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Abstract 

Chapter 1. General Introduction  

 

This chapter briefly introduces the 

motivation and background for the field of 

research of this thesis, molecular water 

oxidation. The most relevant molecular 

water oxidation catalysts in the 

homogeneous phase are presented 

together with the relevant features that 

determine the enhancement in their 

performance. The challenge of 

transferring the activity in solution to 

solid-state molecular anodes and 

photoanodes is also introduced. The 

progress in the design and performance of 

the latters is also described and their 

major breakthroughs highlighted.  

 

 Chapter 2. Objectives   
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Chapter 3. H-bonding rockets water oxidation catalysis in new Ru 

complexes  

 

The synthesis, characterization, redox 

properties and catalytic activity of two new 

families of complexes based on the tda2-or the 

t5a3- ligand and pyridine as axial ligands are 

reported. The related Ru=O species of the 

presented Ru-tda and Ru-t5a complexes are 

among the fastest molecular water oxidation 

catalysts in the literature due to H 

intramolecular bonding provided by a 

pendant carboxylate. 

Chapter 4. Tuning the catalytic performance of seven-coordinate Ru 

complexes in water oxidation: quantification of the pi-pi stacking 

effect and intramolecular H bonding  

 

New Ru-bda and Ru-tda complexes are 

developed to quantify the factors that 

determine their activity in water oxidation 

catalysis. In the first work, new Ru-bda 

complexes bearing axial ligands that favor 

and disfavor intermolecular pi-pi stacking 

interactions are synthetized and tested as 

water oxidation catalysts. In the second and 

third works, Ru-tda complexes with one or 

two Ru-OH2 groups that do not promote 

intramolecular H bonding are prepared. The 

comparison of the electrochemical and 

catalytic data obtained allows quantifying the 

role of the intramolecular H bonding in the 

water oxidation catalysis by Ru-tda 

complexes 
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Chapter 5.  Foot of the Wave Analysis for Mechanistic Elucidation and 

Benchmarking Applications in Molecular Water Oxidation Catalysis  

 

The mathematical description for the foot of 

the wave analysis (FOWA) applied to the 

electrocatalytic oxidation of water to dioyxen 

is reported either for water oxidation 

catalysts (WOCs) working through the water 

nucleophilic attack  or the interaction of two 

M-O units. Further, the application of the 

FOWA at different catalyst concentrations 

allows elucidating the reaction mechanism 

that operates in each case. This has been used 

in one hand to corroborate previously 

reported WOC mechanisms and to elucidate 

the reaction mechanism of seven-coordinate 

Ru catalysts. 

 

Chapter 6. Nature and Behaviour of molecular anodes based on Ru-bda 

and Ru-tda and carbon surfaces.  

 

 

Molecular anodes based on the seven-

coordinate Ru-bda and Ru-tda complexes 

and glassy carbon electrodes are 

prepared. The axial ligands of the Ru-bda 

complex are modified to introduce 

diazonium moieties able to generate a C-

C bond with the carbon surface through 

electroreduction while pyrene-modified 

pyridine ligands are used to immobilize a 

Ru-tda complex on multi-walled carbon 

nanotubes. The performance of the two 

molecular anodes is assessed and X-ray 

Absorption Spectroscopy and 

Electrochemistry are used to monitor the 

nature of the molecular catalyst.  
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Chapter 7. Photoelectrochemical Behavior of Ru-Based Water-

Oxidation Catalysts Bound to TiO2-Protected Si Photoanodes.  

 

 

A molecular photoanode based on the 

Ru-tda catalyst and the TiO2-Si 

semiconductor is tested for catalytic 

photoelectrochemical water oxidation 

to O2. The Ru based hybrid photoanode 

is remarkably stable for over 60 

minutes at current densities of 1 mA 

cm-2, maintaining intact the nature of 

the Ru-tda scaffold. The novel 

photoanode configuration permits an 

exquisite and unprecedented 

monitoring of the nature and fate of 

the molecular species before and 

during catalysis.  

 

Chapter 8: General Conclusions 
 

Chapter 9: Annexes 
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Chapter 1 

General Introduction 

This chapter briefly introduces the motivation and background for the 

field of research of this thesis, the molecular water oxidation. The most 

relevant molecular water oxidation catalysts in the homogeneous 

phase are presented together with the relevant features that 

determine the enhancement in their performance. The challenge of 

transferring the activity in solution to solid-state anodes and 

photoanodes is also introduced. Finally, the progress in the design and 

performance of the latters is described and their major breakthroughs 

highlighted.  
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I 

General Introduction 

1.1 The Energy Problem, Solar Energy and Solar Fuels 

In November 2016, 195 countries around the world signed the Paris agreement to mitigate 

climate change and to maintain temperature increase bellow 20C above pre-industrial levels.1 

The world's first climate agreement envisioned a deep change in the energy sector that is 

dominated by fossil fuels; see Figure 1 for the breakdown of the global energy consumption.2 

Some of the measures that derivate from the agreement are schematized in Figure 1B: increase 

of the share of renewables by 60 %, multiplying the number of electric vehicles by a factor of 

115, and the replacement of coal by natural gas. Besides the high social and economic cost of 

these measures and many others, their implantation will not reduce the concentration of CO2 in 

the atmosphere to meet the 20C scenario by 2100 as shown in Figure 1C.3 To ensure a sustainable 

future for next generations, our societies should either implement more measures to meet the 

20C scenario or develop new C-neutral sources of energy.4 

 

Figure 1. A, World energy consumption: oil, 39.9 %; biofuels & waste, 12.2%; Natural gas, 15.1%; 

Renewable, 3.3%; Coal; 11.3 % and Electriciy, 18.1 % (4.1% of the electricity is also from renewable 

sources, in green).2 B,  Example of Paris pledges in COP21.1 C,  Estimation of the atmospheric CO2 in the 

20C scenario (white line) and with the Paris Agreement Pledges (red line).3 
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The energy provided by the sun is the largest neutral carbon source of energy in the globe: 

everyday it exceeds by a factor of 1000 our global energetic consumption. Photovoltaic cells (PV) 

ǎǘŀǊǘŜŘ ǘƻ ƘŀǊǾŜǎǘ ǘƘŜ ŜƴŜǊƎȅ ŦǊƻƳ ǘƘŜ ǎǳƴ ŀƴŘ ǘǊŀƴǎŦƻǊƳ ƛǘ ǘƻ ŜƭŜŎǘǊƛŎƛǘȅ ƛƴ ǘƘŜ ά±ŀƴƎǳŀǊŘŜέ 

Satellite in 1958. The subsequent price reduction in the solar panels triggered the terrestrial 

installation in the 1990 decade. Nowadays, the amount of energy harvested by this technology 

represents around 5% of the total energy consumption and the percentage is expected to double 

by 2040.1,2,3 Despite its growth, PV technology is limited to the electricity production that is only 

the 18.1% of the total energy consumption. The other 66 % of the energy consumption is 

nowadays provided by fossil fuels that cannot be replaced by the current solar technology. 

In order to harvest more energy from the sunlight, an attractive option is to mimic how nature 

stores this kind of energy, see Figure 2.5,6,7,8 For millions of years, plants and algae have collected 

the energy of the sun in the chloroplast and have used it to transform CO2 into sugars and 

starches. The two reactions of the process are the water oxidation reactions (eq. 1) and 

reducetion of CO2 to sugars and starches (eq. 2). 

 

Figure 2. Methods of solar energy conversion. SC is Semiconductor. 
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By analogy, the artificial photosynthetic devices harvest energy from the sun and store it in 

chemical bonds. The energy in this case may be used to split water and generate O2 (eq. 1) and 

H2 as products (eq. 3). Other designs also involve the reduction of CO2 or N2 to generate 

hydrocarbons or NH3 (eq. 2 ŀƴŘ пύΦ !ƭƭ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ŎƘŜƳƛŎŀƭǎ ŀǊŜ ƴŀƳŜŘ άǎƻƭŀǊ ŦǳŜƭǎέ ŀƴŘ ŀǊŜ 

C-neutral. Artificial photosynthetic devices at least contain a light absorber, an electrolyte 

solution, catalysts for the redox reactions and means to separate the products. Many designs 

are nowadays being explored9 and they can be rationalized in three large groups that are 

summarized in Figure 3.10,11  

The first model consists of connecting PV cells with anodes and cathodes that are immersed in 

the electrolyze solutions. A commercial PV is used as light absorber and heterogeneous catalysts 

are located in the anode and the cathode. The advantage of the PV/electrolyzer model is the 

availability of both the PV cells and few heterogeneous catalysts. The main drawback of this 

model is the high cost of the PV cells: only systems with Solar-to-Hydrogen (STH) efficiencies 

close to the theoretical limit (> 25 %) are economically competitive.12,13,14 

 

Figure 3. Designs of artificial photosynthetic devices. Left, photovoltaic(PV)/electrolyzer contains a 

photovoltaic cell (pink rectangle), water oxidation catalyst anode (green) and water reduction cathode 

(orange). Middle, The integrated photoelectrochemical cell contains a photoanode and a 
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photocathode (yellow rectangles) covered with water splitting catalysts (water oxidation; green, water 

reduction; orange). Right, the mixed colloid contains the water splitting catalysts and the light absorber 

in individual particles (red dots). 

 

The opposite model of the PV-electrolyzer model is the mixed colloid system. This system 

integrates light absorbers and water splitting catalysts in single particles. A smaller STH is 

required for this approach to be economically competitive (STH between 5% - 10%) due to the 

solution-suspension design. However, these systems are still in a proof-of-concept stage with 

reported STH between 1% - 3%. 10,15 

Integrated photoelectrochemical cells (PEC) represent a compromise between the feasibility of 

PV-electrolyzer models and the simplicity of the mixed colloids. The integrated 

photoelectrochemcial cells rely on the development of individual photoanodes and 

photocathodes. The individual efficiency of the two electrodes must be around 10-15 %, which 

is approximately third of the theoretical limit. In addition, the availably of many absorbers and 

some oxidation and reduction catalysts simplifies this approach. 

All the photosynthetic designs in Figure 3 are adaptable for the generation of different type of 

solar fuels such as Hydrocarbons, NH3 or H2.16,17 In the cell, the oxidative counter reaction of any 

of these reduction reactions occurs simultaneously in the anode. The most common counter 

reaction is the oxidation of water to dioxygen. 

1. 2 General View of the Water Oxidation Catalysis 

The water oxidation reaction is a thermodynamically demanding reaction (1.23 V vs NHE at pH 

= 0) that requires the removal of four protons and four electrons from two water molecules. 

This kinetic complexity is translated into additional potential (overpotential, h) to perform the 

reaction.18 The discovery of fast water oxidation catalysts that evolve O2 at low overpotentials is 

a key challenge for the development of photosynthetic devices.10,19,20,21 

One source of inspiration for the water oxidation catalysis has been the natural oxygen evolving 

center (OEC) that is located in plant and algal cells. The OEC is composed by a Mn4O5 cluster as 

an active center that catalyzes the water oxidation reaction.22 X-ray Diffraction (XRD), X-ray 

Absorption Spectroscopy (XAS) and Differential Functional Theory (DFT) have determined the 

structure of the natural catalyst. 23,24,25,26 Figure 4 illustrates the structure and metric parameters 

of the Mn4O5 cluster (1.95 Å resolution),24 where oxo groups assemble the four Mn centers. The 

most remarkable feature of the cluster is its efficient performance as water oxidation catalyst: 
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it oxidizes water at a mild overpotential (0.43 V) and at a high turnover frequency (100-400 s-1), 

which have inspired many biomimetic water oxidation catalysts. 27,28,29,30  

 

Figure 4. Metric parameters for the active center of the Oxygen Evolving Center in the PSII at 1.95 Å 

resolution. 

 

However, the first artificial water oxidation catalyst was reported many years before the 

discovery  of the Mn4O5 cluster. In 1902, Glazer and Coehn reported the ability of nickel oxide 

to generate O2.31 In the last decades, the need of water oxidation catalysts for eventual 

photosynthetic devices have accelerated the search and the benchmarking of new oxides. The 

ability of first row metal oxides (Mn, Ni, Fe, Co , Cu) and noble metal oxides (Ru and Ir) to oxidize 

water has been discovered32 and recently benchmarked by electrochemical 

techniques.33,34,35Jaramillo et al compared the ability of a dozen of oxides to perform water 

oxidation catalysis under strong acid and basic conditions. At high pH, most metal-oxide based 

anodes require a similar overpotential (0.35 V <E < 0.5 V) to oxidize water at current densities 

of 10 mA/cm2, see Figure 5. By sharp contrast, only highly loaded IrO2 and RuO2 based anodes 

show similar behavior at pH = 1.  

 

Figure 5. Required overpotential for different metal oxide films to reach 10 mA/cm2 after two hours of 

operation. The measurements in base conditions were performed at pH = 14 and the acid conditions 

at pH = 0. Refer to the original Figure in reference 34 for further details. 
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The high performance of the metal oxides at high pH have triggered the development of few 

powerful photoanodes. The most successful strategy has been to couple semiconductors such 

as Si, GaAs or GaP with nickel oxide to perform unassisted water splitting for several months. 

36,37 Nevertheless, the performance of the electrodes is restricted at high pH due to the lack of 

highly active water oxidation catalysts for more acidic conditions. The development of 

photosynthetic devices relies on generating photoanodes at lower pH where partner reduction 

reactions are favored. Hence, there is a need to explore alternative strategies for the 

development of water oxidation catalysts. 10 

1.3 Molecular Water Oxidation 

The molecular water oxidation catalysis started later than the other water oxidation fields 

because it needed the development of the coordination chemistry. In 1982, the first molecular 

water oxidation catalyst was discovered; the so-called blue dimer, see complex cis,cis-

[(bpy)2(H2O)RuIII(m-O)Ru(H2O)(bpy)2]4+ (1) in Chart 1 (bpy is bipyridine).38 The activity of the blue 

dimer to oxidize water was analyzed in the catalytic cycle by an arsenal of spectroscopic, 

electrochemical and analytical techniques together with the energetic calculation through 

Differential Functional Theory (DFT).18,39,40,41,42,43,44 

The discovery of the first molecular catalyst triggered the design of more powerful water 

oxidation catalyst based on transition metal complexes containing Cu,45,46,47,48 Fe,49 Ir,50 Mn,51 

Co, 52,53,54 or  Ru 55,56,57,58 as metal centers. However, most of the detailed kinetic, electrochemical 

and mechanistic studies involved Ru complexes. Hereafter, we will only refer to the most 

relevant Ru metal complexes for the water oxidation catalysis. The most representative Ru 

catalysts for water oxidation are provided in Chart 1, 2 and 3 and their catalytic data are depicted 

ƛƴ ¢ŀōƭŜ мΦ Lƴ ǿŀǘŜǊ ƻȄƛŘŀǘƛƻƴ ŎŀǘŀƭȅǎƛǎΣ ǘƘŜ άŎƘŜƳƛŎŀƭ ŜŦŦƛŎƛŜƴŎȅέ ƛǎ ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ 

the complex under water oxidation conditions and Turnover Frequency (TOF, s-1) to assess the 

specific rate of the catalyst, see Table 1 for more details. 
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Chart 1. Structure for dinuclear Ru complexes 1, 2 and 3. bpy is 2,2'-bipyridine, trpy is 2,2':6',2''-

terpyridine, Hbbp is 2,2'-(1H-pyrazole-3,5-diyl)dipyridine, py-SO3H is pyridine-4-sulfonic acid and 

HMebbpis 6,6''-(1H-pyrazole-3,5-diyl)di-2,2'-bipyridine. 

 

In 1982, the just born molecular water oxidation community hypothesized that only dinuclear 

complexes could catalyze the water oxidation reaction.  The hypothesis was based on the ability 

of the dinuclear complexes to accumulate the four oxidative equivalents. Consequently, 

successive redesigns of the initial blue dimer complex were performed to enhance its catalytic 

performance. In 2004, the Ru-O-Ru bridge of the blue dimer was replaced by the more rugged 

bpp- scaffold, see complex in,in-{[RuII(trpy)(H2O)]2( -˃bpp)}3+, 2 in Chart 1 (Hbbp is 2,2'-(1H-

pyrazole-3,5-diyl)dipyridine).59  The bridge offered better communication between the two Ru 

centers due to the rigid structure and, as a result, complex 2 oxidized water to O2 with higher 

efficiencies (70%) and higher TOF (0.01 s-1) than the parent complex 1 (see Table 1). However, 

complex 2 did not reach 100 % efficiency under water oxidation conditions due to oxidation of 

the CH group in the pyrazole. 60 In a further redesign step, the dinuclear complex {[RuII(py-

SO3)2(H2O)]2ό-˃Mebbp)}ς (3) included the Mebbp- ligand that stabilized the complex under water 

oxidation conditions (90 % efficiency) through methylation of the easily oxidative pyrazole 

(HMebbp is 6,6''-(1H-pyrazole-3,5-diyl)di-2,2'-bipyridine).61  
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Table 1. Catalytic data for dinuclear complexes 1-3, six-coordinate mononuclear complexes, 5 

and seven-coordinate mononuclear complexes 9 and 11. 

Complex Efficiencya TOF (s-1)b O-O mechan. Ref. 

cis,cis-[(bpy)2(H2O)RuIII 

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

1 

---c 0.004 WNA 38 

in,in-{[RuII(trpy)(H2O)]2( -˃bpp)}3+ 

2 
73 % 0.01 I2M 59 

{[RuII(py-SO3)2(H2O)]2ό-˃
Mebbp)}ς 

 3  

90 % 0.07 WNA 61 

 [Ru(trpy)(bpy)(OH2)]2+ 

5 
70 % 0.01 WNA 62 

[Ru(bda)(Me-py)(OH)] 

9 
100 % 30 I2M 65 

[Ru(bda)(isoq-Br)(OH)] 

11 
100 % 1000 I2Md 66 

a Efficiency defined nO2/(4·nSA), where nO2 are the measured moles of O2 and nSA are the moles of 
Sacrificial Acceptor (SA). The concentration of the complexes was 1 mM for complexes 2, 3 and 5 and 

62.5 mM for complexes 9 and 11. The concentration of the SA(Ce4+) = 100 mM. b Initial turnover 
frequency. cOnly under stoichiometric conditions (turnover number < 10). dMechanism elucidated for 
the related complex 10. 

In 2004, Thummel et al reported the first family of mononuclear complexes that catalyzed the 

water oxidation reaction, see the example of complex [Ru(tnp)(Me-py)2(OH2)]2+ (4) in Chart 2 

(tnp is 2,2'-(4-(tert-butyl)pyridine-2,6-diyl)bis(1,8-naphthyridine)).63 The report generated a 

large convulsion in the water oxidation community because the work did not provide detailed 

kinetic data and, more importantly, the report stated against the idea that only dinuclear 

complexes could catalytically oxidize water. The controversy ended when Meyer et al probed 

spectroscopically that the mononuclear complexes [Ru(trpy)(bpm)(OH2)]2+, 6, 

and[Ru(trpy)(bpz)(OH2)]2+, 7,  behaved as single site catalysts (bpm is 2,2'-bipyrimidine, bpz is  

2,2'-bipyrazine).56 In terms of efficiency and rate, the new mononuclear water oxidation 

catalysts (such as complex [Ru(trpy)(bpy)(OH2)]2+
, 5 in Table 1) did not exceed the performance 

of the previous dinuclear complexes. However, the straightforward synthesis of mononuclear 
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complexes compared to the former dinuclear complexes permitted a rapid expansion of the 

field. An example of the straightforward synthesis is the mononuclear complex 

[Ru(trpy)(bpp)(OH2)]+(8) that is the monomeric form of complex 2.64 ²ƘƛƭŜ [ƭƻōŜǘΩǎ ƎǊƻǳǇ 

invested years in the synthesis and isolation of complex 2, it invested few weeks to develop the 

mononuclear complex 8.  

