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General Introduction 

Water Oxidation in Oxygenic Photosynthesis 

The oxidation of water into molecular oxygen (2H2O → O2 + 4H+ + 4e−) is one of the 

most important and fundamental reactions on the Earth. The present our atmosphere 

consists mainly of nitrogen and oxygen, but it’s not original atmosphere. An emergence 

of oxygenic photosynthetic organisms stated the water oxidation and caused the major 

transformation of global atmosphere into current O2-rich environment. These organisms 

utilize the water oxidation reaction not to get oxygen, but to obtain “high energy 

electrons”. Although oxygen itself is a by-product, the oxygenation of the atmosphere 

lead to thermodynamically more efficient O2-based respiratory metabolisms that enable 

the development of the current diverse and complex life.1  

The purpose of the oxygenic photosynthesis is harvesting energy in sunlight and 

storing it in the chemical compounds. Overviews of the oxygenic photosynthesis process 

are shown in Scheme 1. Photon from sun is collected at antenna molecules in the 

photosystem II (PSII) and is used to excite electrons to a higher energy level. The obtained 

high energy electrons are transferred to lower-energy molecule creating a chain of 

electron transfer reactions to ultimately perform CO2 fixation into energy-rich 

carbohydrate and biomass. In this processes, the electrons and protons are originated from 

the water oxidation reaction. The water oxidation reaction thus serves as the bedrock for 

the photosynthesis system that all life depends on. 

 

Scheme 1.  Overview of the oxygenic photosynthesis 
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Water Oxidation in Artificial Photosynthesis 

Humans have been used fossil fuel such as coal and oil to get heat or electricity. However, 

the burning of them causes air pollution and their sources are limited in the earth. 

Therefore, artificial photosynthesis that mimics natural photosynthesis cycle has attracted 

growing interest in recent years to replace fossil fuel with environment friendly fuels. In 

the artificial photosynthesis, sun light energy is stored in the form of the reduced 

compounds using the reaction shown in following schemes. 

 

The protons and electrons required for making such chemical fuels should be extracted 

from the water oxidation because water is the most abundant, cheap and sustainable 

source of them. However, the creation of efficient water oxidation catalysts is difficult to 

achieve due to the complexity of the reaction, which needs the loss of 4e− and 4H+ and 

the formation of the O-O bond from two water molecules. Therefore, the water oxidation 

reaction is an energy demanding process and occurs at +1.23 V vs. NHE in pH 0, as shown 

in Eq. (1). 

 

In order for this reaction to proceed at reasonable rates, higher applied potentials are 

required. The difference between the thermodynamic potential and applied potential is 

referred to as an overpotential. Because a high overpotential causes a significant loss of 

energy in the energy conversion from light, catalysts that can decrease the overpotential 

are required. 

In nature, efficient light-driven water oxidation is achieved by an oxygen-evolving 

complex (OEC) embedded in PSII2. The OEC forms an O-O bond from two water 

molecules after storing four oxidizing equivalents that are provided by the energy of the 

four successive photons absorbed by a primary chlorophyll electron donor (P680) in 

PSII.3 The oxidized P680+ has a high redox potential (ca. +1.25 V vs. NHE)4 and finally 

oxidizes water, mediated by a tyrosine residue (YZ). The Yz radical formed from Yz acts 

as an oxidant for the oxidation of the OEC. Given the estimated YZ•/YZ potential of 1.0-
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1.2 V5 and an O2/H2O couple equilibrium potential of 0.9 V at pH 5.5, the OEC drives the 

water oxidation within a very narrow range of overpotential (less than 0.3 V).6 

Because the extraction of the OEC is extremely difficult, the development of various 

synthetic molecular catalysts have been investigated over the last decades7 Initially, 

chemists have paid great attention to dinuclear complexes in hopes to facilitate the O2-

evolution reaction with the aid of two active centers.8 Recently, some single-site 

ruthenium complexes were found to act as a water oxidation catalyst.9-17 These findings 

are considered as significant progress because some single-site ruthenium complexes 

exhibited much-improved stability and activity compared with the dinuclear systems. It 

should be noted that the high activity and stability of single-site Ru complexes lead the 

detailed analysis of the water oxidation mechanism at the molecular level. 

  



6 
 

PCET in Water Oxidation 

In water oxidation reactions by single-site ruthenium catalysts, high-valent ruthenium-

oxo species (e.g., RuV=O) are considered as the key intermediate triggering the formation 

of the O-O bond. The high-valent ruthenium-oxo species can be formed from RuII-OH2 

via stepwise electron removal involving concomitant proton loss, the so-called proton-

coupled electron transfer (PCET) process.18 A general scheme of the PCET process from 

RuII-OH2 to RuIV=O is shown in Scheme 2.  

 
Scheme 2. Two-step PCET reaction between RuII-OH2 and RuIV=O. The ligands are illustrated as a 

round plate and the colored spheres represent the following atoms (RuII = light blue, RuIII = blue, RuIV 

= purple, O = red and H = white). 

 

With increasing positive charge of the metal ion, the acidity of the protons of the attached 

water molecule is enhanced, leading to the simultaneous proton release. Importantly, the 

PCET process can suppress the build-up of total charge of the complex during the electron 

transfer reactions and, therefore, can dramatically decrease the redox potentials to make 

high-valent species.  

For the typical example of a single-site ruthenium complex, [RuII(trpy)(bpy)(OH2)]2+ 

(1 in Figure 1, trpy = 2,2':6',2''-terpyridine, bpy = 2,2'-bipyridine), the redox potentials 

for [RuIII-OH]2+/[RuII-OH2]2+ and [RuIV=O]2+/[RuIII-OH]2+ are 0.73 V and 0.86 V vs. 

NHE at pH 7, respectively.19 Given that the potentials for RuIII/RuII and RuIV/RuIII in cis-

[Ru(bpy)2Cl2]n+ (n = 0-2) are 0.08 V and 1.74 V, respectively (∆E = 1.66 V),20 the 

difference between the two redox potentials for 1 (∆E = 0.13 V) is very small. The small 

difference comes from the avoidance of charge build-up in the electron transfer reaction. 

Moreover, a π-donation from a p orbital of the oxo moiety to a d orbital of the Ru atom 

also stabilizes the high-valent state of the Ru center. Thus, the RuIV=O/RuII-OH2 system 

plays the important role of accumulating multiple oxidizing equivalents over a small 

potential range. By contrast, further one-electron oxidation of [RuIV=O]2+ to form 

[RuV=O]3+ species for 1 is not accompanied by proton loss, and occurs at 1.60 V.9d The 

difference of the two potentials between RuIV/RuIII and RuV/RuIV (∆E = 0.74 V) is very 

large compared to that between RuIII/RuII and RuIV/RuIII (∆E = 0.13 V). 

The [RuV=O]3+ state of 1 is the active species for O-O bond formation in water 

oxidation catalyzed by 1, and the most oxidized state during the reaction. The electronic 
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structure of the [RuV=O]3+ state of 1 was previously discussed based on the results of DFT 

calculations.10e In consequence, the O(oxo) atom of the [RuV=O]3+ species was found to 

be possess a substantial radical character, in which 61% of the Mulliken spin density was 

located at the O(oxo) atom. This result indicates that the [RuV=O]3+ species bears a 

character of ruthenium(IV) oxyl radical, which can be represented by using two resonance 

structures (RuV=O ↔ RuIV-O�). Because the RuV=O species triggers the O-O bond 

formation, the redox potentials for RuV/RuIV are closely related to the onset potentials for 

water oxidation. Thus the development of single-site ruthenium catalysts with the low 

RuV/RuIV potentials can conduce to the creation of the low overpotential catalysts, 

although the rapid follow-up reactions of the RuV=O species is also important to lower 

the overpotential. 

