofactors involved in excitation 

energy transfer and electron transport were discussed. In 2004, the X-ray 

                                                           

i
 P680 refers to any of the two special chlorophyll dimers, where P stands for pigment and the 

number 680 for its absorption maximum (680 nm) in the red part of the visible spectrum. 
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crystal structure of the cyanobacterial PS II complex at 3.5 Å resolutions was 

reported by Ferreira et al.
[10]

 The OEC core was then recognized as a Mn4CaOx 

cluster. Later on, the PS II complex with a higher resolution of 3.0 Å was 

reported by Loll et al.
[11]

 Carboxylates were suggested to bind bidentately with 

manganese and calcium atoms. Very recently, Umena, Kawakami and their co-

workers presented a PS II structure at a resolution of 1.9 Å.
[8]

 For the first time, 

the structure of the OEC was clearly described: all metal atoms of the 

Mn4CaO5 cluster and their surrounding ligands were located unambiguously 

(Figure 2). Three manganese and one calcium atoms are linked by four oxygen 

atoms, forming a cubane-like structure; the forth manganese atom dangles 

outside the cubane and is linked to the cubane by two oxygen atoms. Four 

water substrates coordinate to the Mn4CaO5 cluster: two to the dangling Mn 

and the other two to the calcium atom. All the carboxylate ligands, except Glu 

189 residue, coordinate to the Mn4CaO5 cluster bidentately. The redox active 

Tyr 161 is hydrogen bonding to the Mn4CaO5 cluster, which may enhance the 

electron transfer rate between these two components. Asp 61 potentially acts as 

a proton relay and removes protons released from the cubane during the 

oxidation of water. 

 

Figure 2 The structure of the OEC of PS II. 
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 Essential Factors for Oxygen Evolution mediated by Metal 1.2.
Complexes 

The effective development of WOCs requires the detailed mechanistic 

knowledge. Great effort has been spent on understanding the reaction 

mechanisms of water oxidation mediated by transition metal complexes and 

fruitful results have been obtained.
[4, 5, 12-15]

 On the basis of those researches, 

several aspects have to be considered in designing efficient WOCs. 

First is the electron transfer. To facilitate the electron transfer from a catalyst to 

a certain oxidizing equivalent, one way is decreasing the oxidation potentials 

of a catalyst by introducing strong electron donating ligands or substitutes, in 

which way the driving force for electron transfer is increased; another way, if a 

PCET reaction is involved, is introducing intramolecular proton acceptors to 

enhance the PCET process.  

Second is the oxidizing power. One has to lower the redox potentials of a 

catalyst as much as possible and at the same time keep its oxidizing power 

toward water oxidation. These two factors are paradoxical. A catalyst at the 

highest reachable oxidation state under typical water oxidation conditions (E < 

2.0 V vs. NHE (normal hydrogen electrode))
ii
 should have higher oxidizing 

power than the thermodynamic value required for water oxidation at a certain 

pH (E = 1.23 – 0.059pH V). One has to consider a balance between the 

electron transfer and the oxidizing power. 

Third is the O-O bond formation. There are two dominate O-O bond formation 

pathways well established: (i) water nucleophilic attack (WNA) and (ii) 

interaction of two M-O units (I2M). For WNA, a water molecule 

nucleophilically attacks the oxo group of a metal complex, resulting in a 2e
−
 

reduction of the metal center and the O-O bond formation (Figure 3 left). For 

I2M, two mono-radical M-O units couple to each other, forming a peroxo 

intermediate (Figure 3 right). For catalytic water oxidation via the WNA 

                                                           

ii
 All the potentials in this thesis are vs. NHE unless stated. 



   5 

pathway, pre-orientation of the water substrate in a proper angle to the oxo 

group of a metal complex with the assistant of an internal basic site might help 

the O-O bond formation. In addition, electron-withdrawing groups will lower 

the LUMO (lowest unoccupied molecular orbital) of the M=O and thus 

facilitate the WNA pathway. For I2M, reducing the intermolecular repulsion 

(static or steric) and increasing the spin density on the oxo will favor the 

coupling. 

 

Figure 3 Representation of WNA and I2M mechanisms. 

The last but not least is the release of dioxygen. In the catalytic circles of 

several well studied systems, the release of dioxygen is actually the rate 

limiting step. This step is a reductive elimination reaction. Many factors could 

influence the reaction rate of this step and there has not been a clear correlation 

between the electronic effect and the dioxygen releasing rate. 

 Non-Oxygen Transfer Oxidizing Equivalents Used for Water 1.3.
Oxidation study 

Ce(NH4)2(NO3)6 (Ce
IV

) is a strong one-electron transfer oxidant (E  1.70 V at 

pH 0) and is soluble in aqueous solutions. In addition, it has weak absorption 

in the UV-vis region, thus allowing spectroscopic study on catalytic processes. 

Therefore, Ce
IV

 has become the most wildly used sacrificial electron acceptor 

in homogeneous water oxidation catalysis (Equation 4). 

Equation 4 4Ce
IV

 + 2H2O 
   
→   O2 + 4H

+
 +4Ce

III
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Complex [Ru(bpy)3]
2+

 (bpy = 2,2-bipyridine) and its derivatives are the 

commonly used sensitizers for homogeneous light-driven water oxidation 

because of their intense metal-to-ligand charge transfer (MLCT) absorption in 

the visible light range, good thermo-stability, long life time of the excitation 

state and essentially high enough oxidation potentials (E > 0.82 V) to drive 

water oxidization reaction thermodynamically at pH 7. The reaction system 

usually consists of three components: photosensitizer, sacrificial electron 

acceptor and WOC. S2O8
2−

 and [Co(NH3)5Cl]
2+

 are usually employed as 

sacrificial electron acceptors in a light-driven water oxidation system. 

 Synthetic Water Oxidation Catalystsiii 1.4.

The strong electron donating oxo and carboxylate ligands in the OEC play an 

essential role in stabilizing the high valent Mn and lowering redox potentials 

of the OEC. This has inspired chemists to design a few families of synthetic 

WOCs based on transition metals and strong electron donating ligands (O- and 

N-rich ligands). 

1.4.1. Ruthenium-Based WOCs 

Since Meyer and co-workers reported the first molecular WOC cis,cis-

[Ru(bpy)2(H2O)]2(-O)
4+

 (1, Figure 4) with a turnover number (TON) of ca. 13 

and a turnover frequency (TOF) of 0.004 s
−1

,
[16, 17]

 several new families of Ru-

based WOCs have been designed and reported. Thirty years of development on 

Ru WOCs have led to a dramatic improvement on the catalytic efficiency. For 

example, the highest TON
[18]

 and TOF values up to date are 10400 and 469 s
−1

 

(Chapter 4 in this thesis), respectively. Nowadays, Ru-based WOCs are the 

most extensively studied ones, not only in the mechanistic investigation but 

also in the structure-activity correlation. 

                                                           

iii
 During the editing and proofreading stage of this thesis, a number of reports on water oxidation 

catalysis have appeared and thus not been discussed in this thesis. For example, Ir WOCs: N. 
Marquet, F. Gärtner, S. Losse, M. Pohl, H. Junge and M. Beller, ChemSusChem 

DOI: 10.1002/cssc.201100217; Ru WOCs: M. Murakami, D. Hong, T. Suenobu, S. Yamaguchi, T. 

Ogura, S. Fukuzumi, J. Am. Chem. Soc., 133, 11605-11613, and D. E. Polyansky, J. T. 
Muckerman, J. Rochford, R. Zong, R. P. Thummel, E. Fujita, J. Am. Chem. Soc., 

DOI: 10.1021/ja203249e. 
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Figure 4 Selected dimeric Ru complexes for water oxidation. TON and TOF 

values are given in parentheses (TON, TOF).
iv
 
a
 Driven by electric power. 

Several families of dimeric Ru complexes have been reported capable of 

catalyzing water oxidation efficiently. Those include [(Ru(terpy)(H2O))2(-

bpp))]
3+

 (2; terpy = 2,2:6,2-terpyridine; bpp = 2,6-bis(pyridyl)pyrazolate) 

reported by Llobet group,
[19]

 [Ru2(OH)2(3,6-Bu2Q)2(btpyan)](SbF6)2 (3; 3,6-

Bu2Q = 3,6-ditert-butyl-1,2-benzoquinone; btpyan = 1,8-bis(2,2:6,2-

terpyrid-4-yl)anthracene) with redox-active quinone ligands by Tanaka 

group,
[20, 21]

 [Ru2(npp)(pic)4(-Cl)]
3+

 (4; npp = 3,6-di-(6′-[1′′,8′′-naphthyrid-2′′-

yl]-pyridin-2′-yl)pyrazine; pic = 4-picoline) by Thummel group,
[12]

 a 

cyclometalated dimeric ruthenium(II) complex [Ru2(cppd)(pic)6]
+
 (5; H3cppd 

= 3,6-Bis-(6′-carboxypyrid-2′-yl)-pyridazine) and [Ru2(cpph)(pic)4(-Cl)]
+
 (6; 

H2cpph = 1,4-bis(6′-carboxypyrid-2′-yl)phthalazine) by Sun group.
[18, 22]

 

Moderate to high efficiency toward Ce
IV

-driven water oxidation was achieved. 

                                                           

iv
 All these values are based on CeIV-driven water oxidation unless stated. 
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The structures of complexes 2-6 together with their TONs and TOFs are 

shown in Figure 4. It is noteworthy that the O-O bond formation catalyzed by 

2 solely via the I2M pathway (Figure 5, upper).
[23]

 The coupling process 

benefits from the pre-orientation of two Ru=O moieties delivered by the bpp
−
 

ligand. 

 

Figure 5 The O-O bond formation catalyzed by 2 via the I2M pathway (upper) 

and 8b via the WNA pathway (lower). 

Since the discovery of mononuclear Ru catalysts that efficiently catalyze water 

oxidation, chemists have realized that multiple metal centers are not necessary 

for water oxidation catalysis. In 2005, Thummel and co-workers published the 

first family of mononuclear Ru aqua WOCs trans-[Ru(pbn)(4-R-py)2(OH2)]
2+

 

(7; pbn = 2,2'-(4-(tert-butyl)pyridine-2,6-diyl)bis(1,8-naphthyridine); py = 

pyridine; R = Me, CF3 and NMe2; Figure 6).
[12]

 In the early 2008, Meyer, Saiki 

and their co-workers independently reported a new type of mononuclear Ru 

WOCs [Ru(terpy)(BL)(OH2)]
2+

 (8; BL = bidentate ligand; BL = bpy, 8a; BL = 

bpm (2,2′-bipyrimidine), 8b) as shown in Figure 6 and their catalytic 

mechanisms were well defined by electrochemical and kinetic studies as well 

as 
18

O isotope labeling experiments.
[24-26]

 It is believed that a high-valent 

Ru
V
=O species triggers the O-O bond formation via the WNA pathway (Figure 

5, lower). Structural modification on this family of mononuclear Ru aqua 

complexes resulted in a series of new Ru WOCs, such as 8c-d and 9a-d 

(Figure 6),
[5, 27, 28]

 with more or less enhanced activities. As a complementary 

example to mononuclear Ru aqua complexes containing only one Ru-OH2 

bond, complexes cis-[Ru(bpy)2(OH2)2]
2+

 (cis-10) and trans-[Ru(bpy)2(OH2)2]
2+

 

(trans-10) bearing two Ru-OH2 bonds were studied by Llobet group.
[29]

 It has 
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proven that these two complexes are active toward Ce
IV

-driven water oxidation 

although with a handful of turnovers and the operative catalytic mechanism 

involved is only the WNA pathway. 