 

 

Chart 2. Structure for mononuclear six-coordinate Ru complexes 4-8. tnp is 2,2'-(4-(tert-butyl)pyridine-

2,6-diyl)bis(1,8-naphthyridine), bpm is 2,2'-bipyrimidine, bpz is  2,2'-bipyrazine and Hbpp is 2,2'-(1H-

pyrazole-3,5-diyl)dipyridine. 

 

However, the real increase in activity and efficiency came with the development of the Ru 

complexes based on the bda2- ligand (H2bda is [2,2'-bipyridine]-6,6'-dicarboxylic acid).57,65 The 

pentadentate bda2- ligand coordinates Ru in the equatorial plane and two pyridine or 

isoquinoline type of ligands (isoq, isoq-Br) coordinate in the axial plane (see complexes 

[Ru(bda)(Me-py)2(OH)], 9; [Ru(bda)(isoq)2(OH)], 10; and [Ru(bda)(isoq-Br)2(OH)], 11 in Chart 3). 

The bda2- ligand stabilizes the high oxidation states of the Ru center through the two anionic 

charges and the access to a seven-coordinate Ru center. Complexes 9, 10 and 11 exhibit 100% 

efficiency and high catalytic rates as a result of this stabilization.57,66,65 Furthermore, a final 

tuning of the axial ligand to favor the binuclear nature of the mechanism permitted rocketing 

the rates to 1000 s-1. 66 



     Chapter 1 

11 
 

I 

 

Chart 3. Structure for mononuclear seven-coordinate RuIII complexes. H2bda is [2,2'-bipyridine]-6,6'-

dicarboxylic acid, Me-py is  4-methylpyridine, isoq is isoquinoline and isoq-Br is 6-bromoisoquinoline. 

 

Up to this point, we have focused on the evolution of the performance of the water oxidation 

catalysts based on Ru complexes over the last 35 years. Through the chronological analysis, we 

have discussed the molecules that have participated in the 5 orders of magnitude increase of 

turnover frequency since 1982. However, it is also interesting to analyze which are the 

fundamental features of the catalysts that have permitted this exponential increase. Figure 6 

highlights the three most relevant features for molecular water oxidation catalysts: the ability 

to perform Proton Couple Electron Transfer (PCET); the nature of the O-O bond formation 

mechanism; and a ligand environment that provides a seven-coordination.58 The following 

section analyses their influence in the performance of the water oxidation catalysis.  

 

Figure 6. Important features for the design of a powerful water oxidation catalyst. 
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1.3.1 Proton-coupled Electron Transfer (PCET) 

Proton-coupled Electron Transfer (PCET) is a reaction mechanism where a proton and an 

electron move in a concerted manner. This phenomenon was first discovered in the late 1970 

decade by Prof. Thomas J. Meyer,67,68 whose group also discovered the blue dimer few years 

after.38 PCET allows leveling up the oxidation state without building up the charge of the center, 

which renders the process indispensable for many natural enzymes, catalytic and 

electrochemical systems.69,70,71,72 

The effect of PCET in Ru complexes can be observed by comparing the Pourbaix diagrams of the  

monomeric parent of the blue dimer, complex [Ru(bpy)2(py)(OH2)]2+; 12, and its chloro relative 

complex  [Ru(bpy)2(Cl)2], 13, see Figure 7. In the II oxidation state, complex 13 is neutral while 

complex 12 is double positive charged at pH = 7. As a consequence, the potential for the III/II 

redox couple for complex 13 is lower than that exhibited by complex 12. The interesting part of 

the Pourbaix diagram is related to the access to the IV oxidation state. Complex 13 requires 700 

mV more than complex 12 to reach the IV oxidation state at pH = 7. This is clearly due to the 

PCET mechanism that has prevented the built up in charge for complex 12 while the charge has 

increased +2 units for complex 13.  

 

Figure 7. Pourbaix diagram for complexes 12 and 13. 

The ultimate cause of the PCET mechanism is the increase of acidity of the Ru-OH2 group upon 

oxidation of the metal center. Note how the pKa of complex 12 decreases from the II oxidation 
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state (10.6), to the III oxidation state (0.85) and IV oxidation state (< 0.0 ). The increase of acidity 

upon oxidation ultimately results in deprotonation that reduces the potential for accessing to 

the Ru=O moieties. In the case of water oxidation catalysis, the reactive Ru=O moieties are 

crucial because they are the gate to O-O bond formation. 

1.3.2 Water oxidation mechanism  

The catalytic cycle of the water oxidation reaction has been studied both for the natural 

occurring Mn cluster in the PSII and artificial oxidation catalysts 1, 2, 3, 6, 9 and 10.39,43,44,56,57, 26 

Among all systems, Figure 8 summarizes the two general mechanisms for O-O bond formation. 

The left part of the diagram illustrates the Water Nucleophilic Attack (WNA) mechanism that 

involves a water molecule attacking a highly oxidized metal oxide (M=O) unit. The other (Figure 

8, right) is the Inter/Intramolecular coupling (I2M) that consists in the merging of two highly 

oxidized M=O moieties.48,73,74 

 

Figure 8. General Mechanisms for the formation of an  O-O bond. 

 

The mechanism for complexes 1, 2, 3, 5, 9 and 11 is depicted in Table 1 together with their 

catalytic data. For the dinuclear complexes 1-3, the relative position of the two Ru-OH2 groups 

determines the nature of the O-O bond formation mechanism. For example, complex 1 

generates the O-O bond through a WNA mechanism due to the free rotation of the Ru-O-Ru 

bond.75 By sharp contrast, the rigid scaffold of the bpp- ligand in complex 2 forces the two Ru=O 

groups to generate oxygen through an I2M mechanism.73 Finally, the subtitle opening of the 

scaffold in the Mebbp- ligand of complex 3 favors the WNA mechanism.61  

The mononuclear complex 6 oxidizes water through a WNA mechanism while complexes 9-11 

undergo through a I2M mechanism. The steps for the two mechanisms are detailed in Figure 

9.56,57 The common point of the two mechanisms is that both regenerate the initial Ru-OH2 after 
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the liberation of O2. The main difference is that the O-O formation needs two Ru=O units in the 

I2M mechanism while the WNA mechanism only requires a single Ru=O unit. This is critical 

because the O-O formation is often the rate determining step (rds) of the catalytic cycle. 

Consequently, the water oxidation mechanism determines the order of the reaction for 

mononuclear Ru complexes. 

 

 

Figure 9. Water oxidation catalytic cycles for complex 6 (top) and 9 (bottom) 

 

The different nuclearity of the two mechanisms (unimolecular for complex 6 and bimolecular 

for complex 9) may be a useful tool to control the catalytic performance. For example, the 

bimolecular nature of complex 9 has been exploited to increase the activity of this family of Ru 

catalysts.57,76,77 The initial axial Me-py ligands were replaced by isoquinoline-type of pyridines 

that can favor pi-pi stacking interactions during the catalytic cycles, e.g complexes 10  and 11 in 

Chart 3.57,66 Due to the bimolecular nature of the catalysis, the pi-pi interaction can stabilize the 

Ru-O-O-Ru intermediates and decrease the activation barrier of the O-O bond formation. This 

approach has enabled to increase the TOF from 30 s-1 for complex 9 to 1000 s-1 for complex 
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11.57,66 In the following section, we will discuss the heterogenization of the Ru catalysts on 

surfaces to generate anodes and photoanodes. For this particular application, the nature of the 

O-O bond forming step of the catalysts is again crucial for the design of powerful systems. 

1.3.3 Seven-coordinate complexes 

Another interesting asset from complexes 9-11 is the seven coordination positions that the bda2- 

ligand provides to the Ru center in the equatorial plane. Single-crystal XRD evidenced the seven 

coordination of the Ru center at the IV oxidation state, see Figure 10 left for the ORTEP view 

published in 2009.65 The seven coordination stabilizes the Ru center because provides electron 

density to a deficient RuIV ion. In addition, the extra coordination lowers the energy of the dxz 

and dyz orbitals compared to the six-coordinate Ru complex, see Figure 10 right.78 Finally, the 

bda2- ligand also provides two negative charges to the Ru center that altogether reduce the 

catalytic potential for water oxidation (ECAT). At pH = 1, its ECAT is the lowest potential in the 

literature and it is close to the thermodynamic potential (h Ғ мрл Ƴ±ύΦ 57 

 

Figure 10. Left, ORTEP plot for complex 9 in the IV oxidation state. Right, relative energy of the dxy, dxz 

and dyz orbitals for six- and seven- coordinate RuIV complexes. 

 

Among all complexes discussed, the seven-coordinate complexes are the fastest water oxidation 

catalysts reaching TOF of 1000 s-1. However, TOF is measured by using Ce4+ as chemical oxidant, 

which determines the potential (E) of the solution. TOF is extremely sensitive to the difference 

between the potential of the solution (E) and the catalytic potential (ECAT) as shown in the generic 

eq. 5.79  Therefore, it is not possible to distinguish if the high Turnover Frequency (TOF) exhibited 

by the seven-coordinate complexes is due to an intrinsically high kinetics (high k) or due to the 
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seven coordination stabilization (low ECAT). Electrochemical methods can distinguish between 

the Turnover Frequency (TOF) at a certain potential (E) and the intrinsic kinetics (k).80 These 

electrochemical methods have been recently employed to benchmark the activity of H+ and CO2 

reduction catalyts81 but not that of water oxidation catalysts. 

4/&
Ὧ

ρ ÅØÐ
ὊὉ Ὁ

ὙὝ

 eq. 5 

1.4 Molecular Anodes  

The next rational step towards the construction of an artificial photosynthetic cell is nowadays 

to anchor the best molecular catalysts on (semi)conductive materials to generate powerful 

anodes and photoanodes. In the following subsections, we discuss the design and the 

performance of the best-performing molecular anodes (subsections 1.41-1.42) and 

photoanodes (subsections 1.51-1.52). 

The main challenge in these systems is that the catalyst immobilized on the anodes retained the 

high activity exhibited in solution.10,34 Consequently, the following sections aim to highlight the 

factors that benefit the high performance of the immobilized catalysts. 

1.4.1 Design of Molecular Anodes 

Molecular anodes consist of a molecular catalyst and a conductive material. The link between 

the material and the catalyst is provided by a functional group that is included in the ligand 

scaffold of the complex. The link that assembles the complex and the material provides a strong 

and conductive interaction that can be covalent or not covalent.82,83 

 

Most examples of molecular anodes are based on the immobilization of Ru catalysts on oxide 

surfaces such as fluorine doped SnO2 (FTO), Sn(IV) doped In2O3(ITO) or TiO2 nanoparticles. The 

 

Figure 11. Representative linkage between a metal surface and a phosphonate, carboxylate and silicate 

respectively (from left to right). 
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linkers for these surfaces are based on phosphonate, carboxylate or silicate functional groups 

that generate a covalent bond with the surface, see Figure 11. 

Other molecular anodes are based on carbon materials that range from flat glassy carbon 

electrodes to nanostructured carbon materials. The phosphonate, carboxylate and silicate 

linkers are not used for the immobilization on carbon materials due to the few COOH groups 

available on the surface. Alternatively, the three most relevant strategies for the immobilization 

on carbon surfaces are based on pi-pi stacking with carbon nanostructures, the electroreduction 

of diazonium salts and the anodic deposition of N-substituted pyrroles or C-substituted 

tiophenes, see Figure 12.  While two of the strategies are not based on covalent interactions, 

the electrografting of the diazonium salts generates a C-C bond with the surface. 

Llobet and Meyer laboratories provided several examples of immobilized molecular system on 

oxide surfaces during the last decade. Their laboratories initially substituted the initial trpy and 

bpy ligands of complexes 2 and 5 by the phosphonate-derived PO3H2-trpy and diPO3H2-bpy 

ligands.84 The resulting complexes in,in-{[RuII(trpy-PO3)(H2O)]2( b˃pp)}, 14, and [Ru(Mebimpy)(di-

PO3-bpy)(OH2)], 16, contained a phosphonate group that attached to oxides surfaces.  Complex 

 

Figure 12.  Schematic representation of the strategies for the immobilization of molecular catalyst on 

carbon Surfaces. A, Strong pi-pi interaction between a pyrene moiety and a carbon nanostructured 

material.  B, 1->2->3 sequence of the electroreduciton of diazonium salts that leads to a C-C bond. C, 

Anodic electropolymerization of N-substituted pyrroles or C-substituted thiophenes. 
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14 was deposited on TiO2 nanoparticles to generate the 14@TiO2 anode and 16 was immobilized 

on ITO electrodes to generate the 16@ITO anode. To simplify the reading, the full nomenclature 

of the abbreviated ligands (e.g trpy-PO3 or di-PO3-bpy) will be only detailed in the corresponding 

chart and not in the text from this point.85 

Llobet et al followed a related strategy to immobilize complex 3 through a carboxylate group. In 

this work, a phenyl-carboxylic group replaced the Methyl of the Mebbp ligand to prepare 

complex {[RuII(py)2(H2O)]2ό-˃COO-Ph-bbp)}, 15, see Chart 4.85 The complex decorated 

mesoporous ITO electrodes (mesoITO) to generate 15@mesoITO electrodes. In addition to the 

anchoring function, the extra phenyl carboxylate group also protected the easily oxidative 

position of the pyrrole.  

 

Chart 4. Structures of dinuclear (14-15) and mononuclear (16-17) Ru complexes modified to be   

immobilized on electrodes. PO3H2-trpy is [2,2':6',2''-terpyridin]-4'-ylphosphonic acid, COOH-Ph-Hbbp is 

4-(3,5-di([2,2'-bipyridin]-6-yl)-1H-pyrazol-4-yl)benzoic acid, Mebimpy is 2,6-bis(1-methylbenzimidazol-

2-yl)pyridil, diPO3H2-bpy is  ([2,2'-bipyridine]-4,4'-diylbis(methylene)) bis(phosphonic acid) and Pyr-py 

is  3-(pyren-2-yl)-N-(pyridin-4-ylmethyl)propanamide. 

 

Simultaneously, Sun et al replaced the axial Me-py of complex 9 by Pyr-py ligands to generate 

an anode based on Multiwalled Carbon Nanotubes (MWCNT). The resulting complex 

[Ru(bda)(Pyr-py)2(OH)] (17)86 was attached to MWCNT through pi-pi stacking and generated the 
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17@MWCNT/ITO electrode when combined with a flat ITO electrode. 86 The same group also 

explored other strategies to anchor complexes related to complex 9 on carbon surfaces. For 

example, glassy carbon electrode was modified through the electroreduction of diazonium salts 

and click chemistry of a 9-related complex.87 In addition, the axial ligands of complex 9 were 

modified to incorporate pyrroles and C-substituted thiophene groups to anchor complex 9 onto 

glassy carbon surfaces through anodic polymerization.88 Some of these immobilization 

strategies were employed both for the preparation of anodes and photoanodes and are 

discussed in the photoanode section. 

1.4.2 Performance of Molecular Anodes 

Table 2 illustrates the electrochemical data for the 14@TiO2, 15@mesoITO, 16@FTO and 

17@MWCNT@ITO anodes together with the catalytic data for the related homogeneous 

complexes 2, 3, 5 and 9 respectively. The four examples allow the reader to compare relevant 

electrochemical features of the best-performing molecular anodes: the superficial 

concentration, the turnover frequencies and the current density. 

Table 2. Electrochemical data for 14@TiO2, 15@mesoITO, 16@FTO and 17@MWCNT/ITO anodes 

together with catalytic activity of the analogous homogeneous complexes 2, 3, 5 and 9. 

 

G 
(nmol/cm2) 

TOF het. 

(TOF hom.) 

s-1 

j /time 

(mA/cm2)/
(min)  

Ref. het. 

(Ref. hom.) 

in,in-{[RuII(trpy-PO3)(H2O)]2( b˃pp)}@FTO 

14@TiO2 
10 0 (0.01)a 0a/ -- 83 (59) 

{[RuII(py)2(H2O)]2( -˃COO-Ph-bbp)}@ITO 

15@mesoITO 
0.5 0.3b (0.07)c 15b/ -- 85 (61) 

[Ru(Mebimpy)(di-PO3-bpy)(OH2)]@FTO 

16@FTO 
0.1 0.36d (0.15)e 5d/480d 84 (62) 

[Ru(bda)(Pyr-py)2(OH)]@MWCNT/ITO 

17@MWCNT/ITO 
1.8 0.3f  (30)g 220f/416f 86 (57) 

Experimental details: a, CeIV (100 mM) and 2 (1 mM) at pH = 1; b, Chronoamperometry using a Rotating 

Disk electrode at E = 1.69 V at pH = 1; c, CeIV (100 mM) and 3 (1 mM) at pH = 1;  d, Chronoamperometry 

at E = 1.85 V at pH= 1;  e, CeIV(100 mM) and complex 5 (1 mM) at pH = 1;89,39 f, Chronoamperometry at E 

= 1.45 V at pH = 7; g, CeIV (365 mM) at pH = 1 and complex 9 (62.5 mM). 
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The superficial concentration of the catalyst (G, nmol/cm2) is an extremely important parameter 

that directly influences the current density and stability of the hybrid anodes. The best way to 

boost the superficial concentration of a catalyst is to use electrodes that possess a high surface 

area. For example, the hybrid electrode 14@TiO2 that is based on TiO2 nanoparticles show G that 

are two orders of magnitude higher than hybrid electrodes based on flat FTO electrodes, such 

as 16@FTO. In a similar way, the use of nanostructured carbon, such as MWCNT, also increased 

the loading: the 17@MWCNT/ITO hybrid electrode shows one order of higher loading that the 

flat glassy carbon electrode. 87 

The other crucial parameter of the hybrid anodes is related to the specific activity of the catalyst. 

The Turnover Frequency (TOF) of the catalyst on the hybrid electrode is informative about the 

activity of the catalyst in the hybrid system. In addition, it is interesting to compare the activity 

of the molecular catalyst on the surface to that of the related complex in the homogenous phase. 

Accordingly, Table 2 shows the Turnover Frequency of the hybrid systems (TOFhet) together with 

that of the analogue systems in solution (TOFhom). In the case of molecular catalyst immobilized 

on the surface, the nature of the water oxidation mechanism is fundamental. For example, the 

hybrid materials based on first-order water oxidation catalysts, such as 15@mesoITO and 

16@FTO hybrid electrodes, showed increased TOF as hybrid electrodes compared to the 

homogeneous counterparts. In sharp contrast, the Ru-bda complex ancored on MWCNT, 

17@MWCNT/ITO, showed decreased perfomance when ancored on the surface. The loss of 

activity of Ru-bda complexes on hybrid anodes is clearly a major drawback because the family 

of Ru-bda complexes are the fastest water oxidation catalyst in the literature. The bimolecular 

nature of the Ru-bda complexes explains the low activity of the immobilized Ru-bda complexes: 

the molecular catalyst cannot oxydize water throught the preferred bimolecular mechanism and 

their activity shrinks. 