 

 

Figure 1.  Redox potentials of Ru complexes in the PCET process and non-PCET 

process.  
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Strategies to Decrease the Overpotential 

The O-O bond formation in water oxidation by single-site ruthenium complexes is most 

often triggered by an active RuV=O species. However, in general, a very high oxidizing 

potential needs to be applied to form the RuV=O species even though the formation of a 

RuIV=O species is easily accessible. As a result, very strong oxidants such as Ce4+ have 

often been employed to perform the water oxidation catalyses. However, to apply those 

catalysts to solar energy conversion systems, the development of catalysts driven at low 

overpotentials is required because high overpotentials cause significant energy losses in 

the conversion of energy from light. Therefore, several molecular designs to achieve low-

overpotential water oxidation are described below. 

  

Substituent Effect 

The substituent effect for [Ru(tpy)(bpy)(OH2)]2+ (1) on catalytic behaviours were 

investigated by Berlinguette and co-workers.12a,12b They performed a variety of 

substitutions including both electron-donating (e.g., -OMe) and electron-withdrawing 

(e.g., -Cl, -COOH) groups, at the tpy and/or bpy ligand. In cyclic voltammetry, they 

observed that the RuV/RuIV potentials for the derivatives with electron-donating groups 

(e.g., 1.63 V for 1c) were lower than those with electron-withdrawing groups (e.g., 1.71 

V for 1a, 1.80 V for 1b).12a Thus, the presence of electron-donating groups can decrease 

the potential to produce RuV=O species. They also mentioned that the increase of the 

electron density at Ru center accelerate initial rate of oxygen evolution, however, decrease 

the stability of the catalyst in the Ce4+-driven water oxidation.  

Similar results have been obtained in other catalyst systems.10b, 10c,11 Sakai and co-

workers, synthesized a series of single-site ruthenium complexes containing facial-type 

tridentate ligands, [RuII(tmtacn)(R2bpy)(OH2)]2+ (2 for R = H, 2a for R = Me, and 2b for 

R = OMe) and [RuII(tpzm)(R2bpy)(OH2)]2+ (3 for R = H, 3a for R = Me, and 3b for R = 

OMe), and evaluated their catalytic activity for electrocatalytic water oxidation.10c The 

cyclic voltammograms showed that the stronger electron-donating groups (-OMe > -Me 

> -H) gave rise to a larger negative shift in the onset potentials for water oxidation. 

Sun and co-workers demonstrated that the use of negatively charged ligands can 

stabilize the high-valent RuV=O states of single-site ruthenium catalysts.11 Cyclic 

voltammograms of 4a in acidic solution at pH 1 showed oxidation waves at 0.86 V vs. 

NHE for RuIII/RuII and at 1.11 V for RuIV/RuIII. The onset of water oxidation for 4a occurs 

at approximately 1.5 V,11b which is relatively small compared with other complexes. 

Moreover, the lower onset potential of ca. 1.1 V at pH 1 was achieved for complex 4b, in 

which the water oxidation reaction was enhanced by the non-covalent interactions 
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between isoquinolines.11m The onset potential of 4a decreased to ca. 1.0 V in a pH 7.0 

aqueous solution. Because of the low overpotential of 4a for water oxidation at neutral 

pH, they accomplished light-driven water oxidation by using the photogenerated 

[Ru(bpy)3]3+ (1.26 V) as a mild oxidant. It has also been reported that the introduction of 

imidazole and its derivatives to the axial position of ruthenium catalysts (5, 5a, 5b and 

5c) is an effective strategy to lower the onset potentials for water oxidation due to the 

electron-donating ability of the imidazoles.11o  

They also noted that the substitution effect is less influential on the higher oxidation 

states in a series of Ru(bda)L2 (6) by modifying the 4-position of the pyridine ligand with 

electron-donating and withdrawing substituents.11p The potentials of E1/2 for RuIII/RuII 

decreases from 0.75 to 0.47 V as the axial ligand was changed from the electron-

withdrawing group to the electron-donating group. However, the difference in E1/2 for 

RuIV/RuIII of these complexes is less than 50 mV, and the onset potentials for water 

oxidation are almost the same. It should also be noted that the electron-donating and 

electron-withdrawing substituents may have an opposite effect on the potential in case 

that the redox process involves the transfer of a proton, i.e., a PCET process.12b For 

example, the introduction of electron-donating groups causes the increase of electron 

density at the Ru center, thus leading to the elevation of the pKa value of the [Ru-OH2] or 

[Ru-OH] complex. In the case of a PCET process, the oxidation potential may increase 

by electron-donating groups because the proton is hard to release from the electron-rich 

metal center. 

 

Figure 2.  Structures of the complex aimed for substitution effect. 
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Redox Mediator 

For water oxidation with a low overpotential, Meyer and co-workers introduced an 

electron-transfer mediator into a single-site ruthenium complex.9k They employed a new 

ruthenium catalyst, [(bpy)2Ru(BL)Ru(tpy)(OH2)]4+ (8a, BL = bridging ligand, see Figure 

4) and the phosphonic acid-derivatised complex (8b), by combining a [Ru(bpy)3]2+ redox 

mediator and a single-site ruthenium catalyst (7). The cyclic voltammograms of 8b loaded 

on a fluoride-doped tin oxide (FTO) electrode showed a  reversible oxidation at 0.90 V 

for the [Rua
II-Rub

III-OH2]5+/[Rua
II-Rub

II-OH2]4+ couple followed by a second oxidation for 

the [Rua
II-Rub

IV=O]4+/[Rua
II-Rub

III-OH2]5+ couple at 1.15 V, where Rua is the ruthenium 

center in the redox mediator and Rub is that in the catalyst. For the mononuclear catalyst 

7, water oxidation started at approximately 1.55 V for [RuV=O]3+/[RuIV=O]2+ (Fig. 3).  

 

 

Figure 3.  Redox mediator effect on water oxidation. 

 

 

Figure 4.  Structures of the complex with redox mediator. 
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Interestingly, in the case of 8b, oxidation of the redox mediator began at 1.36 V to form 

[Rua
III-Rub

IV=O]5+, which triggers the water oxidation. The “redox isomer” [Rua
II-

Rub
V=O]5+ is an active species responsible for O-O bond formation. This equilibrium 

enables the avoidance of the further direct oxidation of [Rua
III-Rub

IV=O]5+ to [Rua
III-

Rub
V=O]6+ at approximately 1.5 V. To demonstrate the low-overpotential oxidation of 

water, they evaluated the oxygen evolution activity by rotating ring-disk electrode 

(RRDE) voltammetry for 8b attached to a film of mesoporous, nano-structured, tin-doped 

indium oxide (nanoITO). In this experiment, oxygen was detected at the Pt ring of the 

RRDE by dual-electrode cyclic voltammetry (DECV). For positive sweepings, a large 

increase in disk current assigned to the water oxidation occurred at 1.40 V which 

corresponds to the potential for oxidation of the redox mediator modified on the electrode 

surface. The onset potential of 8b is lower than the potential required for the oxidation of 

7 to the [RuV=O]3+ species (1.55 V). 
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Utilization of PCET 

Another way to decrease the redox potential is to introduce PCET, which is a fundamental 

process in nature. Most single-site ruthenium complexes require the formation of a 

catalytically active RuV=O intermediate in which the RuV=O/RuIV=O couple is pH 

independent9-12,15. Therefore, as the pH increases, the thermodynamic potential for the 

O2/H2O couple decreases, while the onset potential of the catalysis remains unchanged.  