 

Figure 6 Selected mononuclear Ru aqua WOCs. TON and TOF values are 

given in parentheses (TON, TOF). 
a
 These TOF values were calculated 

according to the half time of Ce
IV

 consumption.
[30]

 

Besides aforementioned Ru aqua WOCs, Thummel and co-workers have 

reported a series of non-aqua Ru complexes that catalyze water oxidation 

effectively.
[31, 32]

 One class of those complexes, [Ru(dpp)(4-R-py)2]
2+

 (11; dpp 

= 2,9-dipyrid-2′-yl-1,10-phenanthroline; R = Me, NMe2 and CF3; Figure 7, 

left), contain phenanthroline-based tetradentate ligands which readily bind 
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ruthenium(II) in an equatorial tetradentate fashion and monodentate pyridyl 

ligands at axil positions. According to density function theory (DFT) 

calculations, a tentative catalytic mechanism was proposed involving seven 

coordinate Ru species (due to the big bite angle of the outside N-Ru-N) as 

shown in Figure 7.
[32]

 Briefly, a water molecule binds to Ru center at the 

oxidation IV state; the next two steps of oxidation are coupled by proton 

transfer, resulting in a Ru
VI

=O species; WNA on the oxygen atom of Ru
VI

=O 

affords a peroxo intermediate Ru
IV

-O-OH which liberates dioxygen after 

transferring two electrons from peroxo to Ru
IV

.  

 

Figure 7 The structure of complex 11 and its related catalytic mechanism. 

TON and TOF values are given in parentheses (TON, TOF). 

 

Figure 8 Selected non-aqua mononuclear Ru complexes for water oxidation. 

TON and TOF values are given in parentheses (TON, TOF). 
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The second class are Ru-terpy-based complexes, formulated as 

[Ru(terpy)(N^N)L]
2+

 (12; Figure 8).
[32]

 A remarkable high TON of 1170 was 

obtained for complex 12b compared with moderate values for 12a (TON = 

390) and 12c (TON = 95). There is still a debate on whether the Cl ligand is 

involved in the catalytic cycle or not. 

Oxidative decomposition of organic ligands during the course of water 

oxidation is one of the deactivation pathways for molecular WOCs. Hill, 

Bonchio and their co-workers independently developed a purely inorganic 

WOC, a Ru polyoxometalate [(Ru4O4(OH)2(H2O)4)(POM)2]
10

 (13; POM = γ-

SiW10O36; Figure 9), which have shown pronounced catalytic activity in both 

Ce
IV

- and visible light-driven water oxidation.
[33, 34]

 

 

Figure 9 The core structure of complex 13. TON and TOF values are given in 

parentheses (TON, TOF). 

1.4.2. Iridium-Based WOCs 

Iridium oxide has long been recognized as a bulk WOC with a low over 

potential and the long term stability.
[35]

 However, molecular Ir-based WOC 

was not known until 2007 when Bernhard and co-workers published the first 

family of Ir WOCs, analogues of [Ir(ppy)2(OH2)2]
+
 (ppy = 2-

phenylpyridine).
[36]

 Their TONs reported are impressively high; for instance, 

complex 14 (Figure 10) gave a TON of 2760. However, their catalytic rates are 

low and thus the reaction needs a long time to reach completion, ca. one week. 

Crabtree, Brudvig and co-workers changed one of the ppy ligands to Cp* 
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(C5Me5) and synthesized several [IrCp*(C^N)Cl] complexes.
[37]

 As a step 

forward on developing Ir WOCs, they discovered that the introducing of Cp* 

could dramatically increase the catalytic rates of Ir-based WOCs. 

Unfortunately, these [IrCp*(C^N)Cl] complexes showed lower TONs (1500 

for [IrCp*(ppy)Cl] (15)) than [Ir(ppy)2(OH2)2]
+
 and its analogues. 

[IrCp*(C^N)(OH2)]
+
 was proposed as the real WOC and WNA on the Ir=O 

species responsible for the O-O bond formation.
[38]

 One of the advantages for 

molecular catalysts is that the structures of known catalysts could be readily 

tailored to pursuit more effective one. Recently, Bernhard and co-workers 

modified complex 15 and introduced an abnormal pyridinium-carbene ligand 

instead of the ppy ligand; complex 16 was obtained and displayed a 

remarkable high TON of ca. 10000.
[39]

 The authors suggested that the high 

activity was due to the high electronic flexibility of the mesoionic ligand of the 

abnormal pyridinium-carbene ligand which stabilizes the low oxidation state Ir 

complex with its neutral carbene-type resonance form and the high oxidation 

state Ir complex with its the charge separate form. 

 

Figure 10 Molecular structures of Ir complexes 14-16. TON and TOF values 

are given in parentheses (TON, TOF). 

1.4.3. First Row Transition Metal-based WOCs 

Although nature chose Mn as the source of the OEC, few Mn complexes have 

been reported capable of catalyzing water oxidation, including 
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[(terpy)2Mn2O2(H2O)2](NO3)3 (17; Figure 11) and [L
b

6Mn4O4]
+
 cubanes (18; 

L
b
 = (p-R-C6H4)2PO2


, R = H, Me, OMe; Figure 11).

v [14, 40]
  

 

Figure 11 Molecular structures of Mn-based WOCs 17 and 18.
 
 

The oxidation of water by 17 using oxygen transferring oxidants (hypochlorite 

and peroxymonosulfate) was discovered by Crabtree and co-workers.
[40]

 Later 

on, Yagi and co-workers found that this complex adsorbed on Kaolin, mica and 

montmorillonite K10 could mediate the Ce
IV

-driven water oxidation with 

moderate TONs up to 17.
[41]

 The catalytic water oxidation is second order in 

catalyst, indicating that O-O bond formation involves intermolecular coupling 

of two manganyl oxoes. The other family of Mn-based WOCs 18 was reported 

by Dismukes and coworkers.
[14]

 Under UV light irradiation, one molecular 

complex 18 could release one molecular oxygen via the intramolecular O-O 

coupling of two bridging oxoes. Complexes [L
b

6Mn4O4]
+
 were also applied in 

electrochemical water oxidation electrode using conducting Nafion
vi

 as a 

support and high TONs up to 1000 level were achieved driven by electric 

power and UV light.
[42, 43]

 Recently, Hocking, Spiccia and co-workers revealed 

that a mineral-like Mn
III/IV

-oxide is the real WOC for the [L
b
6Mn4O4]

+
-Nafion-

                                                           

v
Mn-based catalysts using oxygen transferring oxidants to oxidize water are not regarded as real 

WOCs and therefore not discussed in this thesis. 

vi
 Nafion is a polytetrafluoroethylene (Teflon)-type polymer with hydrophobic fluorinated 

backbone and hydrophilic perfluorovinyl pendant side chains ended with sulfonic acid groups. 
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based water oxidation electrode.
[44]

 [L
b

6Mn4O4]
+ 

dissociates into Mn
II
 

compounds in the Nafion and then Mn
II
 compounds are reoxidized to form 

dispersed Mn
III/IV

 nanoparticles.
 
 

Besides Mn-based WOCs, several Co- and Fe-based WOCs were also 

discovered recently. In 2010, Hill and co-workers reported a fast water soluble 

carbon-free Co-based WOC, B-type [Co4(H2O)2(α-PW9O34)2]
10−

 (19; Figure 

12).
[45]

 Interestingly, catalyst 19 contains only earth-abundant elements and is 

stable under catalytic conditions. With [Ru(bpy)3]
3+

 as a sacrificial oxidant at 

pH=8, this catalyst catalyzes water oxidation with an initial rate of 5.0 s
−1

 and 

a turnover number of 1000 (limited by the amount of oxidant). Later on, 

Berlinguette and co-workers reported a Py5-Co complex [Co(Py5)(OH2)]
2+

 

(20; Py5 = 2,6-(bis(bis-2′-pyridyl)methoxy-methane)-pyridine; Figure 12) that 

efficiently mediates the oxidation of water electrochemically with a reaction 

rate coefficient  79 s
−1

.
[46]

 The nucleophilic attack on the Co
IV

-hydroxy/oxo 

species by an incoming water/hydroxide substrate was suggested to form the 

O-O bond. Very recently, Nocera and co-workers discovered a mononuclear 

cobalt hangman corrole complex (21; Figure 12) capable of catalyzing water 

oxidation electrochemically.
[47]

 When immobilized in Nafion films, the TOF 

for water oxidation at the single cobalt center of the hangman platform reached 

0.81 s
−1

 driven at 1.4 V vs. Ag/AgCl. The pendant –COOH group appears to 

benefit the O-O bond formation by pre-organizing the incoming water in close 

proximity to the cobalt oxo. 

 

            19 (1000, 5.0 s−1)a                                  20                                 21  

Figure 12 Structures of cobalt-based WOCs 19-21. TON and TOF values are 

given in parentheses (TON, TOF). 
a
 [Ru(bpy)3]

3+
 was used as oxidant. 
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The first family of Fe
III

-tetraamido macrocyclic ligand WOCs (Fe
III

-TAMLs; 

22; Figure 13) was recently discovered by Collins and co-workers.
[48]

 The 

oxygen evolution was rapid in the first ca. 20 s and then became very slow. For 

the best catalyst 22d, 16 turnovers were achieved with TOFinitial = 1.3 s
−1

. Both 

oxidative and hydrolytic decomposition pathways were proposed to limit the 

catalytic performance of Fe
III

-TAMLs. Since iron is the first earth-abundant 

metal and is environmentally friendly, this work opens up the way to the 

development of large-scale affordable WOCs. 

 

Figure 13 Molecular structures of Fe
III

-TAMLs 22a-d. TON and TOF values 

are given in parentheses (TON, TOF). 

 The Aim of This Thesis 1.5.

The aim of this thesis has been to design and synthesize Ru complexes for 

water oxidation catalysis and understand their catalytic mechanisms. The main 

strategy has been to lower the oxidation potentials of Ru complexes and 

stabilize their high valent states by introducing negatively charged ligands.  
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2. Ru-pdc Complexes for Water Oxidation 

(Papers I and II) 

 Introduction 2.1.

Recently, we have reported a dinuclear Ru complex [Ru2(cppd)(pic)6]
+
 (5; 

Figure 4) that efficiently catalyzes Ce
IV

-driven water oxidation.
[22]

 Due to the 

strong electron donating ability of negatively charged ligand cppd
2−

, complex 5 

displays significantly lower redox potentials compared with similar complexes 

with neutral ligands, such as complex 4. Considering that mononuclear Ru 

complexes could catalyze water oxidation, we decided to use pdc
2−

 (H2pdc = 

2,6-pyridinedicarboxylic acid) instead of cppd
2−

 to synthesize mononuclear Ru 

complex [Ru(pdc)(pic)3] (23b; Figure 14) and [Ru(pdc)(bpy)(pic)] (24; Figure 

14). Not like cppd
2−

, tridentate pdc
2−

 does not share its negative charges with 

other Ru atoms, making the related mononuclear Ru complexes more electron 

rich. It turns out that 23b is a fast WOC and much more effective than 24. 

Furthermore, we systematically installed electron-withdrawing and -donating 

groups on monodentate pyridyl ligands of 23b, synthesized [Ru(pdc)L3] (L = 

4-MeO-py, 23a; py, 23c and pyrazine, 23d. Figure 14) and investigated the 

electronic effect on their catalytic performances. In addition, a Ru aqua species 

[Ru(pdc)L2(OH2)] was proposed as the real WOC. 