Finally, complex 14@TiO2 illustrates a potential problem that hybrid materials can suffer when 

molecular catalysts are anchored on oxide surfaces: the Ru-OH2 of complex 14 interacts with the 

M-O functionalities of the oxides and blocks the catalytic activity of the catalyst. The relative 

position of the Ru-OH2 in respect to the oxide surface have been underlined as critical by a recent 

work.83 

The current density (j, mA/cm2) is the most important parameter for oxygen evolving anodes. 

An ideal anode in a commercial cell must maintain 10 mA/cm2 for months at the lowest 

potential. In the hybrid anodes, the current density is proportional to the product of G and the 
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turnover frequency of the catalyst. Consequently, the 17@MWCNT/ITO hybrid anode exhibits 

the highest current density (220 mA/cm2) in the literature. However, the current density relies 

on the higher loading of 17 on the MWCNT electrodes rather than on the high activity of the 

molecular catalyst. The current density of the 17@MWCNT/ITO electrode could reach the 

commercially relevant values of 10 mA/cm2 if the complex retained the specific activity in 

solution. Hence, the development of fast first order molecular catalysts as fast as complex 9 in 

solution is of high interest. 

1.5 Molecular Photoanodes  

1.5.1 Design of Molecular Photoanodes   

Molecular photoanodes consist of a water oxidation catalyst, a light absorber and an electrical 

field that ensures charge separation. The way that photoanodes absorb light divides them into 

two groups as shown in Figure 13. The first group is nŀƳŜŘ άŘȅŜ-ǎŜƴǎƛǘƛȊŜŘέ ǇƘƻǘƻŀƴƻŘŜǎ 

ōŜŎŀǳǎŜ ŀ ŘȅŜ ŀōǎƻǊōǎ ǘƘŜ ƭƛƎƘǘΦ ¢ƘŜ ǎŜŎƻƴŘ ƎǊƻǳǇ ƛǎ ƴŀƳŜŘ ά{ŜƳƛŎƻƴŘǳŎǘƻǊ-Ŏŀǘŀƭȅǎǘέ ōŜŎŀǳǎŜ 

a small band gap semiconductor absorbs the light. 

 

Figure 13. General designs for molecular photoanodes. WOC is Water Oxidation Catalyst, SC is 

Semiconductor, Eg is band gap and the dye is often a [Ru(bpy)3]2+ derivative.  

 

The band diagram for the dye-sensitized photoanodes is depicted in Scheme 1. As the dye is 

involved in the light absorption and charge separation, most of the requirements in the Scheme 

are related to the dye. The first requirement is that the HOMO-LUMO difference of the dye is in 

visible light energies to absorb most of the solar spectrum. The other requirement is that the 

potential of the oxidized dye (EP/P+) is greater that the water oxidation catalyst onset potential 
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(ECAT) to catalyze the water oxidation reaction. Derivatives of [Ru(bpy)3]2+ have been extensively 

used in this Scheme due to the ideal thermodynamic match. Finally, the Conduction Band (CB) 

of the semiconductor must be able to accept the electrons from the Photoexcited species (P*). 

Large band gap oxides such as TiO2 possess CB that are suitable for the electron injection of 

[Ru(bpy)3]2+ dyes. In addition, the large band gap of TiO2 (Eg = 3 eV) do not absorb a large portion 

of visible light. 90,91 

 

Scheme 1. Band diagram for a Dye-sensitized photoanode. CB and VB are the conduction and valence 

band of the semiconductor (SC) respectively. Eg is the bandgap of the SC. The P, P+, P- and P* are the 

dye and their oxidized, reduced and photoexcited forms, respectively. The EP/P+ and the EP-/P* are their 

redox potential. Ecat is the turn on potential of the water oxidation catalyst (WOC), EH2O/O2 is the 

thermodynamic potential. 

 

In dye-sensitized photoanodes, the molecular dyes and catalysts are anchored on the surface of 

the semiconductor by the linkers described in section 1.4.1. For example, Meyer et al used the 

Phosphonate derivate complex 16 in Chart 4 to generate a molecular dye-sensitized 

photoanode. 92 In order to co-deposit the dye, one of the bpy of the [Ru(bpy)3]2+ dye was 

replaced by a diPO3H2-bpy ligand yielding the complex Ru(bpy)2(di-PO3H2-bpy)]2+, 18. An 

electrode coated with a core-shell of TiO2/ITO was modified by anchoring the two molecules to 

yield the hybrid photoanode (18+16)@TiO2/ITO.92 Similarly, Sun and Meyer  groups generated 

photoanodes from complex 9 by replacing the initial axial pyridines by PO3H2-py and Si(OH)3-Py 

ligands respectively: see complex [Ru(bda)2(PO3H2-py)2(OH)] (19) and complex [Ru(bda)2(Me-

Py)(SiO3H3-Py)(OH)] (20) in Chart 5.93,94 Both groups prepared dye sensitized photoanodes by 

codepositing the water oxidation catalysts and the dye on TiO2/ITO core shell nanoparticles and 

TiO2 nanoparticles.93,94 
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Chart 5. Dye (18) and complexes (19, 20 and 21) used for the construction of molecular photoanodes. 

diPO3H2-bpy is ([2,2'-bipyridine]-4,4'-diylbis(methylene)) bis(phosphonic acid), PO3H2-py is(4-(pyridin-4-

yl)butyl)phosphonic acid. thp-Py is 4-(2-(thiophen-3-yl)ethyl)pyridine.   

 

Part of the knowledge required for the dye-sensitized photoanodes has been acquired by 

studying an equivalent system in solution. In the homogeneous systems, the [Ru(bpy)3]3+ dye is 

dissolved together with a water oxidation catalyst. An electron acceptor is also dissolved that 

removes electrons from the photoexcited dye under light illumination. The quantum efficiency 

for the three-compound mixture under 1 sun illumination is circa 10%.95,96  Furthermore, the use 

of Transient Absorption Spectroscopy (TAS) enables quantifying the kinetics of the processes 

involved in the photocatalytic system together with other undesired processes, such as back 

electron transfer. 97 

Scheme 2 illustrates the band diagram for the semiconductor-catalyst design. In these 

photoanodes, the semiconductor absorbs the light in the visible region of the spectrum. In order 

to absorb significant part of the spectrum, the band gap of the seminconductor (Eg) must be 

below 2.5 eV. Once the semiconductor has absorbed the photons from the light, the electrical 

field generated in the semiconductor-solution junction directs the charges to the water 
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oxidation reaction (holes, h+) and to the rear of the electrode (electrons, e-). This phenomenon 

is analogous to the charge separation in a p-n junction of the PV cells.8 A requirement is that the 

VB of the Semiconductor must fall above the onset of the water oxidation catalyst (Ecat).98 

 

Scheme 2. Band diagram for a Semiconductor + Catalysts photoanode. Eg is the bandgap of the SC. Ecat 

is the turn on potential of the water oxidation catalyst (WOC), EH2O/O2 is the thermodynamic potential. 

 

Sun et al reported the only example in the literature of a semiconductor directly coupled to a 

molecular water oxidation catalyst.99 The semiconductor-catalyst photoanode consisted of the 

anodic polymerization of complex [Ru(bda)2(Me-Py)(thp-Py)(OH)] (21) containing a thiophene 

axial ligand (thp-Py), see Chart 5. The polymerization was performed on the surface of the a-

Fe2O3 semiconductor (Eg = 2.3 eV) to generate the 21@a-Fe2O3 photoanode. 

1.5.2 Performance of Molecular Photoanodes 

Table 3 summarizes the photochemical features of the two best-performing dye sensitized 

photoanodes, (18+19)@TiO2/ITO and (18+20)@TiO2, and the only example of semiconductor-

catalyst molecular photoanode 21@a-Fe2O3.90,91 
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Table 3. Photoeletrochemical data for (18+19)@TiO2/ITO, (18+20)@TiO2 and 21@a-Fe2O3 photoanodes. 

Photoanode Semiconductor Dye WOCc 
j (mA/cm2) 

/ time (min)d 
Ref. 

(18+19)@TiO2/ITO TiO2/ITOa 18 19 1.5 / 20 93 

(18+20)@TiO2 TiO2
b 18 20 1/ 2 94 

21@a-Fe2O3 a-Fe2O3 --- 21 0.3 / 5 99 

ananoITO/TiO2 core/shell structure. b TiO2 nanoparticles on FTO electrode, c Water Oxidation Catalyst, d 
time of sustained current  

 

The first remarkable feature of the performance of the three photoanodes is the relative high 

current density. Photoanodes (18+19)@TiO2/ITO and (18+20)@TiO2) exhibit current densities 

around 1 mA /cm2 under illumination, which exceed the 0.2 mA/ cm2 exhibited by the related 

17@MWCNT/ITO anode.77 The relative high current density of the anodes clearly comes from 

the nanoparticulate nature of the TiO2 and TiO2/ITO semiconductors that allows high catalyst 

loadings.  

Despite the relative high current density, the performance is limited to less than 20 minutes for 

all the molecular photoanodes. This clearly limits their eventual incorporation in any commercial 

device in the future. Several hypothesis are nowadays available to explain the low stability.One 

possible hypothesis is the low stability of the phosphonate, carboxylate and silicate bonds under 

light illumination. Meyer et al. reported that phosphonate-metal oxide  bonds broke under light 

illumination conditions.100 This partially explains the low stability of the dye-sensitized 

photoanodes in the literature, such as (18+19)@TiO2/ITO and (18+20)@TiO2), that are based on 

phosphonate and silicate groups as linkers for the dyes and catalysts. 

An alternative to the Phosphonate/carboxylate and silicate linkers may arise from the 

development of semiconductor-catalyst photoanodes. Future photoanode designs might 

include assemblies between water oxidation catalyst and small bandgap semiconductors such 

as carbon nitides101 or Si.36 The different nature of the surface of the semiconductors might 

permit using stronger linkers than ester bonds with metal oxides. 

However, the main hypothesis for the low stability involves the nature of the water oxidation 

catalyst. Most of the photoanodes in the literature are based on second order water oxidation 

catalysts: such as complex 9 or its derived forms (17, 19, 20 or 21). When these catalyst are 

anchored to surfaces, they cannot follow their lowest energetic path and they must oxidize 
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water through high energetic paths. The high energetic paths might induce undesired reactions, 

namely degradation, that will reduce the stability of the catalyst. In the case of water oxidation, 

the inefficient catalytic reaction might also result in back electron transfer complications, which 

can further reduce the stability of the electrodes. Hence, the future attainment of stable 

molecular photoanodes depends on the discovery of fast first-order water oxidation catalysts.  
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Chapter 2 

Objectives 

 

Some of the knowledge gaps highlighted in Chapter 1 have been 

transformed into objectives during the development of the present 

thesis. The objectives travel from the design and performance of 

molecular catalysts in solution to the development of powerful anodes 

and photoanodes.  
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The main challenge in molecular Ru-based water oxidation catalysis is to develop powerful 

molecular anodes and photoanodes. The field of molecular water oxidation has boomed with 

the appearance of new mononuclear seven-coordinate water oxidation catalysts with activities 

exceededing that of the natural Mn4O5 cluster. At the start of this thesis, we envisioned 

potentially seven-coordinate Ru complexes based on the [2,2'-bipyridine]-6,6'-dicarboxylate 

(bda2-), [2,2':6',2''-terpyridine]-6,6''-dicarboxylate (tda2-) and 2,5-bis(6-carboxylatopyridin-2-

yl)pyrrol-1-ide  (t5a3-) scaffolds as equatorial ligands.  

 

Therefore, the main objective of this thesis is the generation of powerful anodes and 

photoanodes based on Ru-bda, Ru-tda and Ru-t5a complexes and the understanding of the 

factors that rule their water oxidation catalysis. From this general objective, specific objectives 

have been pursued during the development of the thesis. 

Objective AΥ ά¢ƻ {ȅƴǘƘŜǎƛȊŜ ƴŜǿ wǳ ǎŜǾŜƴ-coordinate complexes based on the 

2,2':6',2''-terpyridine]-6,6''-dicarboxylate (tda2-) and 2,5-bis(6-carboxylatopyridin-2-

yl)pyrrol-1-ide  (t5a3-) ligand and pyridine as axial ligands, to test their capability to 

caǘŀƭȅȊŜ ǘƘŜ ǿŀǘŜǊ ƻȄƛŘŀǘƛƻƴ ǊŜŀŎǘƛƻƴέ. 

Objective B - ά¢ƻ ŘŜǘŜǊƳƛƴŜ ŀƴŘ ǘƻ ǉǳŀƴǘƛŦȅ ǘƘŜ ǊǳƭƛƴƎ ŦŀŎǘƻǊǎ ƻŦ ǎŜǾŜƴ ŎƻƻǊŘƛƴŀǘƛƻƴ 

water oxidation catalysis in solution: the effect of the pi-pi stacking, the H bonding and 

the O-O bond mechanism implications on the activityέ. 

Objective CΥ ά¢ƻ ŘŜǾŜƭƻǇ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ƳŜǘƘƻŘǎ ǘƻ ŜƭǳŎƛŘŀǘŜ ŀƴŘ ǘƻ ōŜƴŎƘƳŀǊƪ ǘƘŜ 

new seven-coordinate Ru catalysts. 

Objective D: ά¢ƻ ǇǊŜǇŀǊŜ ŀƴƻŘŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ Ƴƻǎǘ ǇƻǿŜǊŦǳƭ ǎŜǾŜƴ-coordination 

complexes, to quantify their performance ŀƴŘ ǘƻ ŀƴŀƭȅȊŜ ǘƘŜƛǊ ŀŎǘƛǾŜ ǎǇŜŎƛŜǎέ. 

Objective E: ά¢ƻ ǇǊŜǇŀǊŜ ǇƘƻǘƻŀƴƻŘŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ Ƴƻǎǘ ǇƻǿŜǊŦǳƭ ǎŜǾŜƴ-coordination 

complexes. 
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Chapter 3 

 

H-Bonding Rockets Water Oxidation Catalysis In 

New Ru Complexes 

 

The synthesis, characterization, redox properties and catalytic activity 

of two new families of seven-coordinate Ru complexes based on the 

(2,2':6',2''-terpyridine]-6,6''-dicarboxylate) (tda2) or the 2,5-bis(6-

carboxylatopyridin-2-yl)pyrrol-1-ide (t5a3-) ligand and pyridine as axial 

ligands are reported. The corresponding Ru=O complexes are among 

the fastest molecular water oxidation catalysts in the literature due to 

H intramolecular bonding provided by a pendant carboxylate. 

The chapter consist of the following indendendent papers: 

 

PAPER A Matheu, R.; Ertem, M. Z.; Benet-Buchholz, J.; Coronado, E.; Batista, V. S.; Sala, 

X.; Llobet, A. J. Am. Chem. Soc, 2015 ,  137, 10786-10795 

 

PAPER B Matheu, R.; Ertem, M. Z.; Pipelier, M.; Lebreton, J.; Dubreuil, D.; Benet-

Buchholz, J.; Sala, X.; Tessier, A.; Llobet, A.; 2017, submitted  

  



    

34  
 

III 

PAPER A Intramolecular Proton Transfer Boosts Water 

Oxidation Catalyzed By A Ru Complex 

Matheu, R.; Ertem, M. Z.; Benet-Buchholz, J.; Coronado, E.; Batista, V. S.; Sala, X.; Llobet, 

A. J. Am. Chem. Soc. 2015, 137, 10786-10795. 

 

 

 

 

 

 

 

 

 

 

Abstract 

We introduce a new family of complexes of general formula [Run(tda)(py)2]m+ (n=2, m=0, 
1; n=3, m=1, 2+; n=4, m=2, 32+), with tda2-=[2,2':6',2''-terpyridine]-6,6''-dicarboxylate, 

including complex [RuIV(OH)(tda-k-N3O)(py)2]+ 4H+ which we find to be an impressive water 
oxidation catalyst, formed by hydroxo coordination to 32+ under basic conditions. The 
complexes are synthesized, isolated and thoroughly characterized by analytical, 
spectroscopic (UV-Vis, NMR, EPR), computational and electrochemical techniques (CV, 
DPV, Coulometry), including solid state monocrystal X-ray diffraction analysis. In the 
oxidation state IV, the Ru center is seven coordinated and diamagnetic, whereas in 
oxidation state II the complex has an unbonded dangling carboxylate, so is six coordinated 
while still diamagnetic. With oxidation state III, the coordination number is halfway 
between the coordination of oxidation state II and IV. Species generated in situ have also 
been characterized by spectroscopic, computational and electrochemical techniques, 
together with the related species derived from a different degree of protonation and 
oxidation states. 4H+ can be generated potentiometrically, or voltammetrically, from 32+ 
and both coexist in solution. While complex 32+ is not catalytically active, the catalytic 
performance of complex 4H+ is characterized by the foot of the wave analysis (FOWA), 
giving an impressive TOF record of 8,000 s-1 at pH = 7.0 and 50,000 s-1 at pH = 10.0. DFT 
calculations provide a complete description of the water oxidation catalytic cycle of 4H+ 
manifesting the key functional role of the dangling carboxylate in lowering the activation 
free energies leading to O-O bond formation. 

Contributions 

Roc Matheu synthetized and characterized the new compounds, performed the 

electrochemical and spectroscopic analysis and prepared the manuscript. 
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A 1 Introduction 

Fundamental understanding of the electronic and structural factors that determine the 

ultimate performance of water oxidation catalysts (WOCs) is critical for the development of 

catalytic systems for energy conversion.1-6 Efficient functionality for fast and oxidatively 

rugged7,8 performance at neutral pH can provide durability for sufficiently long times as 

necessary for practical applications.9,10 Here, we introduce and characterize a new family of Ru 

complexes, including compound [RuIV(OH)(tda-k-N3O)(py)2]+ with tda2-=[2,2':6',2''-terpyridine]-

6,6''-dicarboxylate, found to be an impressive water oxidation catalyst both under neutral and 

alkaline conditions. 

Transition metal complexes provide an excellent platform for mechanistic studies based on 

ligand design.11-13 In particular, Ru-aqua complexes with polypyridylic ligands14-17 are robust 

catalysts that allow for the analysis of mechanisms much more accessible than those of first row 

transition metals with labile ligands.18-22  When combined with the theoretical analysis, via 

density functional theory (DFT) calculations, spectroscopic and electrochemical measurements 

provide detailed information on the nature of reaction intermediates and activation free 

energies along the catalytic cycle of water oxidation.23-30 Strong sigma donation groups like 

carboxylate ligands in 2,2'-bipyridine-6,6'-dicarboxylic acid (H2bda; see Chart 1 for a drawing), 

together with seven coordination have allowed easy access to reactive species in high oxidation 

states such as [RuV(O)(bda)(pic)2]+ (pic is 4-picoline) where the metal center is at formal 

oxidation state of V.31 Additional tuning of the activation energy barriers can result from 

supramolecular interactions, based on p- p stacking of ligands with p -extended conjugation 

such as isoquinoline and its derivatives favoring formation of dinuclear peroxo 

intermediates.32,33 Furthermore, hydrogen bonding interactions can play a significant role in the 

kinetics as demonstrated with strategically substituted fluro-2,2Ω-bpy ligands.34-36 Finally, the 

presence of an external base can also strongly influence the kinetics of water oxidation reaction 

by facilitating proton coupled electron transfer (PCET) and deprotonation of the incoming water 

molecule at the O-O bond formation step as has been recently proposed using phosphate, 

borate or carboxylate as a base. Also, a direct interaction of OH- with the Ru high valent reactive 

species at high pH has also been shown to enhance kinetics.37,38  
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Chart 1. Ligands used and discussed in this work with labeling for NMR assignment. 