[Ru(L)(pic)2(H2O)]2+  (7 and 8, L = 4-t-butyl-2,6-di-1’,8’-(naphthyrid-2’-yl)-pyridine 

and 2,6-bis(benzo[b]-1’,8’-naphthyridin-2’-yl)-4-t-butylpyridine, respectively), in which 

the coordinated water molecule is hydrogen-bonded to the non-coordinated nitrogen atom 

in equatorial ligand L, Fujita et al. found that the O-O bond formation can proceed 

through the thermodynamically more favourable “direct pathway” via [RuIV=O]2+, which 

avoid the formation of [RuV=O]3+ in neutral and basic media (Fig. 5).13b-13e A four-

electron oxidation of [RuII-OH2]2+ by the bulk electrolysis at 1.15 V at pH 6 yielded a red 

coloured solution. The obtained product was determined to be [RuIV-OO]2+ by ESI-MS 

with labelling experiments, UV-vis and resonance Raman spectroscopy. The oxidation of 

[RuIV=O]2+ is a pH-independent process and it takes place at 1.42 V. Thus, the O-O bond 

formation proceeded at the applied potentials (1.15 V) without the formation of the 

[RuV=O]3+ species (1.42 V). 

 

Figure 5.  Direct pathway via the PCET reaction from [RuIV=O]2+ to [RuIII-OOH]2+, 

which avoids the higher oxidation state [RuV=O]3+. 

 

From these results, they proposed that at higher pH, the formation of [RuIII-OOH]2+ 

proceeds through the reaction of [RuIV=O]2+ with a water molecule concomitant with the 

loss of an electron and a proton. Indeed, they found that the onset of the catalytic current 
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exhibits pH dependence with a slope of -59 mV/pH in the pH range from 4 to 11, 

indicating a low-energy pathway of O-O bond formation through the PCET process. The 

direct pathway enables the photocatalytic water oxidation reaction by [Ru(bpy)3]2+ at high 

pH. Photogenerated [Ru(bpy)3]3+ (1.26 V) cannot thermodynamically produce the 

[RuV=O]3+ species in the catalyses for 1, but the direct-pathway reactions for 7 and 8 are 

pH dependent, and the O-O bond formation can be achieved at relatively low potentials 

under the neutral conditions (Fig. 5).  

It should also be mentioned here that Åkermark et al. reported two systems of low 

overpotential-driven water oxidation.14a,14b They employed the tridentate ligand, which 

consists of imidazole and phenol motifs, in combination with carboxylate groups to 

introduce both a redox and proton transfer mediator (9 and 10 in Figure. 6).14a The cyclic 

voltammograms shows three oxidation waves assigned to RuIII/RuII, RuIV/RuIII and 

RuV/RuIV and all three oxidation steps displayed pH dependence with a slope of -59 

mV/pH. The onset of the catalytic reaction was observed at ca. 1.24 V at pH 7. Because 

of the low overpotential, the light-driven water oxidation was achieved by using the 

[Ru(bpy)3]2+ photosensitiser (1.26 V). They also reported unique oxidation behaviour in 

[Ru(bpb)(pic)2]+ (11, H2bpb = N,N’-1,2-phenylene-bis (2-pyridine-carboxamide)), which 

also drive the water oxidation by [Ru(bpy)3]2+.14b The differential pulse voltammograms 

(DPVs) at pH 7.2 exhibited three oxidation waves at 0.15, 0.70 and 0.98 V, which 

correspond to RuIII/RuII, RuIV/RuIII and RuVI/RuIV, respectively. From the Pourbaix 

diagram, the third oxidation process shows a slope of -29 mV/pH, implying the formation 

of RuVI=O species as the active species for O-O bond formation. 

 
Figure 6.  Structures of the complex aimed for PCET. 
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Survey of this thesis 

Chapter 1 describes the synthesis and characterization of a new ruthenium(II) complex 

showing multiple PCET by incorporating two kinds of PCET modules in a single 

molecule. Two new ruthenium(II) complexes bearing dissociable protons, 

[Ru(trpy)(H2bim)Cl]PF6 (1) and [Ru(trpy)(H2bim)(OH2)](PF6)2 (2) (H2bim = 2,2’-

biimidazole and trpy = 2,2’:6’,2”-terpyridine), were synthesized and characterized, where 

the H2bim and M-OH2 moieties are expected to serve as proton-dissociation sites. 

Electrochemical studies of 2 demonstrates four-step proton-coupled electron transfer 

(PCET) to give the four-electron oxidized species, [RuIV(trpy)(bim)(O)]2+, without 

electrostatic charge buildup during the reactions. This multiple PCET of 2 would be 

applicable to various multi-electron oxidation reactions. Catalysis of electrochemical 

water oxidation was evaluated in the initial attempt to demonstrate multi-electron 

oxidation reactions, revealing that the water oxidation potential for 2 is lower than that 

for other ruthenium catalysts, [Ru(trpy)(bpy)(OH2)]2+, [Ru(trpy)(bpm)(OH2)]2+ and 

[Ru(tmtacn)(bpy)(OH2)]2+, (bpy = 2,2’-bipyridine, bpm = 2,2’-bipyrimidine, and tmtacn 

= 1,4,7-trimethyl-1,4,7-triazacyclononane), which are known as active catalysts for water 

oxidation. 

 

 

 

  



15 
 

Chapter 2 describes a water oxidation reaction catalyzed by a pentanuclear iron complex. 

Inspired by the structures of biological active sites and artificial molecular catalysts, 

multinuclear iron complexes with redox flexibility and adjacent water-activation sites was 

employed. Electrochemical analysis revealed that the pentairon complex exhibits rich 

redox flexibility with six different oxidation states between FeII
5 and FeIII

5, in which the 

FeIII
5 state is the active species for oxidizing water. The turnover frequency of the water 

oxidation catalyst was determined to be 1,900 s−1, which is considerably greater than that 

of the OEC (100-400 s−1). A computational investigation indicated that the O-O bond 

formation proceeds from the mixed-valence FeII
2FeIII(FeIV=O)2 intermediate with a 

reaction barrier of less than 10 kcal mol−1. Although the need for a high overpotential and 

inability to operate in water-rich solutions limit the practicality of the present system, 

these findings clearly indicate that efficient water oxidation catalysts based on iron 

complexes can be created by ensuring the system has redox flexibility and contains 

adjacent water-activation sites. 
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Chapter 3 describes a new penta-nuclear iron complex bearing the proton dissociative 

sites showing the water oxidation with a lower overpotential. The ligand with proton 

coupled electron transfer (PCET) sites, 3,5-(2-benzimidazolyl)pyrazole (H3bip), is 

installed into the penta-nuclear iron complex. A novel complex, [Fe5O(H2bip)5]3+, was 

successively synthesized by the reaction of Fe(ClO4)2∙6H2O and 1 equiv. of H3bip with 

base in DMF at 90 °C. The cyclic voltammetry (CV) in various pH solution using the 

complex-modified electrode revealed pH-dependent shifts in the oxidation potentials of 

the complex, which is not observed in the [Fe5O(bpp)5]3+. Furthermore, the catalytic 

current attributed to water oxidation was observed at lower oxidation potential than that 

of [Fe5O(bpp)5]3+. The results of this work indicate that molecular design of catalytic 

systems capable of PCET is critical to the development of water oxidation catalysts with 

a low overpotential. 
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Chapter 1 