 
Figure 14 Structures of ligands H2pdc and H2cppd and complexes 23a-d and 

24. 



   18 

 Synthesis 2.2.

Complexes 23a-d were synthesized by one-pot two-step reactions of cis-

[Ru(dmso)4Cl2] (dmso = dimethyl sulfoxide) and H2pdc in the presence of 

triethylamine (TEA) followed by addition of the corresponding 

pyridine/pyrazine-based ligands. Complexes cis-[Ru(pdc)(dmso)(4-R-py)2] (R 

= OMe, 25a; H, 25b) were isolated as byproducts of 23a and 23c, respectively. 

Scheme 1 shows the stepwise formation of 23a-d: (i) deprotonation of H2pdc 

by TEA gives pdc
2−

; (ii) complexation of pdc
2−

 with cis-[Ru(dmso)4Cl2] 

generates an intermediate [Ru(pdc)(dmso)2Cl]
−
, evidenced by the observation 

of m/z
−
 = 457.96 (calcd: 457.91) in the mass spectroscopy (MS); (iii) upon 

adding pyridyl ligands/pyrazine, [Ru(pdc)(dmso)2Cl]
−
 is gradually converted 

to cis-[Ru(pdc)(dmso)L2]; (iv) further replacement of dmso by L yields the 

corresponding [Ru(pdc)L3]. 

 

Scheme 1 Proposed stepwise formation of [Ru(pdc)L3]. 

A similar procedure was used for the preparation of complex 24 as for 23a-d. 

Complexation of cis-[Ru(dmso)4Cl2] and H2pdc in the presence of TEA was 

followed by addition of 1 equiv. of bpy ligand, yielding [Ru(pdc)(bpy)Cl]
−
 as 

proved by MS. Excess 4-picoline was then added to yield the final product 24. 
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 X-ray crystal structure of 23b 2.3.

Crystals of 23b were obtained by recrystallization from the mixture of 

dichloromethane and hexane. Figure 15(Left) depicts the X-ray crystal 

structure of 23b. Two independent molecules of 23b and five solvate water 

molecules are present in the unit cell. The O-Ru-O angle is 158.0(2), far less 

than 180 of an ideal octahedral configuration, indicating a strong distorted 

octahedral configuration. The tridentate chelating of pdc
2−

 makes the Ru-

N4/Ru-N8 bond shorter than other Ru-N bonds by ca. 0.14 Å. Water molecules 

and carboxylate groups form hydrogen bonds. A hydrogen bonding network 

was represented in Figure 15(Right). The oxygen atom of carbonyl group 

could accept either one or two hydrogen donors. This information is especially 

useful for the computational study on the proton transfer mediated by WOCs 

containing carboxylate ligands.  

 

Figure 15 Left: the X-ray crystal structure of 23b with thermal ellipsoids at the 

50% probability, containing two molecules of 23b and five water molecules 

O9−O13 (hydrogen atoms are omitted for clarity). Right: illustration of the 

hydrogen bonding (green dashed bonds) network (hydrogen atoms and axil 4-

picoline ligands are omitted for clarity). This crystal structure was resolved by 

Mikhail Gorlov. 
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 Spectral and electrochemical properties 2.4.

The electronic absorption spectra of [Ru(pdc)L3], 23a-d, in acetonitrile at 

room temperature were recorded. Two sets of MLCT bands (1 and 2) 

between 350-480 nm were observed for each complex (Figure 16). It is worth 

noting that the electron donating ability of monodentate ligands are in the 

order of 4-MeO-py > pic > py > pyrazine. Interestingly, less electron donating 

ligands compress the MLCT bands at 1 and 2 of their Ru complexes. We 

reasoned that MLCT bands at 1 were assigned to Ru-d  L-* absorption 

and bands at 2 to Ru-d  pdc-* absorption since pdc
2−

 ligand contains two 

carbonyl groups and has a lower * orbital than monodentate L. In addition, 

the shifts of MLCT bands could be well explained: (i) the less electron 

donating L stabilizes Ru-d more than pdc-*, resulting in an increase of the 

Ru-d  pdc-* band gap and thereby a blue shift of the absorption band at 2; 

(ii) in contrast, the less electron donating L lowers L-* more than Ru-d, 

resulting in a decrease of the Ru-d  L-* band gap and consequently a red 

shift of the absorption band at 1. 

 

Figure 16 MLCT bands of complexes 23a-d. 
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The electrochemical study of complexes 23a-d was performed in pH 1 

aqueous solutions containing 20% acetone (due to the solubility issue of 

catalysts). Figure 17 displays the Cyclic Votammograms (CVs) of complex 

23a as well as backgrounds. A reversible couple at 0.37 V is corresponding to 

the Ru
III/II

 process. This value is 0.82 V lower than that of complex 12c 

(E(Ru
III/II

) = 1.19 V) containing only neutral ligands. The Ru
IV/III

 process is 

irreversible (E
ox

 = 1.22 V), implying an electrochemical process. We propose 

that the Ru
IV

 intermediate is unstable and undergoes ligand exchange between 

pyridyl ligand and free water to generate Ru
IV

-OH2 or Ru
IV

-OH 

([Ru(pdc)L2(OHx)]
x+

, x = 1 or 2). A large catalytic current arises from 1.48 V 

and is contributed from catalytic water oxidation as proven by the detection, in 

the reverse scan, of a reduction peak (−0.4 V) of the generated oxygen. 
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Figure 17 CV of 23a in pH 1 aqueous solution containing 20% acetone, as 

well as backgrounds under Ar and air. The reduction peak of O2 was observed 

at −0.4 V (red curve). 

The Cyclic Voltammetric data of complexes 23a-d are summarized in Table 1. 

Electron-donating ligands, i.e. 4-MeO-py, lower the oxidation potential as well 

as the catalytic onset potential. In addition, the catalytic current, for instance, 

at 1.7 V, is elevated with increasing the electron-donating ability of pyridyl 

ligands. The catalytic current at 1.7 V vs. E
ap

(Ru
III/II

) is in a linear relationship, 
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indicating that the electrochemical catalytic activity of [Ru(pdc)L3] was 

proportional to the electron-donating ability of L. 

 Water oxidation catalysis 2.5.

Ce
IV

 was used as a sacrificial electron acceptor to study water oxidation 

catalyzed by 23a-b; oxygen generated was monitored with an oxygen sensor 

and calibrated finally by GC (gas Chromatography); the catalytic data are 

summarized in Table 1. A typical oxygen evolving trace using 23b recorded by 

oxygen sensor is depicted in Figure 18. Addition of a small amount of 23b in 

acetonitrile to a CF3SO3H aqueous solution (initial pH 1) containing large 

excess Ce
IV

 leads to the simultaneous evolving of oxygen, with an initial TOF 

of 0.23 s
1

. After ca. 5 h, 55 mol of oxygen was obtained, corresponding to a 

TON of 550. Under similar conditions, TONs/TOFs of 560/0.29 s
1

, 460/0.09 

s
1

 and 50/-- were achieved for 23a, 23c and 23d. Their activities towards 

Ce
IV

-driven water oxidation follow the same trend as observed in the 

electrochemical measurements. In other words, electro-donating groups 

increase the activity of [Ru(pdc)L3]. Compared with other mononuclear Ru-

based WOCs reported by Meyer, Sakai, Thummel and Berlinguite, our 

complexes have similar TONs but many larger TOFs (see Table 1). 

Table 1 Cyclic Voltammetric and catalytic data of complexes 23a-d as well as 

catalytic data of selected mononuclear Ru-based WOCs. 

complex E
ox

 (V) E
onset

 (V) I (A)
a
 TON TOFinitial (s

−1
) 

23a 0.38, 1.21 1.48 188.02 560
b
 0.29 

23b 0.53, 1.22 1.49 132.40 550
b
 0.23 

23c 0.58, 1.24 1.52 66.65 460
b
 0.09 

23d 0.83, 1.30 1.57 48.05 50
b
 0

c
 

7 -- -- -- 260 0.014 (ref  12) 

8a -- -- -- 310 0.029 (ref  25) 

11 -- -- -- 416 0.028 (ref  32) 

12b -- -- -- 1170 0.034 (ref  32) 
a
 catalytic current at 1.7 V; 

b
 Conditions: CF3SO3H aqueous solution (initial pH 

1, 3 mL) containing Ce
IV

 (1.67  10
1

 M for 23b; 8.33  10
2

 M for the rest) 

and catalyst (3.33  10
5

 M for 23b; 6.67  10
5

 M for the rest). 
c
 Too low.
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Figure 18 Oxygen evolution catalyzed by 23b vs. time (recorded in gas phase 

by oxygen sensor and calibrated by GC). Conditions: CF3SO3H aqueous 

solution (initial pH 1, 3 mL) containing Ce
IV

 (1.67  10
1

 M) and catalyst (3.33 

 10
5

 M). 

 Mechanistic studies 2.6.

Complex 23b was used for the detailed mechanistic study of water oxidation 

catalysis. The equatorial 4-picoline of 23b turned out to be labile under acidic 

conditions according to the detection of free 4-picoline by NMR spectroscopy 

when 23b was treated with acid. Recently, density function theory (DFT) 

calculations revealed that the release of equatorial 4-picoline of 23b is only 12 

kcal/mol at its Ru
III

 state.
[49]

 Furthermore, we were able to precipitate reaction 

intermediates under reaction conditions. The MS analysis of the intermediate 

in acetonitrile proved the formation of [Ru(pdc)(pic)2(acn)]
+
 (acn = 

acetonitrile) which, we believe, was formed from [Ru(pdc)(pic)2(OH2)]
+
 after 

the dissolution of the isolated intermediates in acetonitrile. In addition, 

acetonitrile was not necessary for the catalytic reaction since the addition of 

solid 23b to Ce
IV

 aqueous solution indeed produced dioxygen. Besides 

[Ru(pdc)(pic)2(acn)]
+
, [Ru(pdc)(pic)(acn)2]

+
 was also detected, suggesting the 

formation of [Ru(pdc)(pic)(OH2)2]
+
 under catalytic conditions. On the basis of 

the discovery of several one-site WOCs,
[4, 5]

 we tentatively proposed trans-
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[Ru(pdc)(pic)2(OH2)]
+
 is the real WOC of the pre-catalyst 23b. However, we 

could not preclude that [Ru(pdc)(pic)(OH2)2]
+
 was also a WOC. In the kinetic 

study, it was found that the catalytic reaction is fist order in catalyst 23b. Most 

likely, a mononuclear catalytic pathway is involved. These catalytic aspects of 

23b may also be relevant to the binuclear complex 5. 

It is interesting to note that complex 24, in which a bpy ligand was used to 

replace two of pic ligands of 23b, produced a negligible amount of oxygen 

under the same conditions as used for 23b. For 24, the axial pic ligand and the 

bpy ligand are difficult to be replaced by the aqua ligand, which suppresses the 

catalytic activity of 24. This observation reaffirmed that the labile axial pic 

ligand in 23b is indeed a central factor for the high reactivity. 

 Summary 2.7.

We have designed and synthesized a series of mononuclear ruthenium 

complexes containing negatively charged pdc
2−

 as a backbone ligand. 

Complexes 23a-c showed good catalytic activities towards Ce
IV

-driven water 

oxidation. Ligand exchanged species, formally [Ru(pdc)L2(OH2)], was 

proposed as the real WOC. 
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3. [Ru(terpy)(pic)3]
2+

 analogues 

(Paper III) 

 Introduction 3.1.