 

Using the knowledge accumulated over recent years, we have designed new Ru complexes that 

could potentially benefit from most of the considerations mentioned above. In particular, the 

new catalyst [RuIV(OH)(tda-k-N3O)(py)2]+ combines the various types of interactions responsible 

for redox leveling effects and exhibits an impressive catalytic performance of water oxidation 

with turnover frequencies (TOF) of 8,000-50,000 s-1 depending on pH. To the best of our 

knowledge, these TOFs are the highest ever reported under analogous conditions. We describe 

the synthesis, spectroscopic, electrochemical and theoretical characterization of the series of Ru 

complexes with the pentadentate ligand [2,2':6',2''-terpyridine]-6,6''-dicarboxylic acid (H2tda; 

see Chart 1). This ligand can potentially coordinate to a metal center, in a k-N3O2 fashion in the 

equatorial zone. The auxiliary axial positons are coordinated by pyridine ligands that are 

generally not directly involved in the electron transfer and/or proton transfer, or in the O-O 

bond formation. 

A 2 Results and Discussion 

A 2.1 Synthesis and solid state structure 

 The synthesis of the Ru complexes described in this work is summarized in Scheme 1. 

Reaction of [RuIICl2(dmso)4] with H2tda, in the presence of NEt3 as a base at reflux with MeOH, 

followed by addition of pyridine and further reflux in a mixture of water and pyridine produces 

complex [RuII(tda-k-N3O)(py)2], 1, in 50% isolated yield. Treatment of the latter with one 

equivalent of Ce(IV) as an oxidant generates the [RuIII(tda-k-N3O2)(py)2](PF6), 2(PF6), complex. 

Subsequent addition of one more equivalent of Ce(IV) to 2+ generates [RuIV(tda-k-

N3O2)(py)2](PF6)2, 3(PF6)2, in 39% and 32% isolated yield, respectively. All of these new complexes 

are characterized analytically and spectroscopically by UV-vis, EPR and 1D and 2D NMR in 

solution as presented and discussed in the following section. In addition, monocrystal X-ray 

diffraction analysis has been carried out to characterize the complexes in the solid state. Ortep 

drawings of 1 and those of the cationic moieties of 2+ and 32+ are presented in Figure 1. 
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Scheme 1. Synthetic strategy for the preparation of the complexes described in this work and 

nomenclature used. Broken lines indicate bonds that are simultaneously formed and broken. 

 Complex 1 displays the typical distorted octahedral geometry around the Ru center as 

expected for low spin d6 Ru(II).29,32,39,40 The pyridine monodentate ligands occupy the axial 

positions whereas tda2- binds as an equatorial ligand. With Ru in oxidation state II, tda2- binds in 

a tetradentate k-N3O fashion with a non-bonding dangling carboxylate as shown in Figure 1. In 

oxidation state III, two different structural units are found in the unit cell of complex [RuIII(tda-

k-N3O2)(py)2]+, 2+. One of these structures has the tda2- ligand bound in a k-N2O2 mode with the 

central pyridyl of this ligand formally non-bonded althouƎƘ ŀǘ άŎƻƴǘŀŎǘέ ŘƛǎǘŀƴŎŜ όwǳ-N distance 

= 2.38 Å). The other Ru(III) structure also has tda2- as a tetradentate ligand although bound in a 

k-N3O mode, with the two carboxylates weakly bonded with long Ru-O distances of 2.33 Å and 

2.23 Å, respectively (typical Ru(III)-Ocarboxylate bonds are in the 1.9ς2.1 Å range).31,41 Given the fact 

that the five N3O2 ŀǘƻƳǎ ŀǊŜ ŀƭƭ ǇŀǊǘƛŀƭƭȅ ƛƴǾƻƭǾŜŘ ƛƴ ōƻƴŘƛƴƎ ŀǘ млл YΣ ǿŜ ƭŀōŜƭ ǘƘŜ ŎƻƳǇƭŜȄ άǘŘŀ-

k-N3O2έ ŀƭǘƘƻǳƎƘ ǘƘŜ му-electron rule is satisfied when only four of the atoms are effectively 

bound to Ru(III).42As the axial pyridines are always fully bound to Ru, we expect that the Ru-N 

and Ru-O bonds are simultaneously made and broken very quickly at room temperature, as 

represented by the dashed lines in Scheme 1. Density functional theory (DFT) calculations based 

on the M06-L43 and M11-L44 functionals (see Computational Methods in SI for details) provide 

optimized structures for the Ru-tda complexes at different oxidation states (Figure S25 in the 

SI). The comparison of the calculated and X-ray bond lengths indicate good agreement (Table S2 

in the SI). For RuII oxidation state, we carried out optimizations for both [RuII(tda-k-N3O)(py)2], 

1, and [RuII(tda-k-N2O2)(py)2] conformers and found 1 to be more stable by 5.6 kcal/mol in line 

with the experimental observations. For oxidation states III and IV, the DFT calculations favored 

one conformer, namely [RuIII(tda-k-N2O2)(py)2]+ and [RuIV(tda-k-N3O2)(py)2]2+ , 32+, which will be 

discussed in the following sections. 
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Figure 1: X-Ray ORTEP plots of: [RuII(tda-k-N3O)Py2], [RuIII(tda-k-N2O2)Py2]+, [RuIII(tda-k-N3O)Py2]+ and 

[RuIV(tda-k-N3O2)Py2}2+ Ellipsoids are plotted at 50 % probability. Broken lines indicate contacts. Color 

codes: Ru, cyan; N, blue; O, red; C, black. H-atoms are not shown. 

A 2.2 Spectroscopic Characterization based on NMR, EPR and UV-vis. 

Figure 2 shows the 1H NMR spectra of complexes 1, 2+ and 32+ in pD = 7.0 solutions of 

phosphate buffer. As expected, the high-field octahedral d6 Ru(II) complex 1 is diamagnetic and 

all resonances could be easily assigned based on integrations, multiplicity and the combination 

of 1D and 2D NMR (see SI for a complete set of spectra). For 1, the resonances due to the tda2- 

ligand are symmetric indicating a fast dynamic behavior at room temperature. Further, the room 

temperature 2D 15N-1H HMBC (see figure S6) of 1 shows that all of the N atoms of tda2- are 

bonded to the metal center. Therefore, the dynamical ligand exchange behavior is limited to the 

carboxylate sites, as indicated by equation 1. 

               

(1) 
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Figure 2: Left, 1H NMR spectra in a phosphate buffer pD = 7.0 solution for [RuII(tda-k-N3O)Py2], 1 (red), 

[RuIII(tda-k-N3O2)Py2]+, 2+ (green) and [RuIV(tda-k-N3O2)Py2}2+, 32+ (orange). Right, EPR of 2+ at pH = 7.0. 

The assignment is keyed in Chart 1. 

Complex 32+ is also diamagnetic, as expected for a low spin d4 Ru(IV) ion with a (dxz, 

dyz)4 electronic configuration and pentagonal bipyramidal geometry. When compared to the 1H 

NMR spectra of the Ru(II) complexes, the resonances of the Ru(IV) complex are shifted to a lower 

field in accordance with the higher oxidation state of the Ru center. In contrast, complex 2+ is 

paramagnetic as expected for an octahedral low spin d5 ion with an unpaired electron. As can 

be observed in Figure 2, all resonances are broadened and highly shifted with regard to those of 

the Ru(II) analogue, partly due to the paramagnetic effect of the unpaired electron over the 

nuclear spin. On the other hand, complex 2+ shows an axial EPR spectrum with g//  = 2.10 and g / 

= 2.0, which is in agreement with the presence of two py ligands occupying the axial positions 

of the octahedron (Figure 2). Both Ru(II) and Ru(IV) are EPR silent as expected for complexes 

with no unpaired electrons. The EPR experiments were carried out at 4 K on frozen solutions by 

using a X-band spectrometer. 

The UV-vis spectra of complexes 1, 2+ and 32+, dissolved in 0.1 M triflic acid aqueous 

solutions (pH = 1.0), are shown in Figure 3. Analogous spectra could be obtained by 

spectrophotometric redox titration of 1 with Ce(IV) exhibiting isosbestic points as displayed in 

the SI. Typical Ru-bpy MLCT bands are observed in the 420ς620 nm range for 1, whereas a single 

transition at 420 nm is observed in that range of the spectrum for Ru(III), which is essentially 

featureless for Ru(IV).  

It is important to mention that complex 32+ is very stable at pH = 1.0, as evidenced by 

the UV-vis spectrum which remains unchanged for several days. However, at pH = 7.0 the 

spectrum decays slowly (in about 3 h) back and cleanly to oxidation state (III) to form 2+ through 

isosbestic points as shown in Figure 3 (right). The spectral decay is associated with slow oxidation 
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of water by 32+, since at neutral pH the redox couple IV/III is above the thermodynamic potential 

for water oxidation, consistent with previous observations for related Ru complexes.45,46 

 

Figure 3: Left, UV-vis spectra of [RuII(tda-k-N3O)Py2] (1) (red), [RuIII(tda-k-N3O)Py2]+ (2+) (green), and 

[RuIV(tda-k-N3O2)Py2]2+ (32+) (yellow), in a 0.1 M triflic acid aqueous solution. Right, stability of high 

oxidation states monitored by UV-vis spectroscopy at pH = 1.0 and at pH = 7.0. Right, UV-vis spectra of 

pH = 7.0 phosphate buffer solution of 50 mM [RuIV(tda-k-N3O2)Py2]2+, 32+, after one minute of its 

preparation (cyan) and subsequent spectra after, 0.5 (pink), 1 (grey), 2 (blue) and 4h (green). Inset, plot 

of molar absorbance (e) vs. time for l = 243 nm and l = 315 nm (squares and triangles respectively) at 

pH = 1.0 (black) and pH = 7.0 (red)  

A 2.3 Stability of high oxidation states and formation of Ru-aqua species. 

We have analyzed the redox properties of the complex [RuII(tda-N3O)(py)2], 1, in 

aqueous solutions at different pH by the electrochemical measurements based on cyclic 

voltammetry (CV), differential pulse voltammetry (DPV) and coulometry. The CV and DPV 

experiments were carried out using glassy carbon disk working electrodes and a platinum wire 

as auxiliary, and mercury sulfate as reference electrode (MSE) and reported vs. NHE. 

Two chemically reversible and electrochemically quasireversible waves are observed at 

E1/2 = 0.52 V (DE = 60 mV) and 1.10 V (60 mV) as detected by CV at pH = 7.0 and shown in Figure 

4 left. Both waves are pH-independent in the pH = 2ς10 range and are assigned to two 

consecutive metal based one-electron oxidation processes, namely Ru(II) -> Ru(III) -> Ru(IV). It 

is interesting to analyze the scan rate dependence (n = 20, 10 and 7.5 mV/s) in the 1.35-1.45 V 

zone. As can be noticed in Figure 4, the current intensity at 1.4 V increases as the scan rate 

decreases, relative to the current intensity of the second anodic wave at 1.10 V suggesting the 

presence of a new electroactive process that is favored at longer time scales. A similar 
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phenomenon can be detected by DPV under analogous conditions while changing the pH (Figure 

4, right). As the pH increases from 6.5 all the way to 10.0, the intensity of the current increases 

dramatically in the 1.35ς1.45 V range. This phenomenon is attributed to the coordination of the 

hydroxide anion to the metal center, followed by a one electron oxidation as indicated in 

equations 2 and 3. This assumption is further supported by electrochemical and spectroscopic 

evidence as will be described here on. 

 

Figure 4. Left, cyclic voltammetry of approx. 1.7 mM [RuII(tda-k-N3O)Py2] (1), in a pH = 7.0 in aqueous 

phosphate buffer at a scan rate of 20 (black), 10 (red) and 7.5 (green) mV/s and differential pulse 

voltammetry (dashed black) using a glassy carbon was used as working electrode. Right, normalized 

differential pulse voltammetry for 1.7 mM 1, at pH = 6.5 (blue), 7.5 (black), 8.0 (purple) and 10.0 

(brown). 

[RuIV(tda-k-N3O2)(py)2]2+   +   OH-    ->     [RuIV(OH)(tda-k-N3O)(py)2]+                   (2) 

                  32+                                                                  4H+ 

[RuIV(OH)(tda-k-N3O)(py)2]+   -  e-  -  H+  ->     [RuV(O)(tda-k-N3O)(py)2]+                (3) 

                  4H+                                                                       5+ 

Complex 4H+ has a pKa = 5.5, as shown in the Pourbaix diagram discussed below. 

Therefore, at pH > 5.5, 4H+ is deprotonated to form [RuIV(O)(tda-k-N3O)(py)2], 4. Further 

oxidation of 4H+ or 4 (depending on the pH) forms the Ru(V) species that is a highly reactive 

water oxidation catalyst that can be detected in very small concentrations. These 

electrochemical experiments clearly show that two set of species coexist at high pH, including 

species with hydroxo or oxo terminal ligands (4H+, 5+, 6ύΣ ƴŀƳŜŘ ŦǊƻƳ ƴƻǿ ƻƴ άwǳ-ŀǉǳŀέΣ ŀƴŘ 

others not containing these ligands (1, 2+, 32+ύΣ ŎŀƭƭŜŘ ŦǊƻƳ ƴƻǿ άwǳ ƴƻƴ-ŀǉǳŀέ ǎǇŜŎƛŜǎΣ ŀǎ ǎƘƻǿƴ 

ƛƴ {ŎƘŜƳŜ мΦ ¢ƘŜ ǊŜŘƻȄ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ ƛƴ {ŎƘŜƳŜ н ŀƴŘ 

their spectroscopic and catalytic properties are discussed below. 
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Scheme 2Φ wŜŘƻȄ ǇǊƻŎŜǎǎ ƻŦ άwǳ-ŀǉǳŀέ ŎƻƳǇƭŜȄŜǎ ƛƴŎƭǳŘƛƴƎ ŀ ǎǉǳŀǊŜ ŎȅŎƭŜ ŀǘ ƻȄƛŘŀǘƛƻƴ ǎǘŀǘŜǎ LL ŀƴŘ LLLΦ 

The red colored structures are used to denote species that undergo fast linkage isomerization. 

 

 

Complex 4 can also be generated potentiostatically and monitored voltammetrically in 

a pH = 7.0 phosphate buffer solution using a bipotentiostat in a two compartment cell as shown 

in Figure 5 (see SI for further details). For this experiment a glassy carbon disk is used as a 

working electrode for the CV experiments whereas a Pt grid is used as working electrode to 

potentiostatically generate 4 at an applied potential of 1.25 V for 10 hours. As can be seen in 

Figure 5, only 1, 2+ and 32+ are initially present in solution as shown by the red dashed line. As 

time elapses (333 scans at a scan rate of 20 mV/s), the waves due to first and second oxidation 

of 1 decrease in intensity and new waves are formed at around 0.7 and 0.9 V. In addition, a large 

electrocatalytic wave develops at 1.30 V. Judging by the relative integrated charge, obtained 

under the cathodic wave for the IV/III couple (32+ + 1e- -> 2+) versus the new cathodic wave at 

лΦт ±Σ ǘƘŜ Ǌŀǘƛƻ ƻŦ άwǳ ƴƻƴ-ŀǉǳŀέ ǾŜǊǎǳǎ ǘƘŜ άwǳ-ŀǉǳŀέ ŎƻƳǇƭŜȄŜǎ ƛǎ ŀōƻǳǘ нΥмΦ ¢ƘŜ ƎŜƴŜration 

ƻŦ ǘƘŜ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ƳǳŎƘ ŦŀǎǘŜǊ ǿƘŜƴ ǘƘŜ ƛƴƛǘƛŀƭ ƴƻƴ-aqua complex 1 was 

dissolved at higher pH in agreement with the DPV shown in Figure 4 (right). 

¢ƘŜ ǊŜŘƻȄ ǇǊƻǇŜǊǘƛŜǎ ƻŦ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōŀǎŜŘ ƻƴ /± ŜȄǇŜǊƛƳŜƴǘǎ and 

ŀǊŜ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ р όǊƛƎƘǘύ ŀǘ ǇI Ґ уΦнΦ ! ǎǳƳƳŀǊȅ ƻŦ ǘƘŜ ǊŜŘƻȄ ǇǊƻŎŜǎǎŜǎ ƻŦ άwǳ-ŀǉǳŀέ 

complexes is given in Scheme 2 and can be easily rationalized following the reduction process 

starting form the most oxidized seven coordinated species [RuV(O)(tda-k-N3O)(py)2]+, 5+, and 

keeping in mind that the geometry of the ligand tda2- together with the different electronic 

nature of Ru(II) and Ru(III) foster linkage isomerization processes.47-49 Complex 5+ is responsible 

for the catalytic water oxidation reaction that will be described in the next section, and its formal 

V/IV redox couple at this pH is obtained by DPV (E1/2
4 = 1.43 V; Figure S20). The one electron 

reduction of 5+ (Scheme 2), generates [RuIV(O)(tda-k-N3O)(py)2], 4, that in turn can be further 
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reduced by a one electron process (E1/2
3 = 0.87 V) to generate [RuIII(OH)(tda-k-N3O)(py)2], 6. The 

latter has Ru-O and Ru-N bonds that form and break very quickly since Ru(III) is now six 

coordinated. Subsequent reduction to Ru(II) (E1/2
1= 0.70 V) generates a Ru(II)-aqua complex, 

[RuII(H2O)(tda-k-N3O)(py)2], 7, that is highly unstable and isomerizes to form [RuII(H2O)(tda-k-

N3)(py)2], 8, a process denoted by KII in Scheme 2. Oxidation of the latter to Ru(III), (E1/2
2= 0.77 

V), forms a very unstable species, [RuIII(OH)(tda-k-N3)(py)2], 9, that quickly isomerizes to form 6 

(KIII in Scheme 2) closing the thermodynamic square cycle. This square mechanism is further 

corroborated by DPV in the oxidative and reductive scans, shown in Figure 5 (top right). 

 

 

Figure 5: Left, repetitive cyclic voltammetry experiment (v = 20 mV/s) showing the generation of the 

άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ŦǊƻƳ ŀ ǇI Ґ тΦл ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊǎ ǎƻƭǳǘƛƻƴ ƻŦ мΦт Ƴa ƻŦ ŎƻƳǇƭŜȄ 1, using a glassy 

carbon disk as a working electrode. The red dashed line represents the first scan whereas the green 

solid line represents the last scan with 333 cycles in between. Right bottom, CV of 32+:4 (2:1) mixture 

at pH = 8.2 generated potentiostatically (see SI for details). The potential scan is swept cathodically 

starting at Ei = 1.25 V reversed at Er = 0.25 V and back to the initial potential. The dashed vertical lines 

ƛƴŘƛŎŀǘŜ ǘƘŜ ŀǎǎƛƎƴƳŜƴǘ ƻŦ ǘƘŜ ǊŜŘƻȄ ŎƻǳǇƭŜǎ ƻŦ ǘƘŜ ƴŜǿƭȅ ƎŜƴŜǊŀǘŜŘ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎΦ wƛƎƘǘ ǘƻǇΣ 

cathodic (Ei = 1.10 V; dashed red line) and anodic (Ei = 0.40 V; solid red line) and DPV sweep of the same 

solution. 