 
A mononuclear ruthenium complex showing multiple proton-

coupled electron transfer toward multi-electron transfer 

reactions 

 

 

Introduction 

Proton-coupled electron transfer (PCET) is an important chemical process that involves 

the concerted transfer of a proton (H+) and an electron (e-).1-5 It is widely employed to 

achieve multi-electron transfer reactions such as water oxidation by photosystem II1 and 

nitrogen fixation by nitrogenase2 as well as solar energy conversion in artificial 

photosynthesis,3 since high-energy intermediates and/or electrostatic charge buildup 

during the reactions are generally avoided by going through PCET processes.4 In order to 

understand and utilize the PCET reactions, a number of studies have been conducted 

experimentally and theoretically.5 

Water-coordinated metal ions (Mn+-OH2; see Scheme 1) are considered as one of the 

important modules for PCET reactions.4a,5k As the positive charge of the metal ion 

increases, the acidity of protons of the attached water molecule increases. As a result, it 

can afford a variety of protonation and oxidation states through proton transfer (PT), 

electron transfer (ET) and PCET reactions. Two electron oxidation of Mn+-OH2 can afford 

a high-valent metal-oxo species (M(n+2)+=O) via two-step PCET processes, which has 

been identified as the key intermediate in a variety of oxidation reactions.6  

Along with extensive studies on water-coordinated metal ions,4a,5k organic modules for 

PCET reactions have also been investigated. One significant example of the organic 

PCET modules is imidazole, which is contained in the amino-acid residue of Histidine 

(His) and plays an important role in PCET reactions in biological systems.7 In addition, 

2,2’-biimidazole (H2bim), regarded as a covalently-linked dimer of imidazole, has 

various protonation/oxidation states via PT, ET and PCET reactions, as shown in Scheme 

2.8 Since H2bim serves as a bidentate ligand coordinating to a metal ion, metal-H2bim 

complexes have also been investigated as modules for metal-mediated PCET reactions.9 

In this context, metal complexes bearing both a coordinated water molecule and an 

organic PCET module are expected not only to afford a rich acid-base and redox 
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chemistry based on a variety of protonation/oxidation states, but also to serve as catalysts 

for various multi-electron transfer reactions. However, in spite of many investigations, 

there have been only a few reports on metal complexes bearing both a coordinated water 

molecule and an organic PCET module.10 In particular, conscious efforts to utilize such 

metal complexes for multi-electron transfer reactions have yet to be made. The acid-base 

and redox properties and reactivity for multi-electron transfer reactions of such 

complexes have to be clarified. 

This chapter describes the synthesis and structures of new ruthenium complexes with 

an H2bim ligand, [Ru(trpy)(H2bim)Cl]PF6 (1) and [Ru(trpy)(H2bim)(OH2)](PF6)2 (2) 

(trpy = 2,2’:6’,2”-terpyridine) (Scheme 3). The detailed analyses on the acid-base and 

redox properties of 2 revealed that 2 demonstrates four-step PCET reactions to give the 

four-electron oxidized species, [RuIV(trpy)(bim)(O)]2+, without electrostatic charge 

buildup during the reactions.  
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Scheme 1.  Square diagram for proton transfer (PT), electron transfer (ET) and proton-

coupled electron transfer (PCET) reactions of a water-coordinated metal ion (Mn+– OH2). 

 
Scheme 2.  Square diagram for PT, ET and PCET reactions of 2,2’-biimidazole 

(H2bim).  

 
Scheme 3.  Structures of [Ru(trpy)(H2bim)Cl]PF6 (1) and [Ru(trpy)(H2bim)(OH2)]-

(PF6)2 (2). 
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Experimental section 

Materials.  

LiCl, NaPF6 and AgNO3 were purchased from Wako Pure Chemical Industries, Ltd. All 

solvents and reagents were of the highest quality available and were used as received. 

Ru(trpy)Cl3 (trpy = 2,2’:6’,2’’-terpyridine)11 and H2bim (2,2’-biimidazole)12 were 

prepared by the literature methods. 

 

Measurements. 

UV-visible absorption spectra were recorded on a Shimadzu UV-2450SIM UV/Visible 

spectrophotometer. Elemental analyses were carried out on a Yanagimoto MT-5 

elemental analyzer. ESI-TOF mass spectra were recorded on a JEOL JMS-T100LC mass 

spectrometer. All the ESI-TOF mass spectrometric measurements were recorded in the 

positive ion mode at a cone voltage of 25 V. 1H NMR spectra were acquired on a Bruker 

DRX600 spectrometer, where chemical shifts in CD3CN were referenced to internal 

tetramethylsilane. Square-wave and cyclic voltammograms were recorded on a BAS ALS 

Model 650DKMP electrochemical analyzer. The measurements were carried out in 

argon-purged aqueous solution using a glassy carbon disk working electrode, a Pt wire 

counter electrode, and a saturated calomel electrode (0.241 V vs. NHE). 

 

Synthesis. 

[Ru(trpy)(H2bim)Cl]PF6 (1). Ru(trpy)Cl3 (451 mg, 1 mmol), 2,2’-biimidazole (189 mg, 

1.4 mmol), and LiCl (108 mg, 2.5 mmol) were mixed in a methanol (200 mL) and the 

reaction mixture was refluxed for 8 h. After the solution was cooled down to room 

temperature, the insoluble materials were removed by filtration. A water (15 mL) was 

added to the filtrate and the methanol was evaporated under reduced pressure. A saturated 

NaPF6 solution added to the solution and kept in the refrigerator, resulted in the precipitate 

of the complex. The solid was collected by filtration, washed with water and diethyl ether, 

and dried in vacuo. The crude product was further purified by gel permeation 

chromatography (Sephadex LH-20) using an acetonitrile/methanol (1:1) mixture as the 

eluent. Yield 397 mg (0.61 mmol, 61.5 %). 1H NMR (600 MHz, CD3CN): δ = 8.40 (d, 

2H, J = 8.0 Hz), 8.31 (d, 2H, J = 8.0 Hz), 8.07 (d, 1H, J = 1.3 Hz), 7.91 (t, 1 H, J = 7.9 

Hz), 7.87 (d, 2 H, J = 5.0), 7.83 (t, 2H, J = 7.8 Hz), 7.74(d, 1H, J = 1.3 Hz), 7.33(t, 1H, J 

= 6.5 Hz), 6.82 (d, 1H, J = 1.5 Hz), 5.82 (d, 1H, J = 1.9 Hz). ESI-TOF MS (positive ion, 

acetonitrile): m/z 504 ([RuII(trpy)(H2bim)Cl]+). Elemental analysis: C21H17ClF6N7PRu: C 

38.87, H 2.64, N 15.11. Found: C 38.75, H 2.71, N 15.17. Single crystals suitable for X-
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ray crystallography were grown by the slow diffusion of diethyl ether into an acetonitrile 

solution of 1.  