Previously, we have shown that negatively charged carboxylate-containing 

ligands have strong influence on the redox and catalytic properties of 

WOCs.
[18, 22, 50-52]

 We were then motivated to apply other types of negatively 

charged ligands in the synthesis of WOCs. Recently, Thummel and co-workers 

reported a readily obtainable mononuclear Ru complex, [Ru(terpy)(pic)3]
2+

 

(12c), capable of catalyzing Ce
IV

-driven water oxidation with a moderate 

activity.
[32]

 We thereby decided to screen N3-backbone ligands, from terpy to 

Mebimpy (2,6-bis(1-methylbenzimidazol-2-yl)pyridine) and then bimpy
2

 

(H2bimpy = 2,6-bis(benzimidazol-2-yl)pyridine), synthesized 

[Ru(terpy)(pic)3](PF6)2 (12c), [Ru(Mebimpy)(pic)3](PF6)2 (26) and 

[Ru(bimpy)(pic)3] (27), and studied the electronic effect on their reactivity 

towards water oxidation (see their structures in Figure 19). Mechanistic studies 

suggested that the ligand exchange between the coordinated pic and the free 

water molecule is essential to produce the real catalyst: a Ru-aqua complex. 

Thereby, trans-[Ru(terpy)(pic)2(OH2)](ClO4)2 (28) and its mother complex 

trans-[Ru(terpy)(pic)2Cl](PF6) (29) were synthesized as well (see structures in 

Figure 19). 

 

Figure 19 Molecular structures of complexes 12c and 26-29. 
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 Synthesis 3.2.

Complex 27 was prepared by the reaction of cis-[Ru(dmso)4Cl2] with H2bimpy 

in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in refluxing 

MeOH, followed by adding large excess 4-picoline (Scheme 2). Complex 26 

was prepared with procedures similar to [Ru(bimpy)(pic)3] but without DBU. 

Complex 12c was synthesized according to the literature method,
[32]

 and 

complex 29 was isolated as a byproduct from the same pot. The aqua complex 

28 was produced by the reaction of trans-[Ru(terpy)(pic)2Cl]
+
 (29) and AgNO3 

in the mixed H2O/MeOH at 70 
o
C (Scheme 2). 

 

Scheme 2 Syntheses of complexes 27 and 28. 

 Electrochemical properties 3.3.

Before the description of their electrochemical properties, it is interesting to 

note that complex 27 contains two uncoordinated N atoms and can be 

protonated to form singly protonated [Ru(Hbimpy)(pic)3]
+
 ([27H]

+
) and 

doubly protonated [Ru(H2bimpy)(pic)3]
+
 ([27H2]

2+
) under acidic conditions. 
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The pKa values of [27H2]
2+

 were estimated to be 6.29  0.02 and 8.98  0.10. 

Therefore, complex 27 exists as [27H2]
2+

 at pH 1. 

CV measurements at pH 1 were performed for complexes 12c, 26 and 27 to 

examine their electrochemical catalytic abilities towards water oxidation 

(Figure 20). The half-wave potentials of Ru
III/II

 were observed at 1.19, 0.95 and 

0.93 V for 12c, 26 and 27, respectively. The very small potential difference 

between 26 and 27 implies the formation of [27H2]
2+

. Complex 27 displayed 

an intensive catalytic current whereas 12c and 26 no apparent catalytic current. 

In addition, no peak of further oxidation was observed for both 12c and 26, 

due to the poor electron-donating ability of terpy and Mebimpy and the lack of 

the aid of the PCET. 

 

Figure 20 CVs of complexes 12c, 26 and 27 in pH 1 aqueous solutions 

(adjusted with CF3SO3H) containing 33% acetonitrile. 

The redox property of complex 28 which is proposed as the real WOC of the 

pre-catalyst 12c was extensively studied. Figure 21(upper) displays the 

potential vs. pH diagram (Pourbaix diagram) of 28 in aqueous solutions. The 

PCET couples of Ru
III

-OH/Ru
II
-OH2 appear in a wide pH region from 1.23 to 

11.2, which is broader than that of Meyer’s [Ru(terpy)(bpy)(OH2)]
2+

. Sharp 

Ru
IV

=O/Ru
III

-OH couples were observed at pH > 10.56 however only 

weak/broad waves in pH < 4 were observed and no apparent peak in pH 4−10. 
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Due to this, the sequential proton transfer manner of 28 upon oxidation in pH 1 

cannot be obtained. For the CV of 28 in pH 1, the E1/2 values of Ru
III/II

 and 

Ru
IV/III

 are 0.96 and ca. 1.26 V; further oxidation of Ru
IV

 species results in a 

large catalytic current with an onset potential of 1.55 V (Figure 21(lower)). 

Obviously, 28 does catalyze water oxidation electrochemically, as expected. 

 

Figure 21 Upper: potential vs. pH diagram of 28, recorded in aqueous 

solutions. Lower: CVs of 28 (0.5 mM) in pH 1. 
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 Water oxidation catalysis 3.4.

Ce
IV

-driven water oxidation catalyzed by 12c and 26-29 was studied in acidic 

conditions. The time courses of oxygen evolution were depicted in Figure 22. 

After 22 hours, TONs/TOFs of 89/-- for 12c, 186/-- for 26, 200/0.016 s
−1

 for 

27, 450/0.091 s
−1

 for 28 and 410/0.016 s
−1

 for 29 were achieved. Several 

interesting aspects are worth noting: 

(i) A long induction period is observed for both 12c and 26, indicating that 

they are not real WOCs. Complex 28 needs no induction time and is 

much more active than 12c. On the basis of this observation, we 

proposed the aqua complex 28 is the real WOC of the pre-catalyst 12c. 

As indicated by DFT calculations, the replacement of the equatorial pic 

ligand of [12c]
+
 by a water molecule requires an activation energy about 

23 kcal/mol, in agreement with the long induction period.
[49]

 

(ii) Unlike complexes 12c and 26, complex 27 with negatively charged 

ligand displays no induction time for water oxidation. Complex 27 is 

doubly protonated in pH 1 so that the PCET reaction might occur at 

higher oxidation states than +II, which would result in the formation of 

negatively charged bimpy
n−

 (n = 1 or 2) again. Negatively charged 

ligands could facilitate the ligand exchange process.
[53]

 We thereby 

believe that complex 27 under Ce
IV

-pH 1 conditions undergoes quick 

ligand exchange of pic ligands with free water, resulting in the fast 

formation of Ru-aqua species as the WOC. Consequently, no induction 

period is observed.  

(iii) Complex 28 is slightly faster than 29. It has been documented that Ru-Cl 

complexes act as pre-catalysts to the related Ru-aqua catalysts (Ru-Cl + 

OH2  Ru-OH2 +Cl
−
). Our observation provided further proof for this 

mechanism.  

(iv) Last but not least, similar to [Ru(terpy)(bpm)(OH2)]
2+

 (k(25
o
C) = 7.5 × 

10
4

 s
1

; bpm = 2,2′-bipyrimidine), the loss of Ce
IV

 is zero order in Ce
IV

 

and first order in catalyst 28 (k(21
o
C) = 1.33 × 10

2
 s

1
). Probably, a 

similar catalytic mechanism to [Ru(terpy)(bpm)(OH2)]
2+

, such as the 

mononuclear pathway and the WNA for the O-O bond formation, is also 

involved for 28. 
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Figure 22 Water oxidation catalyzed by 12c and 26-29, recorded by an oxygen 

sensor and calibrated by GC. Conditions: Conditions: CF3SO3H aqueous 

solution (initial pH 1, 3 mL) containing Ce
IV

 (8.33 10
2

 M for 12c, 26 and 27; 

0.32 M for 28 and 29) and catalyst (6.67 10
5

 M). 

 Summary 3.5.

A series of [Ru(terpy)(pic)3]
2+

 analogues: [Ru(Mebimpy)(pic)3](PF6)2 (26),  

[Ru(bimpy)(pic)3] (27), trans-[Ru(terpy)(pic)2(OH2)](ClO4)2 (28) and trans-

[Ru(terpy)(pic)2Cl](PF6) (29) for water oxidation were prepared. We propose 

that Ru-aqua species are the real WOCs for [Ru(terpy)(pic)3]
2+

 analogues. By 

introduction of the negatively charged ligand, we have dramatically tuned the 

catalytic properties of RuN6 complexes, which might be raised from the effect 

of the electron donating ability of N3 ligand on the ligand exchange between 

the coordinated 4-picoline and free water. Among these catalysts, catalyst 28 

which is a real WOC shows the highest TON and TOF values. 
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4. Ru-bda Water Oxidation Catalysts 

(papers IV and V) 

 Introduction 4.1.

The successful design of mononuclear Ru complex 23b towards water 

oxidation encouraged us to exploit the ligand effect on catalytic activity of Ru-

based WOCs. We replaced the negatively charged, tridentate ligand pdc
2−

 to a 

tetradentate ligand bda
2−

 (H2bda = 2,2′-bipyridine-6,6′-dicarboxylic acid). This 

leads us to the discovery of a new family of fast WOCs, [Ru(bda)L2] (L = pic, 

30a; isoq, 30b (isoq = isoquinoline)) as well as the isolation of a dimeric, 

seven-coordinate Ru
IV

 complex (D7Ru
IV

) as an intermediate of water 

oxidation catalysis by [Ru(bda)(pic)2] (30a). The catalytic mechanisms of 30a 

and 30b were studied in detail through spectroscopic, electrochemical, kinetic 

and DFT computational studies. 

Figure 23 Structures of ligands bda
2−

 and pdc
2−

 and complexes 30a, 30b and 

D7Ru
IV

. 

 Synthesis 4.2.

H2bda was obtained by oxidation of 6,6′-methyl-2,2′-bipyridine with K2Cr2O7 

under concentrated H2SO4 conditions. Reaction of H2bda, cis-[Ru(dmso)4Cl2] 

and triethylamine in the refluxing acetonitrile, followed by addition of 4-

picoline afforded mononuclear Ru
II
 complex 30a in a moderate yield. Complex 
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30b was obtained using a procedure similar to that for 30a, except using 

isoquinoline instead of 4-picoline in a methanolic solution. 

 

Scheme 3 Syntheses of complexes 30a and 30b. 

 Water oxidation catalysis 4.3.

The catalysis of water oxidation by 30a and 30b was demonstrated using Ce
IV

 

as an oxidant in acidic conditions. Oxygen evolution was monitored via a 

pressure transducer and the amount of oxygen generated at the end was 

calibrated with GC. As a solution of complex 30a was added to an aqueous 

CF3SO3H solution (initial pH = 1.0) containing excess Ce
IV

, fast oxygen 

liberation was observed. At [30a] = 5.88  10
−5

 M with a large ratio of 

Ce
IV

/30a (8950:1), a TON of ca. 2000 and an initial TOF of 18 s
−1

 were 

achieved (Figure 24B). Since oxygen evolution is second order in catalyst 

(vide infra), the TOF value could be increased further simply by increasing the 

concentration of 30a. Herein we demonstrate that the TOF of 30a increases to 

42.5 s
−1

 at [30a] = 2.16  10
−4

 M (Figure 24A). Complex 30a is impressively 

faster than other reported WOCs toward Ce
IV

-driven water oxidation. More 

surprisingly, an exceptionally high TOF was achieved by 30b, much higher 

than 30a. At [30b] = 1.14  10
−4

 M, a TOF reaches 469  4 s
−1

 (Figure 24C). 