We studieŘ ǘƘŜ ǊŜŘƻȄ ōŜƘŀǾƛƻǊ ƻŦ ǘƘŜ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ŎƻƳǇƭŜȄ 1, as a 

function of pH, to generate the Pourbaix diagram that defines the zones of equilibrium between 

species with different oxidation and protonation states (Figure 6). For comparison, the pH-

ƛƴŘŜǇŜƴŘŜƴǘ ǊŜŘƻȄ ǇƻǘŜƴǘƛŀƭǎ ƻŦ ǘƘŜ άwǳ ƴƻƴ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ŀǊŜ ƛƴŎƭǳŘŜŘ όǎƻƭƛŘ ōƭǳŜ ƭƛƴŜύ 

together with the thermodynamic potential of the 4e- water oxidation to dioxygen (green 

broken line). Several interesting features of the Pourbaix diagram are worth mentioning: i) the 
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change in slope for the Ru(V)/Ru(IV) redox couple (E1/2
4) gives a pKa of 5.5 for Ru(IV)-OH to 

Ru(IV)-h ǎǇŜŎƛŜǎΤ ƛƛύ ŀōƻǾŜ ǇI Ґ пΦл ǘƘŜ ǊŜŘƻȄ ǇƻǘŜƴǘƛŀƭ ŦƻǊ ǘƘŜ ŎƻǳǇƭŜ ά32+ + 1e-  -> 2+ά όwǳόL±ύ Ҍ 

1e -> Ru(III), in blue in the diagram), is higher than the potential of the four electron oxidation 

of water to dioxygen. Thus, it is in agreement with the stability of complex 32+ at pH = 1.0 and 

the decay to lower oxidation states at higher pH due to water oxidation;43 ƛƛƛύ ŦƻǊ ǘƘŜ άwǳ-ŀǉǳŀέ 

complex system, a plot of the III/II couple associated with E1/2
1 is presented. The E1/2

2 potential 

is roughly over 100 mV from that of E1/2
1 and is not shown; iv) the label Ru-OH3 refers to the 

complex [RuII(H2O)(Htda-k-N3O)(py)2], 7, with one of the dangling carboxylate ligands 

protonated, 7H+. Again here as in oxidation state III, the tda2- ligand only provides and overall of 

3 coordination positions. 

 

Figure 6. tƻǳǊōŀƛȄ ŘƛŀƎǊŀƳ ŦƻǊ ǘƘŜ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ŘŜǊƛǾŜŘ ŦǊƻƳ 1. The black solid lines indicate the 

redox potentials for the different redox couples whereas the dashed vertical lines indicate the pKa. The 

zone of stability of the different species is indicated only with the Ru symbol, its oxidation state and its 

ŘŜƎǊŜŜ ƻŦ ǇǊƻǘƻƴŀǘƛƻƴ ƻŦ ǘƘŜ ŀǉǳŀ ƭƛƎŀƴŘΦ CƻǊ ƛƴǎǘŀƴŎŜ άwǳό±ύҐhέ ƛǎ ǳǎŜŘ ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŜ ȊƻƴŜ ƻŦ ǎǘŀōƛƭƛǘȅ 

of [RuV(O)(tda-k-N3O)(py)2]+. The III/II redox couple represents that of E1/2
1 (see text for details). The 

redox potentials for the pH-ƛƴŘŜǇŜƴŘŜƴǘ L±κLLL ŀƴŘ LLLκLL ǊŜŘƻȄ ŎƻǳǇƭŜǎ ƻŦ ǘƘŜ άwǳ ƴƻƴ-ŀǉǳŀέ ǎǇŜŎƛŜǎ 1, 

2+ and 32+ are shown in blue. Finally the dashed green line represents the thermodynamic potential for 

the 4e- oxidation of water to dioxygen. 

Finally, addition of a chemical reducing agent like ascorbic acid to the solution containing 

ŀ нΥм Ǌŀǘƛƻ ƻŦ άwǳ ƴƻƴ-ŀǉǳŀέΥέwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ƎŜƴŜǊŀǘŜǎ ŀ ǎƻƭǳǘƛƻƴ ǿƛǘƘ 1 as the only present 

species as demonstrated by 1H NMR spectroscopy (see SI for details). These results suggest a 

slow equilibrium between 1 and 8 thermodynamically favored towards the former. 
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[RuII(H2O)(tda-k-N3)(py)2]            [RuII(tda-k-N3O)(py)2]   +   H2O    K > 1            (4)  

                          8                                                                 1 

In addition, the full recovery of 1, with no other species in solution, highlights the ruggedness of 

the system with no deactivation pathways detected. (see Figure S21 in the ESI)  

! нΦп {ǇŜŎǘǊƻǎŎƻǇƛŎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ōŀǎŜŘ ƻƴ baw ŀƴŘ 9tw 

spectroscopy. 

¢ƘŜ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ǿŜǊŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ baw ŀƴŘ 9tw ǎǇŜŎǘǊƻǎŎƻǇȅΣ ŀǎ ǎƘƻǿƴ ƛƴ 

Figure 7. A solution with 5 mM : м Ƴa άwǳ ƴƻƴ-ŀǉǳŀέΥέwǳ-ŀǉǳŀέ species was generated 

potentiostatically by applying 1.25 V for 1.5 h to a 7.0 mM solution of 1 in a D2O phosphate 

buffer at pH = 10.5. After the bulk electrolysis, the final pH is reduced to 7. The solution was then 

exposed to additional bulk electrolysis at several applied potentials to generate species with 

different degree of oxidation and protonation. The NMR spectra were recorded after 7 minutes 

of sample collection. For EPR analysis, the samples were frozen after 30 s and measured as 

frozen solutions at 4 K. Figure 7 (center) includes a CV of the solution where the applied potential 

is indicated with vertical arrows as a guiding reference. For comparison, Figure 7 also includes 

the NMR and EPR spectra of [RuIII(tda-k-N3O2)(py)2]+, 2+, (black line). 

 

Figure 7: 1H-NMR (left) and EPR (right) of the species generated by bulk electrolysis at the indicated 

applied potential for a solution containing 32+ (5.0 mM) and 4 (1.0 mM) at pD = 7.0 phosphate buffer 

solution in D2O. Center, CV of the initial solution where the applied potentials are indicated with an 

arrow. The spectra of 2+ obtained independently, as indicated in Figure 2, is shown in black for 
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comparative purposes. The NMR spectra were recorded after 7 minutes of extraction of the aliquot 

whereas EPR samples were measured in frozen solutions after 30 s. 

The red spectra is obtained at applied potential Eapp = 1.25 V until the current flow was 

below 5% of the initial current (approximately 15 minutes). At this potential, two diamagnetic 

species were generated, the [RuIV(tda-k-N3O2)(py)2]2+, 32+ and [RuIV(O)(tda-k-N3O)(py)2], 4. The 

latter decays to [RuIII(OH)(tda-k-N3O)(py)2], 6, whose EPR spectrum is shown in red. This 

spectrum shows a rhombic signal with g1 = 2.12, g2 = 2.08 and g3 = 1.85. The larger spin 

anisotropy found in 6 compared with that found in 2 is in agreement with the larger distortion 

of the octahedral RuIII site upon OH- coordination. The instability of Ru(IV)=O species, 

[RuIV(O)(tda-k-N3O)(py)2], 4, decaying to Ru(III) is unlikely due to direct water oxidation by this 

species since the oxidation potential of Ru(IV) is not sufficiently high to drive that reaction. 

However, upon disproportionation, it can generate Ru(V) and Ru(III). The Ru(V) species in 

[RuV(O)(tda-k-N3O)(py)2]+, 5+, is a very powerful oxidant that can oxidize H2O to O2 very quickly, 

as will be shown in the next section, and thus is the driving force for the disproportionation. A 

similar mechanism was proposed recently for related mononuclear complexes.43,50 Furthermore, 

such a mechanism based on disproportionation of 4 is consistent with the lack of a returning 

wave for the IV/III redox couple as shown in the CV in Figure 5 (right). 

The blue spectra is obtained with Eapp = 0.95 V until reaching 5% of the initial current 

flow. The reduction generates [RuIII(tda-k-N3O2)(py)2]+, 2+ and the diamagnetic complex 

[RuIV(O)(tda-k-N3O)(py)2], 4, that decays to [RuIII(HO)(tda-k-N3O)(py)2], 6. In the NMR, the Ru(III) 

species 2+ is identified by intense resonances at 12.0 and 13.2 ppm. New resonances at 9.5 and 

20.2 ppm are assigned to 6. The EPR also shows a mixture of the spectra of 2+ and 6. The green 

spectra is obtained with Eapp = 0.75 V and shows that the predominant species is 2+ with a small 

amount of 6. Finally, at Eapp = 0.25 V, all species are diamagnetic and no EPR resonances are 

obtained or NMR in the 11-21 ppm range, indicating formation of 1. This is again fully consistent 

with the chemical reduction carried out with ascorbic acid where the only species present was 

1 as described in the previous section. 

A 2.5 Catalytic performance of the Ru-OH2 complex and proposed mechanism based on 

DFT calculations 

Figure 8 shows the CV of a solution of 0.30 mM [RuIV(tda-k-N3O2)(py)2]2+, 32+ and 0.15 mM 

[RuIV(O)(tda-k-N3O)(py)2], 4 at pH = 7.0. It is impressive to see the large electrocatalytic wave of 

roughly 10 mA/cm2, in the 1.3-1.4 V range considering the small amount of the precursor species 

4 present in solution that have a reductive III/II wave with a peak intensity of approximately 25 
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mA/cm2. This electrocatalytic wave is due to one electron oxidation of 4 and formation of the 

highly active species [RuV(O)(tda-k-N3O)(py)2]+, 5+ ( E1/2
4 = 1.43 V). To quantitatively characterize 

the kinetics of the water oxidation catalysis, a foot of the wave analysis (FOWA) was carried out 

following the procedures proposed by Saveant et al.51-53 A plot of i/ip vs. 1/(1+e(F(E0-E)/RT)) (see 

Figure 8) gives an impressive scan rate-independent TOFmax of 8,000 cycles per second, which is 

the highest ever reported at neutral pH. It is actually one order of magnitude higher than the 

best one reported so far at pH 1.0, based on Ru-bda type of complexes (see Chart 1).32-33Further, 

at pH 7.0, the complex [Ru(bda)(pic)2] under exactly the same conditions as 3+ is about 3-4 orders 

of magnitude slower (see SI), assuming a first order behavior of the catalyst at pH = 7.0 as has 

been recently proposed.36 In addition, the performance of 4 was evaluated at pH = 8.0 and 10.0, 

giving impressive TOFs of 25,000 s-1 and 50,000 s-1 respectively, indicating a significant rate 

enhancement as the pH increases. Finally, bulk electrolysis experiments using glassy carbon rods 

(S = 8.2 cm2) as working electrodes further confirm O2 evolution with Faradaic efficiency around 

92%. (See Figure S22). 

 

Figure 8: Left, CV of a mixture of 0.3 mM [RuIV(tda-k-N3O2)(py)2]2+, 32+, and 0.15 mM [RuIV(O)(tda-k-

N3O)(py)2], 4, at pH = 7.0 phosphate buffer. Inset, FOWA plot of the catalytic current. The red dashed line 

in both cases represent the experimental data used for the FOWA analysis and the black solid line are the 

experimental data used for the extraction of TOFMAX. Right, CV obtained at pH = 7.0, pH = 8.0 and pH = 

10.0 under identical conditions. Inset, enlargement of the 0.2-1.2 V zone in the CV showing both the full 
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recovery of catalyst and cathodic shift of the Ru-aqua wave, due to the pH change after the proton 

generation during the electrocatalytic process. 

The catalytic cycle was also studied via DFT calculations. We started with the Ru-aqua 

complex [RuII(H2O)(tda-k-N3)(py)2], 7, (Scheme 3). From 7, a PCET results in the formation of 6, 

followed by another PCET step to generate 4. Further oxidation forms the seven coordinate 

complex 5+ (Figure 9,) with a calculated potential of 1.32 V in very good agreement with the 

onset of the electrocatalytic wave in the 1.3 ς 1.4 V range. It is worth noting that for complex 5+ 

we found the k-N3O conformer to be more stable than the k-N3 conformer by 13.6 kcal/mol 

showing the enhanced stability of the seven coordination mode due to the tda2- ligand 

framework. Next, we considered the O-O bond formation step and located a transition state (TS) 

structure which features a water nucleophilic attack (WNA) to the oxyl radical RuIVïO. (formally 

a RuV=O unit), with concomitant proton transfer to the dangling carboxylate group of the tda2- 

ligand (Figure 9). The calculated free energy of activation (ɲGϟ) is 19.5 kcal/mol and 16.8 

kcal/mol respectively at M11-L and M06-L level of theories. The calculated activation free 

energies are significantly lower than those calculated for other mononuclear ruthenium 

catalysts at same level of theory27,54,55due to the intramolecular proton transfer to the dangling 

carboxylate, next to the oxyl radical. While previous examples have shown this effect, 

intermolecularly increasing rates by a 2 or 3 fold,35,36  we find that the intramolecular proton 

transfer has a much more dramatic effect leading to an extraordinary increase of the overall 

kinetics. The resulting product of the WNA step is [RuIII(OOH)(Htda-k-N2O1)(py)2]+ (ɲG = 3.5 

kcal/mol) which could undergo a PCET step (E = 0.66 V) to generate [RuIV(OO)(Htda-k-

N2O1)(py)2]+ (See Figure 9 and structures in blue in Scheme 3). In the final step of the mechanism, 

O2 evolution with concomitant loss of proton and addition of H2O (ɲG = -3.5 kcal/mol) 

regenerates the initial [RuII(tda-k-N3)(py)2(OH2)] species and completes the catalytic cycle. 

Scheme 3. Proposed suit of reactions involved in the water oxidation catalysis mechanism at pH 

= 7.0 based on DFT calculations. Broken lines indicate bonds that are rapidly formed and broken 

at room temperature. In blue are depicted species that have not been experimentally isolated 

but that are characterized by DFT.  
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It is interesting to compare the catalytic rates of water oxidation catalyzed by the related 

complex [Ru(bda)(pic)2], analogous to 4 but without the dangling carboxylate. At pH = 7.0, a kobs 

= 6 s-1 has been reported38  and at pH = 12.2 the kobs increases up to 14000 s-1. It is impressive to 

see that for complex 4 with the capacity to undergo proton transfer intramolecularly boosts the 

rate up to 8,000 s-1 at pH = 7.0 and 50,000 s-1 at pH = 10. Thus, an increase of more than three 

orders of magnitude in rate is achieved at pH = 7.0 with regard to the current benchmark 

catalyst. The increase of catalytic rate based on intramolecular proton transfer is reminiscent of 

other catalytic systems that also exploit acid-base functional groups in the second coordination 

sphere of the metal center, including Ni complexes introduced by Dubois et al,56 where the 

ligands have pendant amines that function as proton relays.  

 

A 

 

B 

 

Figure 9. Optimized structures of (A) [RuV(tda-k-N3O1)(py)2(O)]+, 5+, and (B) associated water 

nucleophilic attack transition state at M11-[ ƭŜǾŜƭ ƻŦ ǘƘŜƻǊȅ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴΣ ά5+ + H2O -> 

[RuIII(OOH)(Htda-k-N3O1)(py)2(O)]+έΦ /ƻƭƻǊ ŎƻŘŜΥ wǳΣ ǘǳǊǉǳƻƛǎŜΤ /Σ Ǝray; N, blue; O, red; H, white. 

Hydrogen atoms on the ligands are omitted for clarity. 
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A 3 Conclusions 

We have introduced a new family of complexes where the pentadentate tda2- coordinates to Ru 

metal center as an equatorial ligand while monodenate pyridine ligands coordinate to the axial 

positions. The strong sigma donation of the carboxylate moieties of tda2-, stabilizes a seven 

coordinate Ru(IV) complex, [RuIV(tda-k-N3O2)(py)2]2+, 32+, both in organic solvents as well as in 

water, or in acidic aqueous solutions. In basic solutions, hydroxide displaces one of the 

carboxylate groups, forming [RuIV(OH)(tda-k-N3O)(py)2]+, 4H+, with pKa = 4.5 where the 

displaced carboxylate is dangling although functionally important since it is cis to the Ru-OH 

group.  

Species 4 turns out to be a very robust catalyst with an impressive TOF = 8,000 s-1 at pH = 7.0 

that is the best ever reported at this pH and about 3-4 orders of magnitude better than 

[Ru(bda)(pic)2] at the same pH, the best reported so far. The key for fast reactivity is mainly due 

to two factors: a) the easy access to high oxidation states, provided by the tda2- ligand through 

the anionic nature of the carboxylate moieties and the capability of stabilizing a seven 

coordination to Ru in high oxidation states; and b) the functionality of the dangling carboxylate 

as a proton acceptor in an intramolecular fashion, while the incoming substrate water molecule 

undergoes a nucleophilic attack to the oxyl radical during the critical O-O bond formation step, 

as shown by our DFT calculations.  
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Materials 

All materials were provided by Sigma-Aldrich unless indicated. [2,2':6',2''-terpyridine]-6,6''-

dicarboxylic acid (H2tda) S1 [2,2'-bipyridine]-6,6'-dicarboxylic acid (H2bda)S2 and RubdaPic2S2  

(where Pic is Picoline) and RuCl2DMSO4
S3 were synthesized and purified according to the 

literature. High-purity deionized water was obtained by passing distilled water through a 

nanopure Milli-Q water purification system. 

Synthesis of [RuII(tda-k-N3O)Py2], 1: RuCl2dmso4 (150 mg, 0.31 mmol), нΩΣнΩΩ:6Ω,2ΩΩ-terpyridine-

сΩΣсΩΩ-dicarboxylic acid (H2tda) (99 mg, 0.31 mmol) and Et3N (0.3 mL) were degassed in dry MeOH 

(6 mL), refluxed for 6 hours and cooled down to RT. A brown solid appeared in the reaction 

mixture and was filtered, washed with MeOH and Ether. The solid was suspended in water (5mL) 

and pyridine (15 mL) and refluxed overnight. The resulting red-wine solution was cooled to RT 

and washed with DCM (3x100mL). The watery solution was evaporated and the red solid was 

dissolved with MeOH and precipitated with Ether. (95 mg, 0.16 mmol, 51 % yield). 1H-NMR 

(500Hz, [d4] Methanol) ɻ: 7.09 (4H, t, J=7.5 Hz), 7.58 (2H, tt, J=1.4 and 7.5 Hz), 8.03 (3H, t, J=7.9 

Hz), 8.05 (2H, t, J=8.1 Hz), 8.12 (4H, dd, J=1.4 and 7.5 ), 8.15 (2H, d, 7.9 Hz), 8.49 (2H, d, 7.9 Hz), 

8.61 (2H, d, J=8.1 Hz). 13C-NMR (500Hz, [d4] Methanol) ɻ: 125.2, 125.4, 126.1, 128.1, 133.8, 

138.0, 138.1, 153.6, 158.4, 159.6, 163.8, 172.4. UV-Ǿƛǎ ώ˂maxΣ ƴƳ όʶΣ a-1 cm-1)]: 236 (21700), 282 

(24800), 327 (30700) and 530 (3700). ESI+-HRMS m/z:  calc. for RutdaPy2-Na+ (C27H19N5NaO4Ru+): 

602.03727, found m/z: 602.03678 (0.7 ppm). Anal. Calc. for 1·3.5 H2O: C, 50.54%; H, 4.08 %; N, 

10.92 %. Found: C, 50.46 %; H, 3.78 %; N, 10.87%. 