 

[Ru(trpy)(H2bim)(OH2)](PF6)2 (2). A solution of 1 (32.5 mg, 0.05 mmol) and AgNO3 

(91 mg, 0.05 mmol) were stirred at r.t. in an acetone/water mixture (3:1 (v/v), 8 mL) for 

4 h under argon in the dark. The precipitated AgCl was removed by filtration and the 

filtrate was evaporated under reduced pressure to remove the acetone. The solution was 

filtered and an aqueous saturated NaPF6 was added to the solution. The brown solid was 

collected by filtration, and dried in vacuo. Yield 34.5 mg (0.042 mmol, 85 %). 1H NMR 

(600 MHz, CD3CN): δ = 8.43 (d, 2H, J = 8.1 Hz), 8.33 (d, 2H, J = 8.0 Hz), 8.11 (t, 1H, J 

= 8.1 Hz), 7.93 (t, 2 H, J = 7.9 Hz), 7.87(d, 2H, J = 5.3 Hz), 7.86 (s, 1H), 7.65 (s, 1H), 

7.38 (t, 2H, J = 6.5 Hz), 6.80 (s, 1H), 5.76 (s, 1H). ESI-TOF MS (positive ion, 

acetonitrile): m/z 255 ([RuII(trpy)(H2bim)CH3CN]2+), m/z 248.5 ([RuII(trpy)-

(H2bim)N2]2+), m/z 509 ([RuII(trpy)(Hbim)CH3CN]+),. Elemental analysis: 

C21H23F12N7O3P2Ru: C 31.04, H 2.85, N 12.07. Found: C 31.08, H 2.63, N 12.06. Single 

crystals suitable for X-ray crystallography of [Ru(trpy)(H2bim)(OH2)](BF4)2 (2’) were 

grown by the slow evaporation of acetone in an acetone/water mixed solution of 2 

containing excess amount of NaBF4. 

 

X-ray crystallography.  

Crystal of 1 was mounted on glass fiber using paraton oil and immediately cooled to 100 

K in a cold stream of nitrogen. Diffraction data were measured on a Bruker SMART 

APEXII ULTRA CCD-detector diffractometer. Graphite-monochromated Mo-Kα 

radiation (λ = 0.71073 Å) was used. Cell parameters were retrieved using the APEX213 

software and refined using SAINT14 on all observed reflections. Data reduction was 

performed using the SAINT software. Absorption corrections were applied using 

SADABS.15 The structure was solved by direct methods using SHELXS-9716 and refined 

on F2 by the full matrix least-squares techniques with SHELXL-97 program.16 All non-

hydrogen atoms were refined anisotropically. Molecular graphics were generated using 

ORTEP-3 for Windows17a and POV-RAY.17b 

 

Crystal of 2’ was mounted in a loop. Diffraction data at 123 K were measured on a Rigaku 

AFC8 diffractometer using a Rigaku Saturn CCD system. Graphite-monochromated Mo-

Kα radiation (0.71075 Å) was used. Cell parameters were retrieved using Crystal Clear-

SM 1.4.0 software and refined using Crystal Clear-SM 1.4.0 on all observed reflections. 

Data reduction and empirical absorption correction using equivalent reflections and 
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Lorentzian polarization were performed with the program Crystal Clear-SM 1.4.0. The 

structure was solved by direct method using SIR-9255 and refined on F2 by the full-matrix 

least squares techniques with SHELXL-97.16 All non-hydrogen atoms were refined 

anisotropically. Molecular graphics were generated using ORTEP-3 for Windows17a and 

POV-RAY.17b 

 

DFT calculations. 

Calculations were carried out using the DFT method implemented in the Gaussian 03 

package of programs.18 The structures were fully optimized using the B3LYP which uses 

hybrid Becke's three-parameter exchange functional19 with the correlation energy 

functional of Lee, Yang, and Parr.20 All the calculations were performed using the 

standard double-ζ type LanL2DZ basis set21 implemented in Gaussian 03, without adding 

any extra polarization or diffuse function. The LanL2DZ basis set also uses relativistic 

effective core potentials (RECP) for the Ru atom to account for the scalar relativistic 

effects of the inner 28 core electrons ([Ar]3d10) for Ru. All the calculations were 

performed using the polarizable continuum model (PCM)22 to compute the structures in 

aqueous media. All the stationary points were characterized by their harmonic vibrational 

frequencies as minima. The exited states were calculated by the TD-DFT23 method within 

the Tamm-Dancoff approximation as implemented in Gaussian 03. These calculations 

employ the hybrid B3LYP functional along with the basis sets described above. At least 

300 excited states were computed in each calculation. To obtain the simulated spectrum 

of each species, transition energies and oscillator strengths have been interpolated by a 

Gaussian convolution with a common σ value of 0.2 eV. 
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Crystal Structures 

The molecular structures of [Ru(trpy)(H2bim)Cl]PF6 (1) and 

[Ru(trpy)(H2bim)(OH2)](BF4)2 (2’) were determined by X-ray crystallographic 

investigation. An ORTEP drawing of the cationic moiety of 1 is shown in Figure. 1a, and 

selected bond distances and angles are also presented in Table 2. 1 crystallizes with one 

independent Ru complex and two PF6 anions in the asymmetric unit of the tetragonal P41 

crystal. The crystal structure shows that the three pyridyl rings of the trpy ligand are 

nearly coplanar, as are the two imidazolyl rings of H2bim. The two ligands are 

coordinated to the metal ion through their nitrogen atoms in a mutually perpendicular 

fashion. The complex has a distorted-octahedral geometry at ruthenium atom where three 

nitrogen atoms of the trpy ring and one nitrogen atom N5 of the H2bim ring form the 

equatorial base. The remaining nitrogen atom N4 of the H2bim ring and the chlorine atom 

are in the axial position with the Ru1-Cl distance of 2.416(1) Å, which is slightly longer 

than that of 2,2’-bipyridine analogue ([Ru(trpy)(bpy)Cl]+ (2.3969(7) Å)24, indicating that 

the stronger electron donating ability of the nitrogen atoms of H2bim than those of bpy. 

The average bond distance between the Ru atom and each nitrogen atom N1, N2, or N3 

of the tpy ligand is 2.014 Å with the middle nitrogen atom N2 and the metal ion distance 

being the shortest (1.936(3) Å). On the other hand, the average bond distance between 

the Ru atom and each nitrogen atom N4 or N5 of the H2bim ligand is 2.086 Å, which is 

longer than that of the tpy ligand. The bond angles of 80.4(1)° formed by two nitrogen 

atoms of the tpy ring and the Ru atom is slightly larger than that formed by the Ru atom 

and two nitrogen atoms of the H2bim ring in the cis position (78.6(1)°).  

The corresponding aqua complex was crystallized as BF4 salt, 

[Ru(trpy)(H2bim)(OH2)](BF4)2 (2’), which was obtained the slow evaporation of acetone 

in an acetone/water mixed solution of 2 containing excess amount of NaBF4. An ORTEP 

drawing of the cationic moiety shown in Fig. 1b is basically similar to that of 1 except for 

the coordination of an aqua ligand instead of a chloro anion. Selected bond distances and 

angles are listed in Table 3. 2’ crystallizes with one independent Ru complex and two BF4 

anions in the asymmetric unit of the monoclinic P21/a crystal. Two ligands are 

coordinated to the Ru atom in a mutually perpendicular manner, which provides a 

distorted octahedral environment, as is the case for 1. The bond distance between the Ru 

atom and the oxygen atom of the axial aqua ligand is 2.133(3) Å, which is longer than 

that found in [Ru(trpy)(bpy)(OH2)]2+ (2.097(6) Å)25, indicating that the stronger electron 

donating ability of the nitrogen atoms of H2bim than those of bpy.  
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Figure 1.  ORTEP drawings of the cationic moieties of (a) 1 and (b) 2’ (50% probability 

ellipsoids). 