This rate corresponds to the formation of 1.12 L of O2 per mg of 30b per 

minute. At a lower concentration, [30b] = 1.43  10
−5

 M, a TON of 8440 was 

reached (Figure 24D). Next, we carried out electrochemical, spectroscopic, 

kinetic and theoretical studies to elucidate their catalytic mechanisms. 
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Figure 24 Kinetic plots of oxygen formation vs. time. conditions: CF3SO3H 

aqueous solutions (A: 3.7 mL; B: 3.4 mL; C and D: 3.5 mL) containing Ce
IV

 

(A: 0.483 M, 1.79  10
−3

 mol; B: 0.526 M, 1.79  10
−3

 mol; C and D: 0.51 M, 

1.79  10
−3

 mol) and catalyst (A: catalyst 30a, 2.16  10
4

 M, 8  10
−7

 mol; B: 

catalyst 30a, 5.88  10
5

 M, 2  10
−7

 mol; C: catalyst 30b, 1.14  10
4

 M, 4  

10
−7

 mol; D: catalyst 30b, 1.43  10
5

 M, 5  10
−8

 mol). 

 Isolation of the seven-coordinate RuIV dimer 4.4.

In a DPV (differential pulse voltammetry) study of 30a, three oxidation peaks 

at +0.69, +1.16 and +1.39 V were observed in a pH 1 aqueous solution, 

corresponding to the formal oxidations of Ru
II
  Ru

III
  Ru

IV
  Ru

V
 (Figure 

25). The Ru
V
 species triggers water oxidation as shown by the catalytic current 

accompanying the Ru
V/IV

 process. Thanks to the strong electron-donating 

ability of the carboxylates, the E1/2 value of Ru
III/II

 of complex 30a at pH 1 is 

ca. 0.6 V lower than that of [Ru(dpp)(pic)2]
2+

 (11, Figure 7). Essentially, the 

oxidizing power of Ru
IV

 species is not high enough to oxidize water at pH 1 
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(E
ox

water = 1.17 V at pH 1). In other words, Ru
IV

 species is stable at pH < 1. 

This encouraged us to isolate high valent intermediates (Ru
III

 and Ru
IV

) formed 

during water oxidation catalyzed by 30a. 

 

Figure 25 DPV of 30a in pH 1 aqueous solution; working electrode: pyrolytic 

graphite electrode (basal plane); amplitude: 50 mV; pulse period: 0.2 s. 

To isolate catalytic intermediates related to 30a after several catalytic 

turnovers, we oxidized 30a with Ce
IV

 at pH 1. First, 20 equiv of Ce
IV

 were 

added by several portions. Oxygen bubbles evolved and the color of the 

solution of 30a changed from dark red to yellow. After oxygen evolution 

ceased, aqueous NH4PF6 was added, resulting in an orange precipitate. This 

precipitate turned out to be [Ru
III

(bda)(pic)2]
+
 according to its paramagnetic 

property (Figure 26, upper) and high resolution mass spectrum (Figure 27, 

left). We, thereby, increased the amount of Ce
IV

 to 60 equiv in order to keep Ru 

species at a higher oxidation state, like +IV. After addition of aqueous NH4PF6 

and keeping stationary in the fume hood overnight, a dark red precipitate was 

afforded. This precipitate displayed two sets of 
1
H NMR peaks: one set 

contains broad peaks and is consistent with the paramagnetic 

[Ru
III

(bda)(pic)2]
+
; another set is diamagnetic and contains all the proton peaks 

of ligands bda
2−

 (8.84, 8.56 and 8.13 ppm) and pic (7.46, 7.10 and 2.28 ppm) 

with a ratio of 1:2 (Figure 26, lower), indicating that this new species is 

structurally similar to complex 30a. HR-MS analysis of this dark red 

precipitate revealed that the diamagnetic species is [Ru
IV

(bda)(pic)2(OH)]
+
 

(observed: 547.0510; calculated: 547.0555; Figure 27, right). 
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Figure 26 
1
H NMR (400 MHz, CD3CN at 40 

o
C) spectra of the orange 

precipitate (upper) and the dark red precipitate (lower). 

 

Figure 27 HR-MS spectra of [Ru
III

(bda)(pic)2]
+
 and [Ru

IV
(bda)(pic)2(OH)]

+
. 

At last, we verified the structures of 30a and its Ru
IV

 species by X-ray 

crystallography. The single crystals of 30a were obtained by diffusion of 

diethyl ether to a methanolic solution of 30a. The X-ray crystal structure of 

30a is consistent with the proposed structure: Ru atom is in a six-coordinate 

configuration; bda
2−

 is tetradentately bound to Ru center; two pic ligands sit at 

two axial positions (Figure 28). Interestingly, the angle of O2-Ru1-O3 is 

122.99, much bigger than the ideal 90 of an octahedron configuration. The 

single crystals of Ru
IV

 species suitable for X-ray analysis was grown at room 
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temperature during the precipitation mentioned above. The isolated Ru
IV

 

species at solid state is a dimeric, seven-coordinate Ru
IV

 complex, namely 

D7Ru
IV

 (Figure 28). It consists of two [Ru
IV

(bda)(pic)2]
2+

 units linked by an 

[HOHOH]
−
 group, three [PF6]

−
 counterions as well as two solvent water 

molecules. Each Ru
IV

 ion is seven coordinated and centered in a distorted 

pentagonal bipyramidal configuration with the O2-N1-N2-O4 dihedral angle 

of 23.13. The [HOHOH]
−
 group coordinates to Ru

IV
 ions through the O atoms 

as the seventh ligand, presenting how water molecules bond to the catalysts 

during water oxidation. Essentially, two solvent water molecules hydrogen 

bond to [HOHOH]
−
 group and serves as acceptors, most likely acting as bases 

to remove protons released from the catalytic center. Hydrogen bonding of the 

carboxylate group and solvent water molecules as well as that of O atoms in 

[HOHOH]
−
 stabilize the dimer in solid state (Figure 29). Finally, it is worth 

mentioning that D7Ru
IV

 can still catalyze Ce
IV

-driven water oxidation, 

implying that D7Ru
IV

 indeed is involved in the catalytic cycle. 

 

Figure 28 The X-ray crystal structures of complexes 30a (left) and D7Ru
IV

 

(right) with thermal ellipsoids at 50% probability. Hydrogen atoms except the 

HO type are omitted for clarity.  
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Figure 29 Illustration of the OHO hydrogen bonding network in the crystal 

structure of D7Ru
IV

 (pic ligands and hydrogen atoms except the HO type are 

omitted for clarity) 

 Pourbaix diagram of 30a 4.5.

The DPVs of 30a at various pH values were recorded and the Pourbaix 

diagram was thereby obtained and displayed in Figure 30. The pH-dependent 

redox property of 30a in aqueous solutions is consistent with the formation of 

a Ru-OH2 complex at the oxidation state of +II. Previous DFT calculations 

suggested that this Ru-aqua complex is seven coordinated and a water 

molecule coordinates to Ru via the big cleft of O-Ru-O.
[54]

 For Ru
III/II

, a PCET 

process is observed from pH 5.5 to 12.9. The pKa values of Ru
II
OH2 and 

Ru
III
OH2 are 12.9 and 5.5, respectively. For Ru

IV/III
, a one-electron-one-

proton PCET process is observed over the whole pH range from 1 to 13.5, 

corresponding to either [Ru
IV
OH/Ru

III
OH2] or [Ru

IV
=O/Ru

III
OH]. 

Oxidation of Ru
IV

=O only involves electron transfer as expected at pH > 5.5 

while oxidation of Ru
IV
OH is accompanied by proton transfer at pH < 5.5. 

This Pourbaix diagram reveals that the three oxidation peaks of 30a at pH 1 

correspond to [Ru
III
OH2/Ru

II
OH2], [Ru

IV
OH/Ru

III
OH2] and 

[Ru
V
=O/Ru

IV
OH]. 
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Figure 30 Pourbaix diagram of 30a. 

Although in solid state the crystal structure of D7Ru
IV

 shows the dimerization 

stabilized by the [HOHOH]

 bridging ligand as well as the hydrogen bonding 

involving the 6- and 6′-carboxylato groups and water molecules, one may raise 

an important question: is the D7Ru
IV

 present in the solution under catalytic 

conditions? Unfortunately, we failed to run the diffusion 
1
H NMR of the Ru

IV
 

intermediate in aqueous solutions because (i) the isolated D7Ru
IV

 is not 

soluble in water (ii) addition of organic solvents leads to degradation of 

D7Ru
IV

. Generally, hydrogen bonding formation is challenging in aqueous 

environments since water molecules are constant competitors. Even the 

WatsonCrick G·C nucleobase pair having three hydrogen bonds is 

insufficient to assembly in aqueous solutions.
[55]

 We tentatively believe that 

Ru
IV

(-HOHOH)Ru
IV

 is not present in catalytic conditions. Instead, according 

to the the Pourbaix diagram of 30a, Ru
IV
OH is the most likely form at pH 1. 
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 Catalytic mechanisms of CeIV-driven water oxidation by 30a 4.6.

4.6.1. Stoichiometric Ce
IV

 conditions 

Stepwise oxidation of 30a with stoichiometric or less than stoichiometric 

amounts of Ce
IV

 at pH 1 was studied and the kinetics was monitored by the 

stopped-flow UV-vis spectroscopy.
vii

 The first oxidation of Ru
II
-OH2 to Ru

III
-

OH2 takes place very fast in solution with aerial oxygen and thus was not 

investigated. Upon mixing 2 eq of Ce
IV

 with Ru
III

-OH2 in 0.1 M CF3SO3H, the 

time-resolved spectra of the reacting mixture at 5.0 ºC was recorded (Figure 

31A). The kinetic trace at  = 290 nm and the fitting are shown in Figure 31B. 

Spectral signatures of the relevant ruthenium containing intermediates were 

calculated using singular value decomposition (SVD) analysis by Specfit, 

(Figure 31C). We also obtained the time dependent species distribution 

diagram (Figure 31D).  

It was found that the second oxidation of Ru
III

-OH2 +Ce
IV

 → Ru
IV

-OH + Ce
III

 

was too fast to measure even in the stopped-flow apparatus. The first measured 

electron transfer process thus corresponds to the third oxidation, 

Equation 5  Ru
IV

-OH + Ce
IV

 
   
→  Ru

V
=O + H

+
 + Ce

III
 

This process is first order with regard to Ce
IV

 and also with regard to the Ru 

catalyst and at 35 C yields a value of kET = 2.3  10
5
 M

-1
·s

-1
 (Equation 5). 

Once Ru
V
 is generated then two of them couple to each other quickly, leading 

to the formation of a putative peroxo bridged complex, 

Equation 6  2Ru
V
=O 

   
→  Ru

IV
-OO-Ru

IV
 

This process is of second order with regard to the concentration of the Ru 

catalysts 30a, independent of [Ce
IV

] and gives a value at 35 C of kD = 1.1  

                                                           

vii
 Performed by Fernando Bozoglian in ICIQ, Tarragona, Spain. 
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10
5
 M

-1
·s

-1
 (Equation 6). Finally a first order process with regard to catalyst 

[30a] and again independent of [Ce
IV

] is found responsible for the oxygen 

liberation, giving a rate constant at 35 
o
C of kO2 = 5.8 s

-1
 (Equation 7). 

Equation 7  Ru
IV

-OO-Ru
IV 
   
→  2Ru

III
 + O2 

 

Figure 31 (A) Spectral changes vs. time at 5.0 ºC after addition of 2 eq of Ce
IV

 

to 30a in 0.1 M CF3SO3H, each graph represents the spectra at a different time. 