Synthesis of [RuIII(tda-k-N3O)Py2] [PF6], (2)(PF6): A solution of Ceric Ammonium Nitrate (CAN) 

(1.82 mM, 1.05 eq, 2mL) was added drop wise to a solution of 1 in triflic acid (1.72 mM, 25 mL) 

and the mixture was stirred for 15 minutes. A green powder was obtained when a saturated 

solution of KPF6 was added. The suspension was centrifuged for 10 minutes, the solid filtrated 

and washed with water, methanol and ether (12 mg, 39%). UV-Ǿƛǎ ώ˂maxΣ ƴƳ όʶΣ a-1 cm-1)]: 279 

(25800, 322 (13200) and 441 (1300). Anal. Calc. for (2)(PF6)·0.5 H2O : C, 44.27%; H, 2.75 %; N, 

9.56 %. Found: C, 44.23 %; H, 2.50 %; N, 9.39%. 

Synthesis of [RuIV(tda-k-N3O2)Py2] [PF6], (3)(PF6)2. A solution of CAN (3.64 mM, 2.1 eq, 2mL) was 

added drop wise to a solution of 1 in triflic acid (1.72 mM, 25 mL) and the mixture was stirred 

for 15 minutes. A brown powder was obtained when a saturated solution of KPF6 was added. 

The suspension was centrifuged for 10 minutes, the solid filtrated and washed with cold water 

and ether (12 mg, 32%). 1H-NMR (500 Hz, D2O) ɻ : 7.24 (4H, t, J=7.0 Hz), 7.70 (6H, m), 8.20 (2H, 

d, J=7.8 Hz), 8.62 (2H, t, J=7.8 Hz), 8.93 (2H, d, J=7.8 Hz), 8.98 (1H, d, J=7.9 Hz), 9.08 (2H, d, J=7.9 
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Hz). 13C-NMR (500Hz, D2O) ɻ :  127.3, 123.0, 131.0, 132.2, 141.5, 147.3, 147.6, 150.3, 152.5, 

157.8, 157.9, 168.0. UV-Ǿƛǎ ώ˂maxΣ ƴƳ όʶΣ a-1 cm-1)]: 280 (23600) and 347 (6800). 

Preparation of 0.1 M ionic strenght phospahte solutions. 

a) pH = 2.0 buffered solution: Powders of H3PO4 (10.5 g, 0.1073 M) and NaH2PO4 (11.83 g, 0.0986 

M) were dissolved with deionised water up to 1 L solution.  

b) pH = 7.0 buffered solution: Powders of NaH2PO4 (2.31 g, 0.0193 M) and Na2HPO4 (3.77g, 

0.0266 M) were with deionised water up to 1 L solution. 

c) pH = 12.0 buffered solution: Powders of Na2HPO4 (10.293g, 0.0073 M) and Na3PO4 (2.06g, 

0.0126 M) were dissolved with deionised water up to 1 L solution. 

Solutions at pHs between 2.0 and 12.0 were prepared by mixing the above solutions. The pH of 

all solutions were measured by a pHmeter. All solutions contained a ionic strengh equal to 0.1 

M.  

Preparation of the 32+/4 mixtures. 

Bulk electrolysis at Eapp = 1.25 V (see electrochemical methods for more details) was applied to 

a phosphate buffer solution of 1 at pH = 7.0 or 10.5 for a given period of time. The final pH was 

adjusted by further addition of a phosphate buffer solution till the desired pH, monitored by a 

pH meter. This ensures that all solutions end up with a 0.1 M ionic strength. 

The ratio of the 32+/4 species depends on the initial pH and concentration of 1, as well as on the 

duration of the bulk electrolysis, see table S1 for details.  

In the case of deuterated solvents for 1H NMR experiments, the same procedure was followed. 
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Methods 

General instrumentation 

Electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) mass 

spectrometry (MS) experiments were performed on a Waters Micromass LCT Premier 

equipment and a Bruker Daltonics Autoflex equipped with a nitrogen laser (337 nm), 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¦±ҍ±ƛǎ ǎǇŜŎǘǊƻǎŎƻǇȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ŀ /ŀǊȅ рл .ƛƻ ό±ŀǊƛŀƴύ ¦±ҍ±ƛǎ 

spectrophotometer with 1 cm quartz cells unless indicated. A 400 MHz Bruker Avance II 

spectrometer and a Bruker Avance 500 MHz were used to carry out NMR spectroscopy. FT-IR 

measurements were carried out on a Bruker Optics FTIR Alpha spectrometer equipped with a 

DTGS detector, and a KBr beamsplitter at 4 cm-1 resolution. The EPR experiments were carried 

out at 4 K on frozen solutions by using a X-band spectrometer (Bruker ELEXYS E580). The pH of 

the solutions was determined by a pHmeter (CRISON, Basic 20+) calibrated before 

measurements through a standard solutions at pH= 4.01, 7.00 and 9.21. Oxygen evolution was 

analysed with a gas phase Clark type oxygen electrode (Unisense Ox-N needle microsensor) and 

calibrate by the addition of small quantities of oxygen (99%). 

Electrochemical methods 

General considerations 

All electrochemical experiments were performed in an IJ-Cambria HI-730 bipotentiostat, using a 

three-electrode cell. E1/2 values reported in this work were estimated from CV experiments as 

the average of the oxidative and reductive peak potentials (
ȟ  ȟ

 or from DPV. The 

Reference Electrode (RE) was Hg/Hg2SO4 (K2SO4 saturated) unless indicated and potentials were 

converted to NHE by adding 0.65 V. 

Cells: A 20 mL vial was used as an electrochemical cell for CV measurements. A Teflon-made 

with holes for the three electrodes was used as a lid to ensure a reproducible distance between 

the electrodes. A two compartments cell (25 mL per compartment) with a separation grid was 

used for Bulk Electrolysis Experiments. 

Cyclic voltammetry (CV) and Differential Pulse Voltammetry 

Dƭŀǎǎȅ ŎŀǊōƻƴ Řƛǎƪ όͺ Ґ лΦо ŎƳΣ { Ґ лΦлт ŎƳ2), Pt disk and Hg/Hg2SO4 (K2SO4 saturated) were used 

as Working Electrode (WE), Counter Electrode (CE) and Reference Electrode (RE) respectively, 

unless explicitly mentioned. Glassy carbon electrodes were polished successively with 1.0, 0.3, 
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ŀƴŘ лΦлр ˃Ƴ ŀƭǳƳƛƴŀ όAl2O3), sonicated with MeCN for 15 minutes and washed with acetone. 

CVs and DPVs were iR compensated by the potentiostat in all the measurements unless 

indicated. Cyclic Voltammograms (CV) were recorded at 100 mV·sҍ1 scan rate, unless explicitly 

expressed. The DPV parameters were DE = 4 mV, Amplitude = 0mV, Pulse width = 5 s, Sampling 

width = 0.0167 s, Pulse period = 5 s unless explicated. 

Bulk electrolysis 

A Pt grid was used as a WE, another Pt grid as a CE and a Hg/Hg2SO4 (K2SO4 saturated) as a RE. iR 

compensation by the potentiostat was not  applied in this technique. For the bulk electrolysis 

experiment described in Figure S22, a glassy carbon rod (S =  8.2 cm2) was used as a working 

electrode and Ag/AgCl (sat. KCl) as a RE. 

CV-monitored Bulk electrolysis in a bipotentiostat 

A glassy carbon and a Pt grid were used as working electrodes, another Pt grid as a counter 

electrode and Hg/Hg2SO4 as a Reference electrode. The glassy carbon electrode was used to 

perform the consecutive CVs and the Pt grid was used to apply a continuous potential through 

a coulometry technique. The counter electrode was placed in one compartment provided with 

a magnetic stirrer and the other 3 electrodes were placed in the other compartment also 

provided with a magnetic stirrer. To be able to simultaneously stir the solution and to perform 

the CV, the magnetic stirrer power was set at low frequency (100-200 rpm). In addition, the 

reference electrode was placed between the glassy carbon working electrode and the magnetic 

stirrer. 

Foot of the wave analysis 

 The analysis was performed by following the procedure of Savéant et al in the literature. S4  The 

expression (equation S1) was  deduced for a general scheme where a single chemical step, which 

is the rate determining step, and a single electron transfer, which is fast, are responsible for the 

rate of the reaction. Where R is the gas constant, T is the temperature, kobs is a pseudoconstant 

(s-1), E0 and are the potentials of the chemical step prior to the electron transfer.  

 

  
Ȣ

   

(S1) 
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The value of the intensity anodic wave of the RuIII-OH2/RuII-OH redox couple was used as ip as 

an approximation. E0 was extracted from DPV of the same solution.  

The value of kobs is equivalent to TOFMAX (s-1) in the used electrocatalytic scheme. TOFMAX is the 

maximum Turn Over Frequency (s-1) that a molecule can catalyze the water oxidation reaction 

when Eapp tends to infinite potential.S4  

The Turn Over Number (TON) of 4  in the bulk electrolysis experiments were calculated according 

to formula S2.S4  

Single Crystal XRD Methods  

X-ray Crystal Structure Determination 

Crystals of 1 were obtained by slow diffusion of ether to a methanol solution (0.2 mM). 

Crystals of (2)(PF6)  (1 mM) were obtained from a pH=7 phosphate buffer solution saturated with 

KPF6. Crystals of (3)(PF6)2 were obtained from a pH=1 solution (1mM, 0.1 M triflic acid) saturated 

with KPF6. The  measured crystals were prepared under inert conditions immersed in 

perfluoropolyether as protecting oil for manipulation. 

 

Data collection  

Crystal structure determinations for 1, (2)(PF6) and (3)(PF6)2 were carried out using a Bruker-

Nonius diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating anode 

with MoKa radiation, Montel mirrors as monochromator and an Oxford Cryosystems low 

temperature device Cryostream 700 plus (T = -173 °C). Full-sphere data collection was used with 

w and j scans. Programs used: Data collection APEX-2 S5data reduction Bruker SaintS6 V/.60A 

and absorption correction SADABS. S7 

 

Structure Solution and Refinement  

Crystal structure solution was achieved using direct methods as implemented in SHELXTLS8 

and visualized using the program XP. Missing atoms were subsequently located from difference 

Fourier synthesis and added to the atom list. Least-squares refinement on F2 using all measured 
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intensities was carried out using the program SHELXTL. All non hydrogen atoms were refined 

including anisotropic displacement parameters. 

 

Comments to the structures  

1: The asymmetric unit contains two independent molecules of the metal complex, two 

methanol molecules and one molecule of water. The independent molecules of the metal 

complex are distributed in three positions with the ratio 1:0.5:0.5. The two half molecules of the 

metal complex are located on a twofold rotation axes and have C2 symmetry. The carboxylate 

rests of the two half molecules are disordered in two positions (ratio 50:50). The water molecule 

is disordered in two positions with a ratio of 58:38. One of the methanol molecules is disordered 

in two positions with a ratio of 52:48. (2)(PF6): The asymmetric unit contains two independent 

molecules of the metal complex and two PF6 anions. In one of molecules of the metal complex 

one of the pyridine rings is disordered in two positions (ratio 60:40).  The asymmetric unit 

contains four half PF6 anions which have Ci symmetry and are located on center of inversions. 

The half PF6 anions are shared with neighboring molecules. (3)(PF6)2: The asymmetric unit 

contains two independent molecules of the metal complex and four PF6 anions. One of the PF6 

anions is disordered in two orientations (ratio 77:23).  

 

Computational Methods 

Density functional theory  

Geometry optimizations were performed at M06-LS9  and M11-LS10 levels of density functional 

theory using the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP28MWB contracted pseudopotential basis 

set S11 on Ru and the 6-31G(d) basis set S12on all other atoms. Non-analytical integral evaluations 

made use of a pruned grid having 99 radial shells and 590 angular points per shell and an 

automatically generated density-fitting basis set was used within the resolution-of-the-identity 

approximation to speed the evaluation of Coulomb integrals as implemented in Gaussian 09 

software package. S13 The nature of all stationary points was verified by analytic computation of 

vibrational frequencies, which were also used for the computation of zero-point vibrational 

energies, molecular partition functions (with all frequencies below 50 cmς1 replaced by 50 cmς1 

when computing free energies), and for determining the reactants and products associated with 

each transition-state structure (by following the normal modes associated with imaginary 

frequencies). Partition functions were used in the computation of 298 K thermal contributions 

to free energy employing the usual ideal-gas, rigid-rotator, harmonic oscillator approximation. 

S14Free energy contributions were added to single-point M06-L and M11-L electronic energies 
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computed with the SDD basis set on ruthenium and the 6-311+G(2df,p) basis set on all other 

atoms to arrive at final, composite free energies.  

 

Solvation and standard reduction potentials 

Solvation effects associated with water as solvent were accounted for using the SMD continuum 

solvation model. S15A 1 M standard state was used for all species in aqueous solution except for 

water itself, for which a 55.6 M standard state was employed. Thus, for all molecules but water, 

the free energy in aqueous solution is computed as the 1 atm gas-phase free energy, plus an 

adjustment for the 1 atm to 1 M standard-state concentration change of RT ln (24.5), or 1.9 

kcal/mol, plus the 1 M to 1 M transfer (solvation) free energy computed from the SMD model. 

In the case of water, the 1 atm gas-phase free energy is adjusted by the sum of a 1 atm to 55.6 

M standard-state concentration change, or 4.3 kcal/mol, and the experimental 1 M to 1 M 

solvation free energy, ς6.3 kcal/mol. The 1 M to 1 M solvation free energy of the proton was 

taken from experiment as ς265.9 kcal/mol.S16-S19 

 Standard reduction potentials were calculated for various possible redox couples to 

assess the energetic accessibility of different intermediates at various oxidation states. For a 

redox reaction of the form 

  (S3) 

where O and R denote the oxidized and reduced states of the redox couple, respectively, and n 

is the number of electrons involved in redox reaction, the reduction potential 
    

   

E
O R

o  relative to 

NHE was computed as 

  (S4) 

where 
    

 

DG
O R

o  is the free energy change associated with eq. 1 (using Boltzmann statistics for 

the electron),  is the free energy change associated with  

  (S5) 

which is ς4.28 eV with Boltzmann statistics for the electron,S18,S20,S21and F is the Faraday 

constant.  
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Non-single-determinantal state energies. Several possible intermediates in the water oxidation 

mechanism have electronic structures that are not well described by a single determinant. In 

such instances, standard Kohn-Sham DFT is not directly applicable, S14,S22-S24 and we adopt the 

Yamaguchi broken-spin-symmetry (BS) procedure S25,S26to compute the energy of the spin-

purified low-spin (LS) state as 
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where HS refers to the single-determinantal high-spin coupled state that is related to the low-

spin state by spin flip(s) and < S2 > is the expectation value of the total spin operator applied to 

the appropriate determinant. This broken-symmetry DFT approach has routinely proven 

effective for the prediction of state-energy splittings in metal coordination compounds. S23,S27-S30   
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Characterization of complexes 1, 2+ and 32+ 

 

 

Figure S1: 1H NMR of 1 in [d4]-methanol. T=298K. 

 

 

 

Figure S2: 1H NMR of 1 [d3]-trifluoroehtanol. T=298K. 
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Figure S3: 1H NMR of 1 in [d4]-methanol at 213K and 298K. 

 

 

 

Figure S4: 1H NMR of 1 in [d4]-methanol/ D2O mixture (4:1) at 298K and 233K. 
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Figure S5: 13C-{H}-NMR (DEPT45) of 1 in [d4]-methanol, T=298K.  

 

 

 

Figure S6: 1H-15N-HMBC of 1 in [d4]-trifluoroethanol, T=298K.  
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Figure S7: 1H-13C-HMBC NMR of 1 in [d4]-methanol, T=298K. 

 

Figure S8: 1H-13C-HQSC NMR of 1 in [d4]-methanol, T=298K. 
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Figure S9: 1H-1H-COSY NMR of 1  in [d4]-methanol, T=298K. 

 

 

 

 

 

Figure S10: HR-MS for 1-Na+ (C27H19N5NaO4Ru+) (0.7 ppm error) (left) 

and simulated (right). 
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Figure S11: 1H NMR of 2+ in pD = 7 phosphate buffered solution. 

 

Figure S12: 1H NMR of 32+ in D2O (0.1M [d1]-triflic acid).  
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Figure S13: 13C NMR of 32+ 
 in D2O (0.1M [d1]-triflic acid). 

 

Figure S14: 1H-1H-COSY NMR of 32+in D2O (0.1M [d1]-triflic acid). 
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Figure S15: 1H-13H-HSQC NMR of 32+ in D2O (0.1M [d1]-triflic acid). 

 

Figure S16: 1H-13H-HMBC NMR of 32+
 in D2O (0.1M [d1]-triflic acid). 
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Figure S17: IR of 1 (red line), 2+(green line) and 32+ (orange line). 

Table S1: Experimental conditions to generate different rations of 32+/4 after applying a 

bulk electrolysis at Eapp = 1.25 V to a solution of 1. 

[1] (mM) Initial pHa I (M) Time (h) 
Ratio 

32+ / 4a
 

1.7 7 0.1 12 2:1 

1.7 10.5 0.1 1.5 2:1 

7 10.5 0.1 1.5 5:1 

a) The Ǌŀǘƛƻ ǿŀǎ ŜǎǘƛƳŀǘŜŘ ŦǊƻƳ ǘƘŜ ŎƘŀǊƎŜ όvύ ǳƴŘŜǊ ǘƘŜ LLLκLL  ŎŀǘƘƻŘƛŎ ǿŀǾŜǎ ƻŦ ǘƘŜ άwǳ-non 

ŀǉǳŀέ ŀƴŘ άwǳ-ŀǉǳŀέ ǎǇŜŎƛŜǎΣ ǘƘŜ ŜǎǘƛƳŀǘƛƻƴ Ƙŀǎ ŀ мл҈ ŜǊǊƻǊΦ 
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Redox properties of Ru-non aqua and Ru-aqua complexes 

 

 

  

Figure S18: Spectrophotometric redox titration of 1 at pH = 1.0 by CAN (10 mL, 1.66 mM).Top 

left: UV-vis spectra of 1 (solid black line) and successive additions of 0.152 eq of Ce4+ (grey 

solid lines) up to aprox. 1 equivalent of Cerium (dashed black line). Top Right: UV-vis spectra 

of one-electron oxidized 1  (dashed black line), and successive additions of 0.152 eq. of Ce4+ 

(dashed grey lines) up to 2 equivalents of Ce4+ (pointed black line). Bottom: plot of absorbance 

against equivalents of CAN at selected wavelengths (246 nm, 272 nm and 343 nm). 
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pH dependency of Ru-aqua species 

 

Figure S19: DPV of 32+/4 mixture at the pHs indicated in the legend. The conditions for the 

generation of the 32+/4 mixture were Eapp = 1.25 V, initial pH=10.5, initial [1] = 1.7 mM. 