 

The H2bim and M-OH2 moieties in 1 and 2’ serve as proton donors in hydrogen 

bonding, as expected from their proton dissociable character (Schemes 1 and 2). In the 

crystal structure of 1, H2bim indeed interacts with the Cl ligand from the neighboring 

complex via two hydrogen bonds (Fig. 2), where the N⋯Cl separations are 3.150(4) and 

3.243(4) Å for N7-Cl and N6-Cl, respectively (Table 2). Therefore, the cationic moiety 

of 1 has both proton donating (H2bim) and proton accepting (Cl) sites, thus forming a 

one-dimensional hydrogen-bonded infinite chain along c axis. The PF6 anions are 

contained to maintain charge balance of the structure with no hydrogen bond interaction. 

In the case of 2’, there are two types of hydrogen donors, H2bim and M-OH2. H2bim is 

hydrogen-bonded with a BF4 anion via two N-H⋯F interactions, where the N⋯F 

separations are 2.791(5) and 2.822(6) Å for N7-F7 and N6-F8, respectively (Table 3 and 

Fig. 3). Meanwhile the Ru-OH2 site acts as a proton donor for the hydrogen bonds with 
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BF4 anions, forming a hydrogen-bonded supramolecular dimer. The proton-donating 

character of H2bim in crystalline solids has been reported in many literatures so far.26 

 

 

Figure 2.  Hydrogen-bonded one-dimensional network of the cationic moieties of 1 in 

the crystal. 

 

 

Figure 3.  Hydrogen-bonded dimeric structure of the complex 2’ in the crystal. Thermal 

ellipsoids are displayed at the 50% probability level. 
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Table 2.  Selected bond distances (Å) and angles (°) for 1. 

 

 

 

 

 

 

 

 

 

Table 3.  Selected bond distances (Å) and angles (°) for 2’. 

Ru1-O1 2.134(3) Ru1-N1 2.053(4) 

Ru1-N2 1.940(3) Ru1-N3 2.076(4) 

Ru1-N4 2.041(3) Ru1-N5 2.113(3) 

N3-Ru1-N2 79.9(1) N2-Ru1-N1 80.0(2) 

N5-Ru1-N4 78.0(1)   

O1···F2i 2.915(6) O1···F4ii 2.699(6) 

N6···F8iii 2.822(6) N7···F7iv 2.791(5) 

Symmetry codes: (i) 2-x, -y, 1-z; (ii) x, y, 1+z; (iii) 0.5-x, y-0.5, 1-z. 

(iv) 0.5-x, y-0.5, 1-z 

 

 

  

Ru1-Cl 2.416(1) Ru1-N1 2.055(3) 

Ru1-N2 1.936(3) Ru1-N3 2.051(3) 

Ru1-N4 2.069(3) Ru1-N5 2.104(4) 

N3-Ru1-N2 80.4(1) N2-Ru1-N1 80.4(1) 

N5-Ru1-N4 78.6(1)   

N6···Cli 3.243(4) N7···Cli 3.150(4) 

Symmetry codes: (i) -y, x, z+0.25 
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UV-visible absorption spectra  

UV-visible absorption spectra of the complex 2 were measured in the various pH buffer 

solutions (Figs. 4 and 5). In any pH conditions, the complex displays intense absorption 

bands in the UV region that were assigned to ligand-based π–π* transitions. Additionally, 

two moderately intense bands were observed in the visible region. These bands are 

assigned to the metal-to-ligand charge transfer (MLCT) transition from dπ orbital of Ru 

to π* orbitals of trpy and H2bim.  

The pH dependence of the MLCT bands in the visible region is considered from a 

standpoint of protonation/deprotonation of 2 (see Figure. 4). The measurements of the 

solutions with pH 0–8 shows an absorption band centered at 476 nm (ε = 5.7×103 M-1 

cm-1) and an absorption shoulder around 360 nm (ε = ca. 6.0×103 M-1 cm-1). These 

spectra are assigned to the totally protonated form of 2. As the pH increases to 10.0, a 

band at 496 nm (ε = 5.5×103 M-1 cm-1) and a shoulder around 390 nm (ε = ca. 4.5×103 

M-1cm-1) grow up with clear isosbestic points (λ = 377 and 421 nm, Fig. 5). Further 

increase of the pH results in the appearance of the new absorption bands at 401 nm (ε = 

ca. 5.0×103 M-1 cm-1) and 536 nm (ε = 3.6×103 M-1cm-1) with new isosbestic points 

(451 nm, Fig. 5). The absorbances at 421 nm and 451 nm, which are isosbestic points for 

the first and second deprotonations, respectively, were plotted against pH to determine 

pKa1 = 9.0 and pKa2 = 11.3 (Fig. 5b and 5d). These stepwise spectral changes with the 

isosbestic points indicate two-step clean interconversions between the protonated and 

mono-deprotonated forms, and mono-deprotonated and di-deprotonated forms of 2.  
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Figure 4.  UV-visible absorption spectra 2 (0.5 mM) in different pH buffer solutions. 

The pH values were controlled with Britton Robinson buffer (citric acid + boric acid + 

phosphoric acid) and adjusted with NaOH and H2SO4. 

 

 
Figure 5.  Absorption spectra of aqueous solutions of 2 (0.5 mM) in buffer solution at 

(a) pH 4.6 – 10.0 and (b) pH 10.1 – 12.1. The dependences of the absorbance at (c) 451 

nm and (d) 421 nm on pH.  
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Deprotonation from 2 affords two different isomers, [Ru(trpy)(Hbim)(OH2)]+ and 

[Ru(trpy)(H2bim)(OH)]+, which are probably in equilibrium in an aqueous solution with 

pH between pKa1 and pKa2. The dominant species in the equilibrium was determined by 

the comparison with reported pKa values of analogous Ru complexes with M-OH2
27-30 or 

H2bim9b,31 moieties, which are listed in Table 4. As a rough guess, the first pKa values of 

Ru(H2bim) complexes (pKa ~ 7) are smaller than those of Ru-OH2 complexes (pKa ~ 10), 

implying that the H2bim moiety of 2 is more acidic than the M-OH2 moiety. Moreover, 

as discussed above (see Crystal Structures section), the nitrogen atoms of H2bim have 

stronger electron-donating characters than those of bpy, 2,2’-bipyrimidine (bpm) and 

1,10-phenanthroline (phen), thus suggesting that the pKa value of the Ru-OH2 moiety of 

2 should be larger than those of [Ru(trpy)(bpy)(OH2)]2+ (pKa = 9.7),27 

[Ru(trpy)(bpm)(OH2)]2+ (pKa = 9.7),28 and [Ru(trpy)(phen)(OH2)]2+ (pKa = 9.6).29 

Therefore, it is reasonable to support that the dominant form of the mono-deprotonated 

species of 2 is assigned to [Ru(trpy)(Hbim)(OH2)]+ rather than [Ru(trpy)(H2bim)(OH)]+.  