(B) Kinetic trace and fitting at = 290 nm. (C) Calculated spectra for the Ru 

containing species based on SVD analysis performed by Specfit. (D) Species 

distribution diagram. 

From the stopped flow measurements at different temperatures over the range 

5−35 
o
C, we obtained activation parameters based on Eyring plots (Table 2). 

The Gibbs free energy of activation (G
‡
) for equations 5, 6 and 7 at room 

temperature (295 K) was calculated to be 10.3  0.5, 10.8  1.4 and 16.5  1.0 

kcal/mol, respectively. The activation parameters reported here are 

significantly lower than those reported for the dinuclear Ru-Hbpp complex in 
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agreement with the much faster oxygen evolution observed in the present case. 

Under stoichiometric Ce
IV

 conditions, the oxygen liberation is the rate limiting 

step. Oxygen liberation triggered by Ru
V
=O was also confirmed by measuring 

the evolved O2 with a Clark electrode under the exact same conditions as in the 

stopped-flow UV-vis measurement. 

Table 2 Rate constants calculated at temperature range 5.0-35.0 
o
C, together 

with their corresponding activation parameters for the reactions of complex 

30a and stoichiometric amounts of Ce
IV

 in 0.1 M CF3SO3H. 

rate constant t (ºC) value ΔH
‡
 (kJ mol

-1
) ΔS

‡
 (J mol

-1
 K

-1
) 

kET (M
-1

 s
-1

) 5.0 

15.0 

25.0 

35.0 

1.2×10
5 

1.3×10
5 

1.8×10
5 

2.3×10
5
 

15±1 -95±4 

kD (M
-1

 s
-1

) 5.0 

15.0 

25.0 

35.0 

3.3×10
4 

6.3×10
4 

8.3×10
4 

1.1×10
5
 

30±3 -51±10 

kO2 (s
-1

) 5.0 

15.0 

25.0 

35.0 

1.9 

3.0 

4.5 

5.8 

25±2 -149±7 

4.6.2. Excess Ce
IV

 conditions 

Under excess Ce
IV

 conditions, the consumption of Ce
IV

 in the presence of 30a 

at pH 1 was monitored at 360 nm by UV-vis spectrometer. Figure 32 (left) 

shows the absorbance-time changes at 360 nm after addition of Ce
IV

 at various 

concentrations, revealing that the consumption of Ce
IV

 is zero order with 

respect to Ce
IV

. Figure 32 (right) depicts the absorbance-time changes at 360 

nm after addition of Ce
IV

 to 30a at various concentrations. The reaction rates 

observed (kobs) under various [30a] were obtained according to the data of 

Figure 32 (right). Plot of kobs vs. [30a] results in a non-linear relationship 

(Figure 33 left); however, plot of kobs vs. [30a]
2
 results in a linear relationship 

(Figure 33 right). Accordingly, the consumption of Ce
IV

 is second order in 30a 
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with a second order rate constant of 7.83  10
5
 M

-1
s

-1
, indicating that a 

binuclear catalytic process is involved in water oxidation by 30a. Thereby, the 

rate determining step under excess Ce
IV

 conditions is the dimerization process 

that is the coupling of two Ru=O species (Equation 6).  

 

Figure 32 Ce
IV

 monitoring at 360 nm after addition of (left) complex 30a (4 

M) to Ce
IV

 aqueous solution (1.5 mM, 1.13 mM and 0.75 mM; 1.5 mL, pH 1) 

and (right) complex 30a (0 M, 1 M, 2 M, 4 M and 6 M) into Ce
IV

 

aqueous solution (1.5 mM, pH 1). No data was collected in the first ca. 5 

seconds due to the operation for injecting catalyst and shaking the solution. 

 

Figure 33 Left: plot of kobs vs. [30a]. Right: plot of kobs vs. [30a]
2
. The kinetics 

for Ce
IV

 decay is second order with respect to the concentration of 30a. 
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The switch of the rate determining step from the oxygen liberation step under 

stoichiometric Ce
IV

 conditions to the dimerization step under excess Ce
IV

 

conditions suggests that the oxygen liberation step in the latter case was 

elevated compared with that in the former case. We propose that a fast 

oxidation of the peroxo intermediate Ru
IV

-OO-Ru
IV

 occurs (see DFT 

calculations below), forming a superoxo-species (Ru
IV

-O−̇O-Ru
IV

) (Equation 

8). The higher oxidation states of IV,IV superoxo intermediate should generate 

O2 much faster than the IV,IV peroxo (Equation 9).
[56]

 Consequently, the 

slowest step changes to the dimerization step in agreement with the second 

order dependence. 

Equation 8  Ru
IV

-OO-Ru
IV 

− 1e
−
 
    
→   Ru

IV
-O−̇O-Ru

IV
 

Equation 9  Ru
IV

-O−̇O-Ru
IV

 
    
→   Ru

III
 + Ru

IV
 + O2 

Now the question is whether the peroxo Ru
IV

-OO-Ru
IV

 can be oxidized by 

Ce
IV

 as suggested in Equation 8. On the basis of DFT calculations, the 

calculated potential of Ru
IV

-OO-Ru
IV

/Ru
IV

-O−̇O-Ru
IV

 is only 1.03 V at pH 1, 

well within the reach of Ce
IV

. The oxidation product is described as Ru
IV

-

O−̇O-Ru
IV

 instead of Ru
IV

-OO-Ru
V
 because (i) for two Ru centers, the Ru-bda 

binding is characterized by nearly identical Ru-N and Ru-O bond distances 

(Figure 34); (ii) the superoxide (O2
−
) bridges two Ru atoms in nearly identical 

fashion (Figure 34); (iii) there is no significant unpaired spin density on neither 

of the two Ru atoms while the unpaired electron is shared by the oxygen atoms 

of the superoxide (O2
−
) bridge. From the superoxo [Ru

IV
-O−̇O-Ru

IV
]

3+
 dimer, 

O2 is liberated in a facile manner via an reduction coupled dissociative 

disproportionation into Ru
III

 and Ru
IV

 fragments (Equation 9). On the basis of 

these computational results, with large access of Ce
IV

, we believe, O2 evolution 

might indeed involve [Ru
IV

-O−̇O-Ru
IV

]
3+

 dimer. 
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Figure 34 The optimized geometry of the [Ru
IV

-O−̇O-Ru
IV

]
3+

 dimer. All 

distances are in Å. All hydrogen atoms are removed for clarity. 

Above all, the catalytic mechanism of 30a was summarized in Scheme 4. The 

left cycle displays the pathway under stoichiometric Ce
IV

 conditions; the right 

one corresponds to the pathway under excess Ce
IV

 conditions. 

 

Scheme 4 Water oxidation mechanisms by 30a under stoichiometric and 

excess Ce
IV

. 
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 DFT investigation on 30b 4.7.

As shown in section 4.3, a substitution of 4-picoline ligands by more aromatic 

isoquinoline ligands lead us to the unprecedented discovery that this alteration 

of the WOC-structure afforded one order of magnitude increase of TOF. 

Kinetics investigation revealed that, similar to 30a, the consumption of Ce
IV

 in 

the presence of 30b with excess Ce
IV

 at pH 1 is zero order in Ce
IV

 and second 

order in catalyst. We believe that 30b has similar catalytic mechanisms to 30a. 

DFT calculations were performed at M06-X level to gain insight into key 

reaction steps.
viii

 

When two Ru
V
=O intermediates approach each other, the combined non-

covalent interactions, such as stacking, hydrophobic force as well as van der 

Waals force, lead to the formation of an encounter complex EC(isoq) (Figure 

35) in which (i) the distance of two Ru-bound oxygen atoms is 3.22 Å; (ii) 

isoquinoline ligands stack to each other and are parallel to each other and (iii) 

two bda planes are nearly parallel. Stacking of axial isoquinolines gives 

EC(isoq) a moderate stability (the energy of formation is ca. 4.5 kcal/mol). 

The SOMO (singly occupied molecular orbital) of mono radical Ru
V
=O has a 

substantial contribution of the p-like atomic orbital of the terminal oxygen. The 

overlap of those p-like orbitals of SOMOs is essential for the O-O bond 

formation between two mono-radical Ru
V
=O units (Figure 35 lower).  

The potential energy profile of the analogs of EC(isoq) as a function of the 

decreasing distance between terminal oxygen atoms, x = [O1 − O2], is shown 

in Scheme 5. A transition state is found at [O1 − O2] = 2.038 Å, namely as 

TS
OO

(isoq) (Scheme 5). The peroxo dimer D
p
(isoq), another key intermediate, 

is optimized and shown in Scheme 5. Remarkably, the O-O bond formation, 

EC(isoq)  TS
OO

(isoq)  D
p
(isoq), does not require significant realignment 

of the interacting species; one Ru
V
=O unit just slides on the other one upon 

decreasing the [O1 − O2] distance. Obviously, stacking of isoquinoline ligands 

is responsible for such a behavior. 

                                                           

viii
 Performed by Timofei Privalov and Beverly Stewart, Stockholm University 
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Figure 35 Optimized encounter complex EC(isoq) (upper) and its total spin 

density (lower); [O1-O2] = 3.22 Å 
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Before oxygen releasing, a triplet superoxo dimer is formed from the singlet 

D
p
(isoq) via the intersystem crossing between singlet and triplet potential 

surfaces in a facile manner (E = 6.3 kcal/mol; Scheme 5). Dissociation of the 

superoxo dimer yields two Ru
III

 monomers and one oxygen molecule. 

At the same DFT level, two Ru
V
=O reacting complexes relative to 30a could 

not form a stable stacking dimer. Instead, the two Ru
V
=O species tend to rotate 

and form relatively stable intermediates in which the angle of two bda planes is 

more than 45 (Scheme 6). These control calculations indicated that non-

covalent interactions between axial isoquinoline ligands in 30b are essential 

for the formation of the stacking dimer as well as the low barrier of 

dimerization.  

 

Scheme 6 Schematic illustration of the interaction of two Ru
V
=O complexes of 

30a with 4-picolines as axial ligands.  

At last, electronic effect is ruled out as a major contribution to the highly 

increased reactivity of 30b compared with 30a. Fine tuning of the redox 

potential of 30a by introducing electron-withdrawing and -donating groups on 

pyridyl motifs has been done.
ix

 One complex, [Ru(bda)(4-Br-py)2], has almost 

the same redox levels as 30b while its catalytic activity is at the same level as 

                                                           

ix
 Manuscript in preparation 
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30a. Accordingly, the electronic effect or the redox level is not essential for the 

dramatic increased reactivity of 30b, which on the other hand leads us to 

believe the non-covalent interactions being major contributors to the increased 

reactivity of 30b. 

 Summary 4.8.