Buffered solutions at pH=2 and pH=12 were used to ajust the pH 

 

Figure S20: DPV of 32+/4 mixture at the pHs indicated in the legend.  The conditions for the 
generation of the 32+/4 mixture were Eapp = 1.25 V, initial pH=10.5, initial [1] = 1.7 mM. Buffered 
solutions at pH=2 and pH=12 were used to ajust the pH.  
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Recovery of 1 upon reduction 

 

Figure S21. 1H-NMR spectrum of 1 at pD = 7.0 phosphate buffer, obtained from chemical 

reduction with ascorbic acid of: top, 32+; bottom, from a mixture of 32+/4 (2/1). 

Faradaic efficiency of the electrocatalysis by 4. 

 

Figure S22: Bulk electrolysis for a mixture of 32+ (0.3 mM) and 4 (0.1 mM) at pH = 7.0  (3 mL) at 

Eapp = 1.5 V (vs. NHE). A glassy carbon rod (S =  8.2 cm2) was used as working, a Pt grid as counter 

electrode and Ag/AgCl (sat KCl) as a reference electrode. Top, current density over time. Bottom, 

oxygen evolution vs. time monitored with a Clark electrode (red line) and the theoretical amount 

of oxygen obtained assuming 100 % Faradaic efficiency from the measured current density on 

the top (black solid line). The Eapp was stopped at 1 h, but oxygen evolution continued till approx. 

2.2 h, due to a large number of bubbles trapped in the working electrode. The Faradaic efficiency 

turned out to be 92%. A blank experiment with a bare glassy carbon rod showed no O2 formation 

7.07.17.27.37.47.57.67.77.87.98.08.18.28.38.48.5 ppm
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under the same conditions. It is interesting to observe that the current density in the top figures 

increases with time due to the increasing [4] during the experiment. 

 

Electrocatalytic behavior of [Ru(bda)(pic)2] and 4 at pH = 7.0. 

 

Figure S23: Comparison of the electrocatalytic response of [Ru(bda)(pic)2] and 4 catalyst at pH=7 

by cyclic voltammetry. CV of [Ru(bda)(pic)2]  (red solid line, 0.28 mM) and mixture of 32+ /4 ( black 

line, 0.3 mM and 0.15 mM respectively) at pH = 7 buffered phosphate solution (I = 0.1M). The inset 

shows an enlargement of the CV in the 0.2-1.4 V region. 
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Figure S24: CV and DPV (grey solid line and blue dotted line respectively) of [Ru(bda)(pic)2] (0.28 

mM at pH = 7.0) and FOWA plot (inset). The points from the catalytic wave used for FOWA are 

plotted as a dashed black line and the fitting points at the foot of the wave are represented as a 

black solid line. A TOFMAX of 5 s-1 assuming a first order kinetics. 

 

Computational results 

¢ƘŜ άwǳ ƴƻƴ-ŀǉǳŀέ ǎǇŜŎƛŜǎ ŀƴŘ ƻǇǘƛƳƛȊŜŘ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊ 1, 2+ and 32+ (Figure S25). 

Complexes 1 and 32+ have closed-shell singlets in their ground electronic states while the ground 

state of 2+ is a doublet, in agreement with EPR data. The calculated oxidation potentials for III/II 

and IV/III couples are 0.15 V and 0.84 V, respectively, at M11-L level of theory and 0.01 V and 

0.47 V at the M06-L level. The corresponding experimental measurements are 0.52 V and 1.10 

V, which indicate that the potential for III/II couple is significantly underestimated by the 

calculations. Following this observation and noting that 1 has a dangling carboxylate group that 

coordinates at oxidation state III, we performed calculations including explicit H2O molecules 

with hydrogen bonding interactions to the carboxylate groups. This led to calculated potentials 

of 0.41 V and 0.85 V for III/II and IV/III couples, respectively at the M11-L level of theory, in fair 

agreement with experimental observations. This finding, one more time shows the importance 

of explicitly including H2O molecules in modeling of reactions, especially for the cases where 

hydrogen bonding could impact the relative energetics of the species involved.  
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[RuII(tda- -ˁN3O)Py2] [RuIII(tda- -ˁN2O2)Py2]+ [RuIV(tda- -ˁN3O2)Py2]2+ 

Figure S25. The optimized structures of [RuII(tda- -ˁN3O)Py2], [RuIII(tda- -ˁN2O2)Py2]+ and 

[RuIV(tda- -ˁN3O2)Py2]2+ at M11-L level of theory. Color code: Ruthenium teal, carbon gray, 

oxygen red, nitrogen blue, hydrogen atoms were omitted for clarity. 

Table S2. Selected geometrical features for [RuII(tda- -ˁN3O)Py2], [RuIII(tda- -ˁN2O2)Py2]+ and 

[RuIV(tda- -ˁN3O2)Py2]2+ for calculated structures at M11-L and M06-L (in parenthesis) level of 

theories. The X-ray data are also presented for comparison. 

 [Ru II (tda-ə-N3O)Py2] [Ru III (tda-ə-N2O2)Py2]+ [Ru IV (tda-ə-N3O2)Py2]2+ 

r (Å)  
M11-L 

(M06-L) 
X-ray 

M11-L 

(M06-L) 
X-ray 

M11-L 

(M06-L) 
X-ray 

RuïN1 (tda)  1.92 (1.95) 1.96 2.19 (2.24) 2.16 2.09 (2.13) 2.10 / 2.11 

RuïN2 (tda) 1.93 (1.94) 1.92 2.46 (2.50) 2.38 2.09 (2.13) 2.12 / 2.11 

RuïN3 (tda) 2.19 (2.21) 2.14 2.19 (2.24) 2.22 2.09 (2.13) 2.13 / 2.11 

RuïN4 (py) 2.05 (2.10) - 2.06 (2.11) - 2.08 (2.13) - 

RuïN5 (py) 2.04 (2.09) - 2.06 (2.11) - 2.08 (2.13) - 

RuïO1 (tda)  2.09 (2.18) 2.20 1.95 (2.01) 2.04 1.96 (2.03) 2.02 / 2.03 

RuïO2 (tda) 2.99 (3.22) - 1.95 (2.01) 2.04 1.96 (2.03) 2.02 / 2.02 

 

The presence of possible different binding modes at oxidation states II-L± ŦƻǊ ǘƘŜ άwǳ-

ŀǉǳŀέ ŎƻǳǇƭŜŘ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎ ŎŀǇŀōƛƭƛǘƛŜǎ ƻŦ ŜŀŎƘ ƻŦ ǘƘŜ ƛǎƻƳŜǊǎ ƘŀǾŜ ōǊƻǳƎƘǘ 

a complex picture in terms of calculated redox potentials (Scheme S1-S2.) The possible 

competition between thermodynamically and kinetically favored species towards the PCET 
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reactions further complicates the comparison between the calculated redox potentials and 

those obtained from Pourbaix diagrams as recently shown for a Co-based hydrogen evolution 

catalyst.31 Noting these points, we tentatively assigned the first PCET step to oxidation of 

[RuII(H2O)(tda-k-N3)(py)2] to [RuIII(OH)(tda-k-N3)(py)2] (E1/2
2 = 0.70 V calc obs 0.70), which could 

isomerize to [RuIII(OH)(tda-k-N2O)(py)2]. The second PCET step results in generation of 

[RuIV(O)(tda-k-N2O)(py)2] from [RuIII(OH)(tda-k-N3)(py)2] (E1/2
3 = 1.18 V calc obs 0.87 V), which 

will be in equilibrium with [RuIV(O)(tda-k-N3O)(py)2]. The dynamic nature of the catalyst requires 

further work to gain more insight on the equilibrium of different binding modes and interaction 

with solvent molecules. 

Table S3. Absolute and relative free energies at pH 0.0 and 7.0 for computed species at M06-L 

level of theory. The structures are grouped in an order following the water oxidation pathway 

and in each group a relative zero free energy species is chosen. 

Complex 
Absolute Free Energy (G) 

(a.u.) 

Relative Free Energy (ȹG) 

 (kcal/mol) 

  pH 0.0 pH 7.0 

[Ru II (Htda-ə-N3O)Py2]+ 

(closed-shell singlet) 

-1710.5191 0.0 0.0 

[RuII(tda-ə-N2O2)Py2]  

(closed-shell singlet) 

-1710.0557 20.5 11.0 

[RuII(tda-ə-N3O)Py2]  

(closed-shell singlet) 

-1710.0774 6.9 -2.6 

[RuII(Htda-ə-N3)Py2(OH2)]+  

(closed-shell singlet) 

-1786.9496 7.0 7.0 

[RuII(tda-ə-N3)Py2(OH2)]  

(closed-shell singlet) 

-1786.5106 12.2 2.7 

[RuII(tda-ə-N3)Py2(OH)]   

(closed-shell singlet) 

-1786.0363 39.6 20.6 
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[Ru III (tda-ə-N2O2)Py2]+  

(doublet) 

-1709.9200 0.0 0.0 

[RuIII (Htda-ə-N3)Py2(OH2)]2+  

(doublet) 

-1786.7664 16.3 25.9 

[RuIII (Htda-ə-N3)Py2(OH)]+  

(doublet) 

-1786.3274 21.5 21.5 

[RuIII (Htda-ə-N2O)Py2(OH)]+  

(doublet) 

-1786.3412 12.9 12.9 

[RuIII (tda-ə-N3)Py2(OH2)]+  

(doublet) 

-1786.3320 18.6 18.6 

[RuIII (tda-ə-N3)Py2(OH)]  

(doublet) 

-1785.8836 29.7 20.2 

[RuIII (tda-ə-N2O)Py2(OH)]  

(doublet) 

-1785.8783 33.1 23.5 

[RuIII (tda-ə-N3)Py2(O)]-  

(doublet) 

-1785.4154 53.2 34.2 

[RuIII (tda-ə-N3)Py2(O)]-  

(quartet) 

-1785.3893 69.6 50.6 

    

[Ru IV (tda-ə-N3O2)Py2]2+  

(closed-shell singlet) 

-1709.7460 0.0 0.0 

[RuIV(Htda-ə-N3O)Py2(OH)]2+  

(closed-shell singlet) 

-1786.1512 22.9 22.9 
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[RuIV(Htda-ə-N2O)Py2(OH)]2+  

(closed-shell singlet) 

-1786.1408 29.4 22.9 

[RuIV(Htda-ə-N2O)Py2(O)]+  

(triplet) 

-1785.7169 25.2 15.7 

[RuIV(Htda-ə-N3)Py2(O)]+  

(broken-symmetry singlet) 

-1785.6854 44.9 35.4 

[RuIV(Htda-ə-N3)Py2(O)]+  

(triplet) 

-1785.7062 31.9 22.4 

[RuIV(tda-ə-N3O)Py2(OH)]+  

(closed-shell singlet) 

-1785.7179 24.6 15.0 

[RuIV(tda-ə-N2O)Py2(O)]  

(triplet) 

-1785.2720 34.1 15.1 

[RuIV(tda-ə-N3)Py2(O)] 

(broken-symmetry singlet) 

-1785.2633 39.6 20.5 

[RuIV(tda-ə-N3)Py2(O)] 

(triplet) 

-1785.2761 31.5 12.5 

    

[RuV(tda-ə-N3O2)Py2]3+  

(doublet) 

-1709.4987 0.0 0.0 

[RuV(tda-ə-N3)Py2(O)]+  

(doublet) 

-1785.0764 1.7 -17.4 

[RuV(tda-ə-N2O)Py2(O)]+  

(doublet) 

-1785.0780 0.6 -18.4 

[RuV(tda-ə-N3O)Py2(O)]+  -1785.0839 -3.1 -22.1 
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(doublet) 

[RuV(tda-ə-N2O)Py2(O)]+  

 WNA TS (doublet) 

-1861.4989 13.7 -5.3 

    

[Ru III (Htda-ə-N2O)Py2(OOH)]+  

Conformer 1 (doublet) 

-1861.4997 0.0 0.0 

[RuIII (Htda-ə-N2O)Py2(OOH)]+  

Conformer 1 (quartet) 

-1861.4631 23.0 23.0 

[RuIII (Htda-ə-N2O)Py2(OOH)]+  

Conformer 2 (doublet) 

-1861.4915 5.1 5.1 

[RuIII (Htda-ə-N2O)Py2(OOH)]+  

Conformer 2 (quartet) 

-1861.4528 29.4 29.4 

[RuIII (Htda-ə-N2O)Py2(OO)]  

 (doublet) 

-1861.0422 16.8 7.3 

[RuIII (Htda-ə-N2O)Py2(OO)]  

 (quartet) 

-1861.0008 42.8 33.3 

[RuIII (tda-ə-N2O)Py2(OOH)] 

(doublet) 

-1861.0515 11.0 1.4 

    

[Ru IV (Htda-ə-N2O)Py2(OOH)]2+  

 (closed-shell singlet) 

-1861.3061 0.0 0.0 

[RuIV(Htda-ə-N2O)Py2(OOH)]2+  

 (triplet) 

-1861.2993 4.3 4.3 

[RuIV(Htda-ə-N2O)Py2(OO)]+  -1860.8904 -9.4 -19.0 
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 (broken-symmetry singlet) 

[RuIV(Htda-ə-N2O)Py2(OO)]+  

 (triplet) 

-1860.8846 -5.8 -15.3 

[RuIV(tda-ə-N2O)Py2(OOH)]+  

 (triplet) 

-1860.8629 7.8 -1.7 

[RuIV(tda-ə-N3O)Py2(OO)]  

 (triplet) 

-1860.4184 16.5 -2.6 

    

[RuV(tda-ə-N2O)Py2(OO)]+  

 (doublet) 

-1860.2320 0.0 0.0 

[RuV(tda-ə-N2O)Py2(OO)]+  

 (quartet) 

-1860.2340 -1.2 -1.2 

Table S4. Absolute and relative free energies at pH 0.0 and 7.0 for computed species at M11-L 

level of theory. The structures are grouped in an order following the water oxidation pathway 

and in each group a relative zero free energy species is chosen. 

Complex 
Absolute Free Energy (G) 

(a.u.) 

Relative Free Energy (ȹG) 

 (kcal/mol) 

  pH 0.0 pH 7.0 

[Ru II (Htda-ə-N3O)Py2]+  

 (closed-shell singlet) 

-1710.4742 0.0 0.0 

[RuII(Htda-ə-N3O)Py2]+
·H2O 

 (closed-shell singlet) 

-1786.9080 -0.9 -0.9 

[RuII(tda-ə-N3O)Py2]  

 (closed-shell singlet) 

-1710.0281 9.7 0.1 



    

82  
 

III 

[RuII(tda-ə-N3O)Py2]·H2O 

 (closed-shell singlet) 

-1786.4595 10.3 0.8 

[RuII(tda-ə-N3O)Py2]·(H2O)2 

 (closed-shell singlet) 

-1862.8921 10.2 0.7 

[RuII(tda-ə-N2O2)Py2]  

 (closed-shell singlet) 

-1710.0191 15.3 5.8 

[RuII(tda-ə-N2O2)Py2]·H2O 

 (closed-shell singlet) 

-1786.4507 15.8 6.3 

[RuII(tda-ə-N2O2)Py2]·(H2O)2 

 (closed-shell singlet) 

-1786.4482 17.4 7.8 

[RuII(Htda-ə-N3)Py2(OH2)]+ 

 (closed-shell singlet) 

-1786.8916 9.4 9.4 

[RuII(tda-ə-N3)Py2(OH2)] 

 (closed-shell singlet) 

-1786.4536 14.0 4.5 

[RuII(tda-ə-N3)Py2(OH2)]·H2O  

Conformer 1 (closed-shell singlet) 

-1862.8794 18.2 8.6 

[RuII(tda-ə-N3)Py2(OH2)]·H2O  

Conformer 2 (closed-shell singlet) 

-1862.8852 14.5 5.0 

[RuII(tda-ə-N2O)Py2(OH2)]  

(closed-shell singlet) 

-1786.4457 18.9 9.4 

[RuII(tda-ə-N2O)Py2(OH2)]·H2O  

 (closed-shell singlet) 

-1862.8747 21.1 11.6 

[RuII(tda-ə-N3)Py2(OH)]- 

 (closed-shell singlet) 

-1785.9755 43.7 24.7 
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[Ru III (Htda-ə-N3O)Py2]2+  

 (doublet) 

-1710.2897 0.0 0.0 

[RuIII (tda-ə-N2O2)Py2]+  

 (doublet) 

-1709.8658 -4.3 -13.8 

[RuIII (tda-ə-N2O2)Py2]+
·H2O 

 (doublet) 

-1786.2931 -1.1 -10.6 

[RuIII (tda-ə-N2O2)Py2]+
·(H2O)2 

 (doublet) 

-1862.7203 2.2 -7.3 

[RuIII (Htda-ə-N3)Py2(OH2)]2+  

 (doublet) 

-1786.6881 21.3 21.3 

[RuIII (Htda-ə-N3)Py2(OH)]+  

 (doublet) 

-1786.2515 25.0 15.5 

[RuIII (tda-ə-N3)Py2(OH2)]+  

 (doublet) 

-1786.2521 24.7 15.2 

[RuIII (tda-ə-N3)Py2(OH)]  

 (doublet) 

-1785.8098 31.9 12.9 

[RuIII (tda-ə-N3)Py2(OH)]·(H2O)  

 (doublet) 

-1862.2567 
22.8 3.8 

[RuIII (tda-ə-N2O)Py2(OH)]  

 (doublet) 
-1785.8122 30.4 11.3 

[RuIII (tda-ə-N2O)Py2(OH)]·(H2O)  

 (doublet) 
-1862.2404 33.0 

14.0 

[RuIII (tda-ə-N3)Py2(O)]-  -1785.3380 57.7 29.1 
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 (doublet) 

[RuIII (tda-ə-N3)Py2(O)]-  

 (quartet) 

-1785.3071 77.1 48.5 

    

[Ru IV (tda-ə-N3O2)Py2]2+  

 (closed-shell singlet) 

-1709.6782 0.0 0.0 

[RuIV(tda-ə-N3O2)Py2]2+
·H2O  

 (closed-shell singlet) 

-1786.1045 3.8 3.8 

[RuIV(tda-ə-N3O2)Py2]2+
·(H2O)2  

 (closed-shell singlet) 

-1862.5320 6.9 6.9 

[RuIV(Htda-ə-N3O)Py2(OH)]2+  

Conformer 1 (closed-shell singlet) 

-1786.0733 23.4 23.4 

[RuIV(Htda-ə-N2O)Py2(OH)]2+  

Conformer 1 (triplet) 

-1786.0566 33.9 33.9 

[RuIV(Htda-ə-N3O)Py2(OH)]2+  

Conformer 2 (closed-shell singlet) 

-1786.0640 29.2 29.2 

[RuIV(Htda-ə-N2O)Py2(OH)]2+  

Conformer 2 (triplet) 