The next step of deprotonation from [Ru(trpy)(Hbim)(OH2)]+ appears to be associated 

with the M-OH2 moiety, by considering the difference of the two pKa values (ΔpKa = pKa2 

− pKa1). The ΔpKa values of the reported Ru(H2bim) complexes9b,31 are more than 4, as 

listed in Table 4. If the second deprotonation occurs at the Hbim moiety of the mono-

deprotonated form [Ru(trpy)(Hbim)(OH2)]+, pKa2 of 2 is expected to be more than 13. 

Taking into consideration the ΔpKa value of 2 (ΔpKa = 2.3), the next step of deprotonation 

from [Ru(trpy)(Hbim)(OH2)]+ appears to be from the M-OH2 moiety, thus affording 

[Ru(trpy)(Hbim)(OH)]0. These assignments of the two-step dissociations of protons are 

also supported by DFT calculations, as discussed below. 

The stepwise red shifts of the MLCT transitions on deprotonations can be attributed to 

the destabilization of metal orbitals due to an increase in the negative charge on the ligand 

and a decrease in the effective positive charge on the metal. Degree of the red shift that 

occurs on the first deprotonation (Δλmax ~ 20 nm) is smaller than that on the second 

deprotonation (Δλmax ~ 40 nm). This is because the destabilization of the metal orbitals is 

more strongly influenced by the second deprotonation (-OH2 to -OH) than the first one 

(H2bim to Hbim). This result is also supported by DFT calculations, as discussed below. 

It is also noted that the chloro complex 1 easily undergoes hydrolysis after the 

dissolution in an aqueous media to afford the equilibrium mixture of 1 and the aqua 

complex 2, which prevents us to examine pH-dependence properties of 1 in aqueous 

media. The absorption maximum of the aqueous solution gradually shifts from 487 nm to 

477 nm after dissolution of 1 in water (Fig. 6), where the latter is very close to that of 2 

at pH 0-8 (476 nm, Fig. 4). UV-visible absorption spectrum for 1 (0.5 mM) in an 
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acetonitrile solution (Fig. 7) exhibits two MLCT transition from dπ orbital of Ru to π* 

orbitals of trpy and H2bim in the visible region. The two MLCT bands are red shifted 

compared with those for 2 at pH 0-8 because of the negative charge of coordinated Cl- 

anion. 

 

Table 4.  The pKa values of Ru complexes with H2bim and M–OH2 moieties (bpm = 

2,2’-bipyrimidine, phen = 1,10-phenanthroline, tmtacn = 1,4,7-trimethyl-1,4,7-

triazacyclononane, acac = acetylacetone).   

Complex pKa1 pKa2 Ref. 

[Ru(trpy)(H2bim)(OH2)]2+ (2) 9.0 11.3 This work 

[Ru(trpy)(bpy)(OH2)]2+ 9.7 - 27 

[Ru(trpy)(bpm)(OH2)]2+ 9.7 - 28 

[Ru(trpy)(phen)(OH2)]2+ 9.6 - 29 

[Ru(tmtacn)(bpy)(OH2)]2+ 11.8 - 30 

[Ru(bpy)2(H2bim)(OH2)]2+ 7.2 12.1 9b 

[Ru(acac)2(H2bim)(OH2)]2+ 6.8 11.0 31 

 

 
Figure 6.  Time course of absorption spectra after dissolution of 1 (0.5 mM) in water.  
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Figure 7.  UV-visible spectrum of an acetonitrile solution of 1 (0.5 mM) and a buffer 

solution of 2 (0.5 mM, at pH 4.6).  
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DFT Calculations 

In order to discuss the electronic structures of [Ru(trpy)(H2bim)(OH2)]2+ and its 

deprotonated forms, density functional theory (DFT) and time-dependent density 

functional theory (TD-DFT) calculations were carried out. All calculations were 

performed with the polarizable continuum model (PCM) to account for solvent effects in 

aqueous media.  

The optimized structure for [Ru(trpy)(H2bim)(OH2)]2+ are similar to the X-ray crystal 

structure. For example, the calculated Ru-O bond distance is 2.167 Å, which are 

comparable to the experimental value (2.133(3) Å). Figure 8 depicts the frontier MO 

surfaces of [Ru(trpy)(H2bim)(OH2)]2+. The highest occupied molecular orbitals (HOMOs, 

HOMO to HOMO-3) contain t2g (dxy, dxz, and dyz) character of d(Ru) with π-back 

donation to π* orbitals of H2bim and trpy, while the lowest unoccupied molecular orbitals 

(LUMOs, LUMO to LUMO+5) are dominated by π* orbitals of H2bim and trpy. 

The electronic transitions for the calculated complexes have been investigated by the 

TD-DFT method. Calculated excitation wavelengths and oscillator strengths for selected 

transitions are listed in Table 5 and absorption spectra constructed by convolution of these 

calculated transitions with Gaussian functions are depicted in Figure 9. The profiles of 

the convoluted absorption spectra are similar to those observed experimentally, i.e., two 

moderately intense absorption bands around 350 and 450 nm. From the results of TD-

DFT calculation, it can be concluded that the lower-energy transition around 450 nm 

mainly arises from the MLCT transition from dπ orbitals of Ru to π* orbitals of and trpy, 

and the higher-energy transition around 350 nm originates from the MLCT transition to 

π* orbitals of H2bim (see Table 5). 

The [Ru(trpy)(H2bim)(OH2)]2+ cation has two types of proton dissociative sites, and 

therefore can afford two types of conjugate bases, [Ru(trpy)(Hbim)(OH2)]+ and 

[Ru(trpy)(H2bim)(OH)]+, relative energies of which were estimated by DFT calculations. 

It can be seen that the [Ru(trpy)(Hbim)(OH2)]+ form is more stable than the 

[Ru(trpy)(H2bim)(OH)]+ form, and the energy difference is 10.7 kJ/mol, consistent with 

the discussion in the above section. Moreover, the TD-DFT calculated absorption spectra 

and oscillator strengths of the [Ru(trpy)(Hbim)(OH2)]+ form (Table 5 and Fig. 9) provide 

further evidence to support the conclusion that the [Ru(trpy)(Hbim)(OH2)]+ form 

predominates in solution with pH between pKa1 and pKa2; the calculated absorption 

maxima (475 and 371 nm) are very close to the experimental value for the mono-

deprotonated form (496 and ca. 390 nm). 

As suggested in the UV-Visible Absorption Spectra section, the dominant species of 

the di-deprotonated form is [Ru(trpy)-(Hbim)(OH)]0. Indeed, the calculation for 
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[Ru(trpy)(Hbim)-(OH)]0 afforded an energy much lower (by 21.6 kJ/mol) than that for 

[Ru(trpy)(bim)(OH2)]0. Moreover, the TD-DFT calculation for [Ru(trpy)(Hbim)(OH)]0 

also suggests the calculated profiles of the absorption spectra (Fig. 9) are similar to that 

observed experimentally (Fig. 4). 

 

Figure 8.  Isodensity surface plots of selected frontier molecular orbitals of 2 based on 

the optimized ground-state geometry. 
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Table 5.  Wavelength and oscillator strengths of both isomers at MLCT band from TD-

DFT calculated absorption spectra. 