A new family of fast mononuclear Ru-based WOCs bearing a negatively 

charged bda
2−

 as the backbone ligand has been discovered. A high TOF of 469 

s
−1

 was achieved by complex 30b and this value is a two-order of magnitude 

improvement compared with any other reported WOCs. Fruitful mechanistic 

knowledge is gained from experimental and theoretical studies: (i) the seven-

coordination environment is essential for the high reactivity of Ru-bda 

catalysts, which of course benefits from the unique properties of the bda
2−

 

ligand; (ii) the radical coupling of two Ru
V
=O species is responsible for the O-

O bond formation, as evidenced by both kinetic measurements and DFT 

calculations; (iii) non-covalent interactions facilitate the binuclear radical 

coupling of two Ru
V
=O species of 30b and thus make 30b far superior active 

than 30a. 
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5. Visible Light-Driven Water Oxidation 

(papers I, III, VI and VII) 

Although many WOCs have been reported capable of catalyzing water 

oxidation using Ce
IV

 or electric power, visible light-driven water oxidation in 

homogeneous system is rarely reported because of the following reasons: (i) 

for most reported catalysts, their overpotentials toward water oxidation are too 

high, which prevents utilizing commonly used photosensitizers, such as P1-P5 

(see their structures in Figure 36), to drive the uphill water oxidation reaction; 

(ii) their catalytic activities are low and thereby the slow multi-electron 

transfer processes of water oxidation could not compete with the fast charge 

recombination reactions of the photosensitizers, and (iii) in a homogeneous 

system using sacrificial electron acceptors, such as S2O8
2−

, less efficient 

catalyst leads to faster decomposition of photo-generated, highly oxidizing P
+
 

(oxidized photosensitizer), therefor resulting in faster deactivation of the light-

driven reaction system. 

 

Figure 36 Structures of Ru-bpy photosensitizers P1-P5 and their oxidation 

potentials. 

With the view to lowering the overpotential of WOCs, we introduced 

negatively charged ligands for syntheses of Ru-based WOCs since negatively 

charged ligands, particularly carboxylate containing ligands, could stabilize 

high oxidation state metal complex via charge compensation and strong  

donation. With this strategy, several new families of efficient Ru-based WOCs 

have been synthesized with low overpotentials and enhanced catalytic 

activities.
[18, 22, 49-52, 57]

 In this chapter, we selected several typical WOCs, 
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[Ru(terpy)(pic)3]
2+

 (12c), trans-[Ru(terpy)(pic)2(OH2)]
2+

 (28), [Ru(pdc)(pic)3] 

(23b), [Ru(bda)(pic)2] (30a) as well as a dinuclear Ru complex 

[Ru2(cppd)(pic)6]
+
 (5), and focused on their light-driven water oxidation 

(Figure 37). We compared the effect of different ligands (neutral terpy vs. 

negatively charged pdc/bda/cppd) on the onset catalytic potential and the 

catalytic activity.  

 

Figure 37 Representative structures of mononuclear Ru complexes 12c, 28, 

23b and 30a, and the dinuclear Ru complex 5. 

 Synthesis 5.1.

The syntheses of 12c, 23b, 28 and 30a have been discussed previously. 

Photosensitizers (P1, P3-P5) were prepared according to the literature 

methods;
[58-61]

 P2 was used as received from Sigma-Aldrich. The synthesis of 

5 is presented in Scheme 7. H2cppd was synthesized by starting with the 

reaction of 6-methyl-2-pyridinecarbonitrile and hydrazine followed by 
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oxidation with nitric acid, to give 3,6-bis-(6′-methylpyrid-2′-yl)-1,2,4,5-

tetrazine. The electron-withdrawing ability of pyridyl groups was sufficient 

enough to make the 3- and 6-carbon atoms of the tetrazine susceptible to attack 

by nucleophilic unsaturates. Thereby, the resulting tetrazine reacted with either 

acetylene or ethyl vinyl ether yielding 3,6-bis-(6′-methylpyrid-2′-yl)-

pyridazine.
x
 Oxidation of methyl groups of this pyridazine with Na2Cr2O7 in 

concentrated H2SO4 provided H2cppd. Complex 5 was then prepared by the 

reaction of H2cppd with cis-[Ru(dmso)4Cl2] in the presence of base and 

subsequent treatment with excess 4-picoline. Complex 5 was thoroughly 

characterized by the X-ray diffraction analysis, 
1
H and 

13
C NMR, and mass 

spectroscopy, revealing that 5 has an ‘‘anti’’ structure and one Ru ion is bound 

to a N atom and the other to a C atom of the pyridazine ring. 

 

Scheme 7 Synthesis of complex 5 

                                                           

x
 See Appendix B for experimental details of path B (unpublished) 
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 Electrochemistry 5.2.

Since water oxidation is favored in less acidic conditions, for light-driven 

water oxidation neutral conditions are preferred to acidic conditions. Thereby, 

the electrochemical properties of complexes 5, 12c, 23b, 28 and 30a were also 

investigated in neutral conditions; CVs of complexes 5, 23b, 28 and 30a were 

shown in Figure 38.  

 

Figure 38 CVs of 5 (saturated, « 1 mM, its current is enlarged by 4 folders), 

23b (1 mM), 28 (0.5 mM) and 30a (1 mM) in neutral aqueous conditions.  

No catalytic current was found for 12c (the CV of which is not shown herein), 

indicating that it was not a WOC. In comparison, the other four complexes 

produced large catalytic currents with different overpotentials. To reach a 

catalytic current of 100 A, an overpotential of 0.41 V is required for 30a, 0.56 

V for 23b and 0.87 V for 28.
xi

 The catalytic onset potential is in an order of 

30a < 23b < 5 < 28 (Table 3 and Figure 38), reflecting that negatively charged 

                                                           

xi
 The value for 28 should be lower than 0.87 V since the concentration used for 28 (0.5 mM) is 

lower than other complexes (1 mM). Anyway, this value should be higher than 0.71 V, assuming 
that the catalytic current is proportional to the concentration of catalyst. The value for 5 could not 

be determined due to the unknown concentration of 5. 
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ligands do lower the overpotentials of Ru catalysts toward water oxidation. On 

the basis of their catalytic onset potentials, proper photosensitizers (E
ox

(P) > 

E
onset

) were chosen for light-driven water oxidation (Table 3). 

Table 3 The catalytic onset potentials and light-driven water oxidation data of 

complexes 5, 12c, 23b, 28 and 30a. 

Complex E
onset

 (V) Photosensitizer (TON, TOF(s
−1

))
a
 

12c None P5 (--, --) 

28 1.31-1.45 P5 (84, 0.097) 

23b 1.28 P3 (62, 0.047) 

30a 0.98 P2 (100, 0.06)
b
 

5 1.3 P3 (185, 0.11), P4 (245, 0.22), P5 (370, 0.26) 
a
 The TON and TOF values are based on catalyst and calculated from GC data of the 

first run; the sacrificial electron acceptor used is S2O8
2−. --: too low to measure. b The 

sacrificial electron acceptor used is [Co(NH3)5Cl]2+. 

 Visible light-driven water oxidation 5.3.

Visible light-driven water oxidation was conducted by using a three-

component system comprising a polypyridyl Ru-based photosensitizer, a WOC 

and a sacrificial electron acceptor in pH 7.2 phosphate buffer. Typically, in the 

system of [Ru(bpy)3]
2+

/S2O8
2−

, the oxidizing equivalent [Ru(bpy)3]
3+

 was 

formed by (i) an oxidative quenching reaction between S2O8
2−

 and the excited 

dye [Ru(bpy)3]
2+

* (Equation 10) and (ii) a thermal reaction between 

[Ru(bpy)3]
2+

 and the generated SO4
•

 in the former oxidative quenching 

reaction (Equation 11).
[62]

 [Ru(bpy)3]
3+

 with a reduction potential of 1.26 V 

drives a WOC to oxidize water to O2 (Equation 12). The net reaction of 

persulfate-based visible light-driven water oxidation is expressed in Equation 

13. 

Equation 10  [Ru(bpy)3]
2+

* + S2O8
2

 → [Ru(bpy)3]
3+

 + SO4
• 

 + SO4
2

 

Equation 11  [Ru(bpy)3]
2+

 + SO4
• 

 → [Ru(bpy)3]
3+

 + SO4
2
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Equation 12  4[Ru(bpy)3]
3+

 + 2H2O 
   
→   O2 + 4H

+
 + 4[Ru(bpy)3]

2+
 

Equation 13  2S2O8
2

 + 2H2O + 2hv → O2 + 4H
+
 + 4SO4

2
 

For the [Ru(bpy)3]
2+

/[Co(NH3)5Cl]
2+

 system, oxidant [Ru(bpy)3]
3+

 is generated 

by an oxidative quenching reaction of [Ru(bpy)3]
2+

* (Equation 14).
[63, 64]

 

[Co(NH3)5Cl]
2+

, as a sacrificial reagent, decomposes to Co
2+

, NH3 and Cl
−
 

after the electron transfer. The related net reaction of light-driven water 

oxidation is expressed in Equation 15. 

Equation 14  [Co(NH3)5Cl]
2+

 + [Ru(bpy)3]
2+

* → [Ru(bpy)3]
3+

 + Co
2+

 + 5NH3 

+ Cl

 

Equation 15  4[Co(NH3)5Cl]
2+

 + 2H2O + 4hv → O2 + 4H
+
 + 4Co

2+
 + 20NH3 + 

4 Cl

 

Since complex 28 requires a large overpotential for water oxidation, a strong 

oxidizing photosensitizer P5 (E
ox

 = 1.54 V) was chosen for water oxidation 

catalysis. In the triad system, persulfate was used as a sacrificial electron 

acceptor. Evolution of oxygen was observed within a few minutes after 

illumination of the triad system. After 45 min of irradiation, a TON of 84 and a 

TOF of 0.097 s
−1

 based on catalyst were achieved.
xii

 Under the similar 

conditions, complex 12c produced a negligible amount of molecular oxygen. 

For complex 23b, P3 (E
ox

 = 1.40 V) which has a milder oxidation potential 

than P5 was used as the photosensitizer. After ca. 60 min of irradiation on the 

triad system 23b/P3/S2O8
2−

, a TON of 62 and a TOF of 0.047 s
−1

 based on 

catalyst were achieved. 

For complex 30a which displayed a low overpotential toward water oxidation, 

P2 (E
ox

 = 1.26 V) and even P1 (E
ox

 = 1.10 V) could drive the triad system. 

After 2h of irradiation on the triad system 30a/P2/[Co(NH3)5Cl]
2+

, 100 

                                                           

xii
 All the TOF and TON values are based on GC data measured in the gas phase, unless stated. 
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turnovers for both 30a and P2 were obtained. As P2 was replaced by P1, 

oxygen formation was also observed upon illumination on 

30a/P1/[Co(NH3)5Cl]
2+

. The rate of oxygen generation in this case is lower 

than that of the system with P2 as a sensitizer (TOF: 0.10 s
−1

 vs. 0.15 s
−1

; 

Clark-type oxygen electrode data),
xiii

 due to the smaller driving force from P1 

than from P2. When S2O8
2−

 instead of [Co(NH3)5Cl]
2+

 was employed as the 

sacrificial electron acceptor, faster oxygen evolution was observed (TOF = 

0.35 s
−1

; Clark-type oxygen electrode data). However, the reaction system was 

deactivated very quickly (< 1 min). It turned out that the fast deactivation was 

mainly due to the continuous acidification of the solution in the course of 

water oxidation. Consequently, the photocatalytic activity could be regenerated 

by neutralization of the reaction mixture for a certain number of times. Other 

deactivation pathways include the oxidative decomposition of both the 

photosensitizer and the catalyst. Notably, a two-hour photolysis of 30a itself in 

a pH 7 phosphate buffer did not result in obvious decomposition, reflecting a 

good photo-stability of 30a. However, complex 30a degrades even at solid 

state at room temperature under aerobic conditions. The crystalline solid of 

30a recrystallized in the mixed methanol and water could gradually change 

from a dark red solid to a dark green one under aerobic conditions. From the 

green solid, we could isolate the methyl C-H bond oxidized species 

[Ru(bda)(4-HOOC-py)2]. This is highly related to the oxidative decomposition 

pathway of 30a in the catalytic cycles. 