-1786.0564 34.0 34.0 

[RuIV(Htda-ə-N2O)Py2(O)]+ 

(triplet) 
-1785.6350 28.2 18.6 

[RuIV(tda-ə-N3O)Py2(OH)]+ 

(closed-shell singlet) 
-1785.6397 25.2 15.7 

[RuIV(tda-ə-N3O)Py2(OH)]+·H2O  

(closed-shell singlet) -1862.0664 
28.8 

19.3 

[RuIV(tda-ə-N2O)Py2(O)]  -1785.1761 45.9 26.8 
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(broken-symmetry singlet) 

[RuIV(tda-ə-N2O)Py2(O)]  

(triplet) 

-1785.1900 37.1 18.1 

[RuIV(tda-ə-N2O)Py2(O)]·H2O  

(triplet) 
-1861.6107 44.5 25.5 

[RuIV(tda-ə-N3O)Py2(O)]  

(triplet) 
-1785.1805 43.1 24.1 

[RuIV(tda-ə-N3)Py2(O)]  

(triplet) 

-1785.1829 41.6 22.5 

[RuIV(tda-ə-N3)Py2(O)]·H2O 

(triplet) 

-1861.6208 38.1 19.1 

[RuIV(tda-ə-N3O)Py2(OO)]  

(triplet) 
-1860.3144 15.9 -3.1 

    

[RuV(tda-ə-N3O2)Py2]3+  

 (doublet) 

-1709.4171 0.0 0.0 

[RuV(tda-ə-N3O)Py2(OH)]2+  

 (doublet) 

-1785.3974 13.4 3.9 

[RuV(tda-ə-N3O)Py2(O)]+  

 (doublet) 

-1784.9846 2.2 -16.9 

[RuV(tda-ə-N3)Py2(O)]+  

 (doublet) 

-1784.9629 15.8 -3.2 

[RuV(tda-ə-N2O)Py2(O)]+  

 WNA TS (doublet) 

-1861.3859 21.7 2.6 
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[Ru III (Htda-ə-N2O)Py2(OOH)]+  

Conformer 1 (doublet) 

-1861.4114 0.0 0.0 

[RuIII (Htda-ə-N2O)Py2(OOH)]+  

Conformer 1 (quartet) 

-1861.3624 30.8 30.8 

[RuIII (Htda-ə-N2O)Py2(OOH)]+  

Conformer 2 (doublet) 

-1861.4032 5.2 5.2 

[RuIII (Htda-ə-N2O)Py2(OOH)]+  

Conformer 2 (quartet) 

-1861.3541 35.9 35.9 

[RuIII (Htda-ə-N2O)Py2(OO)]  

 (doublet) 

-1860.9532 17.2 7.7 

[RuIII (Htda-ə-N2O)Py2(OO)]  

 (quartet) 

-1860.9089 45.0 35.5 

[RuIII (tda-ə-N2O)Py2(OOH)]  

 (doublet) 

-1860.9618 11.8 2.3 

[RuIII (tda-ə-N2O)Py2(OOH)]  

 (quartet) 

-1860.8902 56.7 47.2 

    

[Ru IV (Htda-ə-N2O)Py2(OOH)]2+ 

(closed-shell singlet) 
-1861.2013 0.0 0.0 

[RuIV(Htda-ə-N2O)Py2(OOH)]2+ 

(triplet) 
-1861.1947 4.1 4.1 

[RuIV(Htda-ə-N2O)Py2(OO)]+ 

(triplet) 
-1860.7845 -8.7 -18.3 
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[RuIV(tda-ə-N2O)Py2(OOH)]+ 

(triplet) 
-1860.7540 10.4 0.9 

[RuIV(tda-ə-N3O)Py2(OO)] 

(triplet) 
-1860.3144 15.9 -3.1 

    

[RuV(tda-ə-N2O)Py2(OO)]+  

(doublet) 

-1860.1154 0.0 0.0 

[RuV(tda-ə-N2O)Py2(OO)]+  

(quartet) 

-1860.1163 -0.5 -0.5 

[RuV(tda-ə-N3O)Py2(OO)]+  

(doublet) 

-1860.1212 -3.6 -3.6 

 

Scheme S1. Calculated free energy changes (in units of kcal/mol) and redox potentials (in units 

of volts) for relevant species at oxidation states of II, III and IV for Ru center. 

 

Scheme S2. Calculated free energy changes (in units of kcal/mol) and redox potentials (in units 

of volts) for relevant species including one explicit H2O molecule hydrogen bonded to complex 

at oxidation states of II, III and IV for Ru center. 
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PAPER B Is Seven Coordination Required for Fast Molecular Water 

Oxidation Catalysis by Ru Complexes?  

Matheu, R.; Ertem, M. Z.; Pipelier, M.; Lebreton, J.; Dubreuil, D.; Benet-Buchholz, J.; Sala, X.; 

Tessier, A.; Llobet, A. 2017, submitted 

 

Abstract: We have prepared and characterized a new family of Ru complexes based on the t5a3- ligand 

((2,5-bis(6-carboxylatopyridin-2-yl)pyrrol-1-ide) and pyridine (py) that include, {RuII(Ht5a-k-N2O)(py)3}, 

1HII(k-N2O), {RuIII(t5a-k-N3O1.5)(py)2}, 2III(k-N3O1.5) and {RuIV(t5a-k-N3O2)(py)2}, 2IV(k-N3O2). Complexes 

1HII(k-N2O), 2III(k-N3O1.5) and 2IV(k-N3O2) have been investigated in solution by spectroscopic methods 

(NMR, UV-vis) and in the solid state by single-crystal X-ray diffraction analysis and complemented by 

density functional theory (DFT). The redox properties of complex 2III(k-N3O1.5) have been uncovered by 

electrochemical methods (CV and DPV), showing its easy access to high oxidation states, thanks to the 

trianionic nature of the t5a3- ligand. In neutral to basic conditions complex 2IV(k-N3O2) undergoes aquation 

generating {RuIV(OH)(t5a-k-N2O)(py)2}, 2IV(OH)(k-N2O). Further oxidation of the complex forms 

{RuV(O)(t5a-k-N2O)(py)2}, 2V(O)(k-N2O) that is a very efficient water oxidation catalysts, reaching TOFMAX 

of 9400 s-1, as measured via foot of the wave analysis. The key to fast kinetics for the catalytic oxidation 

of water to dioxygen by 2V(O)( -N2O) is due to not only the easy access to high oxidation states but also 

to the intramolecular hydrogen bonding provided by the non-coordinated dangling carboxylate at the 

transition state, as put forward by DFT calculations. 

 

Contributions: Roc Matheu synthetized and characterized the new compounds, performed the 

electrochemical and spectroscopic analysis and prepared the manuscript. 
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B 1 Introduction 

The future energetic scenario relies on our capacity to generate technologies that can store solar 

energy into chemical bonds.1-3This so called artificial photosynthesis requires catalysts that 

efficiently reduce abundant substrates such as H2O, CO2 or N2 to hydrogen, hydrocarbons or NH3 

respectively that obtained in this way are named solar fuels.4-7 An ideal partner for these 

reductions is the challenging 4e-/4H+ oxidation of H2O to O2 that again requires efficient 

catalysts.8-10 Recent advances on molecular water oxidation catalysis (WOC) based on Ru 

complexes, has generated an impressively detailed understanding of their mode of action and 

as a result robust WOCs with spectacular efficiencies have been achieved.11-13 This 

understanding has been accomplished thanks to electrochemical, kinetic and spectroscopic 

characterization of reaction intermediates complemented with density functional theory (DFT) 

calculations.6-7,14-17 

Ru complexes containing the equatorial bda2- ([2,2'-bipyridine]-6,6'-dicarboxylate) and tda2- 

([2,2':6',2''-terpyridine]-6,6''-dicarboxylate) ligands are the fastest molecular water oxidation 

catalysts described so far in the literature (see Chart 1 for the ligand drawings).12,18-20 The most 

paradigmatic Ru-bda complex is {RuV(O)(bda)(Me-py)2}+, {5V(O)}+, where two 4-picoline (Me-py) 

ligands coordinate as axial ligands. Similarly, complex {RuV(O)(tda-k-N3O)(py)2}+, {3V(O)}+, that 

bears two pyridines (py) in the axial positions is the most representative Ru-tda complex, see 

Table 1 for a drawing of these complexes. The two families of complexes can oxidize water at 

maximum turn over frequencies (TOFMAX) between 103 s-1 and 104 s-1
, which exceeds by 1-2 

orders of magnitude the oxygen evolving catalyst in the natural photosystem II.11,16,21 Two crucial 

features render Ru-bda and Ru-tda type of complexes as the best performing water oxidation 

catalysts in the literature. In the first place the capacity of the carboxylato moieties in bda2- and 

tda2- ligands to form intramolecular hydrogen bonds with the active Ru-OH group at different 

oxidation states. This is beneficial for catalysis in terms of both thermodynamics and 

kinetics.7,14,22 Secondly, the other key issue in tda2- and bda2- ligands is their capacity to stabilize 

Ru high oxidation states via the anionic character of the carboxylato groups (see Chart 1 for the 

H2bda and H2tda structures) and also via the formation of seven coordination (CN7) beyond 

oxidation state IV. This stabilization reduces the overpotential (h) for the catalytic reaction up 

to 740 mV compared to other mononuclear Ru complexes bearing neutral polypyridine type of 

ligands with classical octahedral coordination.7,23 Given these remarkable benefits a question 

that unavoidably arises is whether or not CN7 is indispensable for fast catalysis. 
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Here on we present the synthesis, spectroscopic, electrochemical and catalytic properties of 

{RuV(O)(t5a-k-N2O)(py)2}, 2V(O)(k-N2O), where t5a3- is 2,5-bis(6-carboxylatopyridin-2-yl)pyrrol-

1-ide (see Chart 1). t5a3- is a pentadentate ligand that can occupy the equatorial positions of a 

transition metal center with a pentagonal bipyramid type of geometry. Further it contains three 

anionic charges, one from the pyrrolato group and two from the carboxylatos, where the latters 

can also provide potential intramolecular hydrogen bonding. 

 

Chart 1: Ligands used and discussed in this work together with labeling. 

B 2 Results 

B 2.1 Synthesis and Structure 

The synthesis of the H3t5a ligand was originally described using a synthetic strategy based on 

pyridazine ring contraction via electrochemical reduction.24 The strategy consisted of a nine-step 

process with a 4% overall yield and the last electrochemical reduction step limited the synthesis 

to milligram scale. In this work, we prepare H3t5a at a 1 g scale in 26% overall yield in a novel 

procedure (Scheme 1A). The 2-step synthesis involves a Stetter reaction 25,26 and a 1,4-diketone 

Paal Knorr condensation followed by ester hydrolysis. 

The H3t5a ligand reacts with the Ru precursor, {RuIICl2(p-cymene)}2, in the presence of an excess 

of Et3N to ensure deprotonation of the ligand (Scheme 1B). Subsequent addition of pyridine (py) 

generates a red octahedral complex {RuII(Ht5a-k-N2O)(py)3}, 1HII(k-N2O), where the Ht5a2- ligand 

acts as tridentate meridional ligand with one of the pyridyl-carboxylate arms decoordinated. The 

monodentate pyridyl ligands occupy the other three positions as shown in the ORTEP plot 

depicted in Figure 1. Further, the 1H NMR spectrum of 1HII(k-N2O) in methanol-d4 confirms that 

the solid-state structure is maintained in solution (Figure 2). Bonding distances and angles are 

unexceptional and similar to related Ru(II) complexes reported in the literature.27 

Aerial oxidation of complex 1HII(k-N2O) dissolved in water generates the green paramagnetic 

RuIII complex {RuIII(t5a-k-N3O1.5)(py)2}, 2III(k-N3O1.5), where the pyridyl-carboxylate arm 

substitutes the initial equatorial pyridyl ligand as shown in the ORTEP plot in Figure 1. The 
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coordination around the Ru metal center can be considered as 6.5 because one of the 

carboxylate Ru-O bonds is slightly elongated (dRu-O = 2.31 Å). The structure parallels that of Ru-

tda in the III oxidation state reported earlier.7 The elongated bond distance or contact displayed 

in the X-ray structure is referred as half a bond in this paper and thus we used the notation 2III(k-

N3O1.5). Finally, the 1H NMR spectrum of 2III(k-N3O1.5) in methanol-d4 (Figure 2), shows two broad 

resonances in the 0-10 ppm window that reflects its paramagnetic electronic structure. 

 

Scheme 1: Synthetic route for the preparation of H3t5a ligand (A) and 1HII(k-N2O), 2III(k-N3O1.5) and 

{2IV(k-N3O2)}+ complexes (B). 

Addition of CeIV to a methanol solution of 2III(k-N3O1.5) generates the orange diamagnetic RuIV 

complex {RuIV(t5a-k-N3O2)(py)2}+, {2IV(k-N3O2)}+, with a 7-coordinate Ru metal center. The t5a3- 

acts as a pentadentate ligand and generates a distorted pentagonal bipyramid geometry as can 

ōŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ hw¢9t Ǉƭƻǘ ƛƴ CƛƎǳǊŜ мΦ Lǘ ƛǎ ǿƻǊǘƘ ƳŜƴǘƛƻƴƛƴƎ ǘƘŜ άƻǳǘŜǊ ŜǉǳŀǘƻǊƛŀƭ ŀƴƎƭŜέ 

defined as the ORuO angle where the more external atoms of the t5a3- ligand are coordinating 

of approximately 72o in line with the pentagonal bipyramid geometry. Under this geometry, the 

d4 RuIV ion is low spin and diamagnetic with fully occupied dxz and dyz orbitals.28 The symmetry 

increase and high oxidation state of the complex results in a 1H NMR spectrum where fewer 

resonances appear at lower fields with respect to the RuII parent complex. Finally, half a 

molecule of {CeIII(CH3OH)(NO3)5}2- compensates the positive charge of {2IV(k-N3O2)}+ as shown in 

the crystal structure (Figure S29). 

DFT calculations at M06-L level of theory 29 provide optimized structure for complex 2III(k-N3O1.5) 

and {2IV(k-N3O2)}+ (see computational methods in the Supporting Information). The structure of 

{2IV(k-N3O2)}+ shows a 7-coordinate complex that nicely agrees with the metric parameters of 

the XRD structure as shown in Table S1. However, the DFT optimized structure of 2III also has a 

6.5 coordination but with an elongated Ru-N pyridyl from the t5a3- ligand at 2.50 Å (k-N2.5O2) 

instead of the carboxylate found in the crystal structure. Nevertheless, the relative energies of 
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the two isomers, where t5a3- coordinates the Ru center in the k-N2.5O2 and k-N3O1.5 fashions, 

are likely to be very similar and thus both isomers might rapidly interconvert in solution. For 

simplicity purposes, from now on we will use the label 2III(k-N3O1.5) to refer to both of them. A 

similar phenomenon was experimentally observed for Ru-tda complex {3III}+, where the unit cell 

of its X-ray structure contained one molecule of the k-N2.5O2 isomer and another one of the k-

N3O1.5 isomer.7 

   
 

Figure 1: ORTEP plot (ellipsoids 50% of probability) of complexes 1HII(k-N2O) (left), 2III(k-N3O1.5) 

(middle) and {2IV(k-N3O2)}+ (right). Color codes: Ru, cyan; N, blue; O, red; C, black and H; white. See 

Table S1 for the distances.  

 

Figure 2: 1H NMR of complexes 1HII(k-N2O) (pink), 2III(k-N3O1.5) (green) and {2IV(k-N3O2)}+ (orange) in 

methanol-d4. 
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B 2.2 Redox Properties 

We assess the electrochemical properties of complexes described in this work by Cyclic 

Voltammetry (CV) and Differential Pulse Voltammetry (DPV). The electrochemical experiments 

are carried out in a typical three-electrode configuration using glassy carbon as working 

electrode, Pt as the counter electrode and Hg/Hg2SO4 (MSE) as reference electrode. All 

potentials in this work are reported versus NHE (ENHE = EMSE + 0.65 V). 

Figure 3A shows the electrochemical behavior for 2III(k-N3O1.5) analyzed by CV and DPV at pH = 

7.0. The open circuit potential of 2III(k-N3O1.5) appears at 0.35 V and is used as the starting 

potential of the CV. The potential is then scanned anodically to 1.15 V and back to -0.15 V where 

the scan direction is again changed to 0.70 V. A chemically reversible and electrochemically 

quasireversible wave appears at Eo
1 = 0.50 V (DE = 80 mV), which is associated with the reversible 

RuIV/RuIII redox process. A second cathodic event occurs at lower potentials (Ec,p = - 0.05 V) and 

is associated to the reduction from the RuIII to the RuII state. The returning anodic wave appears 

at Ea,p = 0.35 V with a large peak to peak separation (DE = 0.40 V) associated with the linkage 

isomerization outlined in the upper right part of Scheme 2. The square cycle is generated 

because 6.5 coordination is favored in the III oxidation state and disfavored at oxidation state II. 

In the latter, the pyridyl carboxylate arm decoordinates and the complex in the II oxidation states 

prefers 5.5-coordination. Further evidence for the presence of this square mechanism is 

obtained repeating the CV at faster scan rates both in MeOH and at pH = 7.0 where the cathodic 

wave of the E o
нΩ process can be observed (Figure S30-S31). This allows to calculate the III/II redox 

couple at pH = 7.0 for 2III(k-N2.5O) that appears at EнΩo = 0.24 V (DE = 0.13 V). This value is 

consistent with the lower coordination number of the latter. 
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Figure 3: A and B, CV experiments (black dashed line) and DPVs experiments (green pointed line) of 0.5 

mM 2III(k-N3O1.5) at pH = 7.0. Arrows indicate initial potential and scan direction for CV (black line) and 

DPV (green line). The orange lines indicate the Eo associated with the different redox couples outlined 

in Scheme 2. Measurements were done under N2 and the scan rate was 0.1 V/s. C, 50-repetivitve CV 

experiment of 2III(k-N3O1.5) (0.5 mM) at pH = 7.0 (dashed black line is the first cycle, solid black line is 

the 50th cycle and grey lines are the cycles in between). The inset shows an enlargement between -10 

mA and 10 mA. The scan rate was 0.1 V/s. D, 50th CV cycle containing a mixture of complex {2IV(k-N3O2)}+ 

and complex 2V(O)(k-N2O) (black solid line) together with the Foot of the Wave Analysis (FOWA) of 

complex 2V(O)(k-N2O). The points used for FOWA are in the red dashed line and the points used for the 

lineal fit are cyan. TOFMAX = 9400 s-1.  

We attempted to compute the free energy of the 6.5-coordinate and 5.5-coordinate structures 

for the III and II oxidation states including explicit water molecules to account for hydrogen 

bonding interactions. The comparison of relative energies at M06 level of theory30,31 indicates 

that 5.5-coordinate Ru-t5a complex is favored by 6.9 kcal/mol at oxidation state II. On the other 

hand, we could not obtain a fully optimized structure for 5.5-coordinate complex at III oxidation 

state as interconverts to the 6.5-coordinate isomer during geometry optimizations but we 

estimated the 5.5-coodinated complex to be Ғ 5 kcal/mol unstable compared to the 6.5-


































































































































































































































































































































































































































































































































































































































































































































