For the dinuclear Ru complex 5, its electrochemical data suggested that light 

driven water oxidation catalyzed by 5 could be achieved in the presence of a 

photosensitizer with an oxidation potential E(P
+
/P) > 1.3 V. Three 

photosensitizers P3-P5 (E
ox

 = 1.40 V for P3, 1.49 V for P4 and 1.54 V for P5) 

were employed to investigate the influence of sensitizers on the oxygen 

production of the triad photochemical reaction system. When P3 was explored, 

oxygen evolution was observed upon illumination of the triad system 

5/P3/S2O8
2−

, with a TOF of 0.11 s
−1

. After 40 min of illumination, 185 

                                                           

xiii
 These values are larger than those obtained from GC data because in GC measurements the 

diffusion of oxygen from solution to the top of the reaction flask where gas samples are taken 

takes time. 
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turnovers were achieved. When more strongly oxidizing photosensitizers P4 

and P5 were employed, both the initial rate and the turnover number were 

increased considerably. With P4 and P5 as the sensitizer, the TON/TOF values 

reached 245/0.22 s
−1

 and 370/0.26 s
−1

, respectively. It is noteworthy that the 

catalyst was still active when oxygen evolution was ceased and the triad 

system could be revived by adding fresh sensitizer, base and persulfate. The 

triad system was revived three times and a total TON of four runs using P5 as 

a sensitizer was close to 1300. This value is much higher than those catalyzed 

by the blue dimer (TON  50), the Ru monomers (TON < 100) and the Ru 

tetramer 13 (TON = 350).  

Finally, for all triad reaction systems, control experiments confirmed that 

oxygen evolution is promoted by catalysts and induced by light irradiation.  

 Summary 5.4.

We discussed light-driven water oxidation catalyzed by several Ru complexes 

involving either neutral ligands or negatively charged ligands. Ligands have 

significant influence on the onset potentials as well as the catalytic activities of 

their corresponding Ru complexes: negatively charged ligands could 

considerably reduce the overpotentials and increase the catalytic activity of Ru 

complexes. 
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6. Concluding Remarks 

This thesis describes our efforts to develop Ru-based WOCs. The goal was to 

obtain highly active and robust WOCs with low overpotentials. Starting from 

the dinuclear Ru catalyst 5 published in 2009, the development of WOCs in 

our group has continued using the strategy of introducing negatively charged 

ligands in the construction of WOCs. This allowed us to lower the oxidation 

potentials of WOCs and increase the ligand exchange rates between catalysts 

and solvate water molecules.  

We have developed the Ru-pdc complexes capable of catalyzing water 

oxidation efficiently with TOFs up to 0.29 s
−1

. The equatorial pyridyl ligand is 

labile, which is essential for generating the real WOCs [Ru(pdc)L2(OH2)]
+
. 

This mechanism is also proposed for [Ru(terpy)(pic)3]
2+

 analogues on the basis 

of that the isolated trans-[Ru(terpy)(pic)2(OH2)]
2+

 displays a far better activity 

than [Ru(terpy)(pic)3]
2+

. 

Fast Ru-bda-based WOCs 30a and 30b are discovered with low overpotentials. 

The bda environment is essential for accommodating a water molecule as the 

seventh ligand of the Ru-bda complexes. The seven coordinate Ru
IV

 species is 

stabilized by the negatively charged bda
2−

 and OH
−
, which allow us to isolate 

the single crystals of one catalytic intermediate, the D7Ru
IV

 dimer. Kinetic 

studies suggest that the direct coupling of two Ru
V
=O (or Ru

IV
-O radical) units 

is responsible for the O-O bond formation. DFT calculations reveal that the far 

superior activity of catalyst 30b is mainly a result from the non-covalent 

interaction effect of the axial isoquinoline ligands. It is noteworthy that the 

TOF of 469 s
−1

 obtained from 30b using Ce
IV

 as oxidant is two orders of 

magnitude higher than other reported WOCs.  

By choosing proper photosensitizers (E
ox

(p
+
/p) > E

onset
(WOC)), visible light-

driven water oxidation has been demonstrated using a three component system 

containing a WOC, a photosensitizer and a sacrificial electron acceptor. In this 

thesis, among our complexes which have been test for light-driven water 

oxidation, complex 5 gives the best performance (TONs up to 1270) while 30a 
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displays a lowest overpotential (η = 160 mV at pH 7), allowing P1 (E
ox

 = 1.10 

V) to drive the light-driven water oxidation system. 



   61 

7. Future prospects 

Since the oxidation of water to oxygen generates electrons and protons which 

are elemental components for fuel productions, such as CO2 reduction and 

proton reduction. Thereby WOCs are critical components of solar fuel 

generating systems. For large scale application, a qualified WOC should have a 

low overpotential, a fast reaction rate, excellent durability and low cost.  

Overpotential. Clearly, the introduction of negatively charged ligands has 

significant effect on lowering the oxidation potentials of Ru-based WOCs. 

Meanwhile, the overpotentials toward water oxidation by those Ru catalysts 

bearing negatively charged ligands (bda
2−

, pdc
2−

, cppd
2−

 etc.) are considerably 

lower than those with neutral ligands (terpy, bpy etc.). Other negatively 

charged, strong electron-donating ligands, such as amide- and phenolate-

containing ligands, may lower the oxidation potentials as well as the 

overpotentials of WOCs even further. Our current research has paved the way 

to WOCs with low overpotentials. 

Reaction rate. Due to the inherent complexity of water oxidation, which 

involves the multiple electron and proton transfer, the O-O bond formation and 

the spin crossover, many elementary reaction steps have the possibility to act 

as the rate determining step. The oxidation of Ru
IV

-O-O as well as the oxygen 

releasing step have been observed as rate limiting steps for 

[Ru(terpy)(bpy)(OH2)]
2+

 analogues; the O-O bond formation step by the direct 

coupling of two Ru
V
=O motifs and the oxygen releasing step are most energy 

demanding for Llobet’s Ru-Hbpp complex and our Ru-bda complexes. To the 

best of my knowledge, these reactions are mostly controlled by the inter- and 

intra-molecular electron transfer and the ligand exchange (dissociation and 

association) processes. Herein, the intermolecular electron transfer stands for 

the electron transfer from a catalyst to an electron acceptor (C
  

→ A) and the 

intramolecular electron transfer for the electron transfer from the oxygen center 

of metal oxo/peroxo/superoxo to the high valent metal center (O
  

→ M). The 

former step creates hole accumulation and the later step is response for the 

oxidation of oxygen (from water). Electron donating groups will enhance the 
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C
  

→ A step but suppress the O
  

→ M step; meanwhile, electron donating groups 

favor the ligand exchange process at the oxygen releasing step but disfavor the 

water nucleophilic attack process. Electron withdrawing groups have the 

opposite effect. These seem paradoxical and one has to consider a balance by 

tuning the electronic structures of WOCs. As well, more efforts have to be 

made to analyze how much extent the electronic effect could influence these 

elementary reactions. Anyhow, it seems that our Ru catalysts with negatively 

charged backbone ligands are faster than other catalysts with neutral 

polypyridyl backbone ligands. Especially, the [Ru(bda)(isoq)2] catalyst reaches 

a TOF of more than 450 s
−1

, which currently is the best. In this special case, 

since binuclear O-O bond formation is the rate determining step, proper 

modification of its ligands which deliver two Ru-bda units in one molecule at 

the same time in close proximity might improve the TOF even further.  

Durability. To increase the durability of WOCs, one has to overcome many 

problems, such as oxidative, hydrolytic and thermal decomposition as well as 

photo degradation in same cases. Among these problems, oxidative 

decomposition is the most serious. Water oxidation catalysis involves highly 

oxidizing species capable of oxidizing water and the organic ligands of WOCs 

as well. Thereby, aromatic pyridyl and phenyl motifs as well as carboxylate 

and amide are preferred in the construction of chelating ligands. Furthermore, 

one could immobilize catalysts onto material surface to suppress the 

intermolecular oxidative decomposition. In addition to organic ligands, all 

inorganic polyoxometalate ligands have been used to synthesize all inorganic 

WOCs, for example [Ru4O4(OH)2(H2O)4(γ-SiW10O36)2]
10

 and B-type 

[Co4(H2O)2(α-PW9O34)2]
10−

.
[33, 34, 45]

 All inorganic POMs have great resistance 

toward oxidation but may have hydrolysis problems that could be solved by 

careful control of the pH of solutions used. Self-healing is another way to 

keep the catalyst durable. One example is Nocera’s remarkable self-healing 

Co-Pi bulk film which catalyzes water oxidation over several weeks without 

obvious loss of its activity.
[65]

 

Cost. With the view to a large scale application, low cost WOCs have to be 

realized. The cost of WOCs comes from transition metals and the surrounding 

ligands. Usually, the surrounding ligands are more expensive than metal 
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sources (even noble metals, such as Ru).
xiv

 In the OEC, the first coordination 

sphere of the Mn4CaO5 cluster is consistent of only imidazole, carboxylate and 

bridging oxo ligands. We have to pay more attention to utilizing low cost 

ligands for developing WOCs. In addition, a move to more abundant first row 

metals must be made. Some new WOCs using Fe, Co and Mn are beginning to 

appear.
[44-48, 65, 66]

 Molecular or nano-scaled, first-row transition-metal oxo 

clusters without expensive surrounding ligands, I believe, will play an essential 

role in the development of low cost, durable and fast WOCs. 

Of course, the mechanistic knowledge of water oxidation catalysis is 

important, which will accelerate the discovery of new catalysts. Although 

fruitful results about mechanistic aspects have been made during the last 

decades, reaction details after the O-O bond formation to the oxygen releasing 

step are rarely known. Therefore, mechanistic investigation of water oxidation 

catalysis, especially the late steps of the catalytic cycles, needs focus. 

 

                                                           

xiv
 Terpy (Aldrich): 5257 kr/5 g vs. RuCl3·xH2O (Ru content 45-55%; Aldrich): 4248 kr/10 g. 
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Appendices 

Appendix A 

The following is a description of my contribution to Publications I to VII, as 

requested by KTH. 

Papers I and III-VI: Major contribution to the initiation of the project. I 

performed all synthetic work, conducted most of the catalytic measurements 

and wrote the majority of the manuscript (for paper V, I wrote parts of the 

manuscript). As part of the synthetic work, I am responsible for all NMR and 

electrochemical characterization of the complexes. 

Paper II: I performed the catalytic measurements and electrochemical studies, 

and contributed to the discussion and wrote parts of the manuscript. 

Paper VII: I performed the synthesis of ligands and several photosensitizers, 

conducted parts of the catalytic measurements. 
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Appendix B 

Synthesis of 3,6-Bis-(6′-methylpyrid-2′-yl)-pyridazine. A mixture of purple 

3,6-Bis-(6′-methylpyrid-2′-yl)-1,2,4,5-tetrazine (228 mg, 0.86 mmol) and ethyl 

vinyl ether (0.3 mL) in CHCl3 (5 mL) was irradiated at 100 C for 20 min in a 

microwave oven. A light yellow solution was obtained after the reaction. 

Evaporation of the volatile liquid resulted in the final product in a quantitative 

yield. 
1
H NMR (500 MHz, CDCl3): δ = 2.67 (s, 6H), 7.28 (d, J = 7.5 Hz, 2H), 

7.78 (t, J = 7.5 Hz, 2H), 8.55 (d, J = 7.5 Hz, 2H), 8.70 ppm (s, 2H). 
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