Complex 
Wavelength 

(nm) 

Oscillator 

strength 
Transition 

|CI coef| ( > 

0.3) 

[Ru(trpy)(H2bim)(OH2)]2+ 

466 0.0469 HOMO-2→LUMO+1 0.68751 

442 0.0912 

HOMO-2→LUMO 0.34681 

HOMO-1→LUMO+1 0.39629 

HOMO→LUMO+1 0.36473 

364 0.0606 
HOMO-1→LUMO+2 0.42111 

HOMO→LUMO+4 0.39707 

[Ru(trpy)(Hbim)(OH2)]+ 

500 0.0486 HOMO-2→LUMO+1 0.68547 

477 0.0652 
HOMO-2→LUMO 0.44248 

HOMO→LUMO+1 0.33187 

389 0.0381 HOMO→LUMO+2 0.65208 

[Ru(trpy)(Hbim)(OH)]0 
660 0.056 HOMO→LUMO+1 0.60367 

414 0.117 HOMO-1→LUMO+2 0.66706 

 

 

Figure 9.  Calculated absorption spectra of (a) [Ru(trpy)(H2bim)(OH2)]2+, (b) 

[Ru(trpy)(Hbim)(OH2)]+ and (c) [Ru(trpy)(Hbim)(OH)]0.  
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Electrochemical properties 

Square wave voltammograms (SWV) of 2 were examined in various pH conditions under 

an argon atmosphere (Fig. 10). The SWVs in any pH conditions show one oxidation peak 

and following two or three smaller peaks, which are shifted to a positive direction with 

decreasing pH (Fig. 10). 

The first oxidation process starting from the Ru(II) complex is ascribed to the 

Ru(III)/Ru(II) redox couple. In all the pH range investigated (1 < pH < 12), the potentials 

of the Ru(III)/Ru(II) couples of 2 are largely shifted to the lower potential compared with 

2,2’-bipyridine analogue [Ru(trpy)(bpy)(OH2)]2+, e.g. E1/2 = 0.53 V for 2 and 0.81 V for 

[Ru(trpy)(bpy)(OH2)]2+ in acidic solution (pH = 1) This is due to the stronger-donating 

character of the H2bim ligand, consistent with the results of X-ray crystallographic 

analysis.  

Figure. 11 illustrates the potential versus pH (Pourbaix) diagram for 2 in the range of 

1 < pH < 12 in water. According to the Nernst equation,32 the slope in this diagram is 

equivalent to −(m/n)0.059 V/pH, where m and n represent the number of protons and 

electrons transferred, respectively. 

 Ox + mH� + ne
 ⇌ Red 

 

   ��/� = ��� − mn 0.059pH 

For example, when the potential is independent of pH (slope = 0 mV/pH), no proton is 

coupled in the one-electron redox process. On the other hand, when the potential 

decreases with increasing pH with a slope of −59 and −118 mV/pH, one and two protons 

are coupled with the one-electron redox process, respectively. 
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Figure 10.  Square wave voltammograms of 2 (0.5 mM) in an aqueous solution under 

various pH conditions (pH values were adjusted with NaOH and H2SO4) (WE: GC; CE: 

Pt wire; RE: SCE; scan rate: 50 mV s−1). 

 

The first oxidation process starting from the Ru(II) complex is ascribed to the 

Ru(III)/Ru(II) redox couple. In the pH range of 3.0 to 6.3, a plot of the potential versus 

pH was linear with a slope of −0.059 V/pH (Fig. 11), indicating that the redox couple has 

been assigned to one electron, one proton transfer in this pH range:  

 

[RuII(trpy)(H2bim)(OH2)]2+ ⇆ [RuIII(trpy)(H2bim)(OH)]2+ + H+ + e− 

 

At low pH values (pH < 3), the first oxidation potentials do not depend on pH, indicating 

that this process involves no proton transfer:  

 

[RuII(trpy)(H2bim)(OH2)]2+ ⇆ [RuIII(trpy)(H2bim)(OH2)]3+ + e− 

 

On the other hand, the slope in the pH range of 6.3 to 8.8 was found to be −0.10 V/pH. 

This clearly indicates the redox process is a one-electron process coupled with two proton 

transfer: 
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[RuII(trpy)(H2bim)(OH2)]2+ ⇆ [RuIII(trpy)(Hbim)(OH)]+ + 2H+ + e− 

 

The pKa values found from the diagram agree well with those determined 

spectrophotometrically (pKa1 = 9.0 and pKa2 = 11.3). The smaller peaks after the 

Ru(III)/Ru(II) redox couple (Fig. 10) are ascribed to the Ru(IV)/Ru(III), Hbim•/H2bim, 

and bim/Hbim• couples. However, the Ru(IV)/Ru(III) couple was not clearly observable 

at low pH values (pH < 3). In SWV, the intensity of peak current depends on the 

reversibility of the corresponding redox couple.32 The RuIV=O/RuIII-OH2 couple 

corresponds to a one-electron process coupled with two proton transfer, and thus tends to 

be less reversible. Similar behaviors have commonly been observed for other ruthenium 

complexes with an aqua ligand, such as [Ru(trpy)(bpy)(OH2)]2+ and 

[Ru(tmtacn)(bpy)(OH2)]2+.27, 30, 33. 

Both M-OH2 and H2bim moieties are known to serve as PCET modules, as illustrated 

in Schemes 1 and 2. Indeed, the Pourbaix diagram of 2 clearly reveals that both the PCET 

modules in 2 show two-step PCET processes. As a result, 2 demonstrates four-step PCET 

reactions to give the four-electron oxidized species, [RuIV(trpy)(bim)(O)]2+, without 

electrostatic charge buildup during the reactions (Scheme 4). The multiple PCET ability 

of 2 would be applicable to various multi-electron oxidation reactions.  

In the initial attempt to demonstrate multi-electron oxidation reactions by 2, catalysis 

of electrochemical water oxidation was evaluated. Cyclic voltammogram of 2 in aqueous 

0.5 M H2SO4 (pH = 0.4) under Ar atmosphere (Fig. 12) exhibits a large irreversible anodic 

current at ca. 1.2 V vs. SCE, which is considered to be a catalytic current attributed to 

water oxidation.3b,32  It is also found that the O2-evolving potential (the potential at which 

the catalytic current for water oxidation starts to flow) for 2 (E = ca. 1.2 V) is largely 

shifted to the lower potential compared with the other analogous ruthenium complexes, 

[Ru(trpy)(bpy)(OH2)]2+ (E = ca. 1.35 V),30 [Ru(trpy)(bpm)(OH2)]2+ (E = ca. 1.35 V),28 

and [Ru(tmtacn)(bpy)(OH2)]2+ (E = ca. 1.40 V),33 which are known as an active catalyst 

for water oxidation. This may be due to the multi-electron storage ability of 2 as well as 

the stronger electron-donating character of H2bim ligand than that of 2,2’-bpy, 2,2’-bpm. 
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Figure 11.  Plots of E1/2 (V vs. SCE) vs. pH (Pourbaix diagram) for 2. Blue squares with 

[mH, ne] are abbreviations for deprotonated/oxidized forms of 2, where m and n are the 

numbers of removable protons and electrons, respectively, and [Ru(trpy)(H2bim)(OH2)]2+ 

is defined as [4H, 4e].  

 

Scheme 4.  Two-step and four-step PCET reactions of [Ru(trpy)(bpy)(OH2)]2+ (ref. 27) 

and [Ru(trpy)(H2bim)(OH2)]2+ (2).   
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Figure 12.  Cyclic voltammograms (0.5 mM) of 2 in an aqueous 1 N H2SO4 solution 

(red dotted line) and blank solution (black line) under Ar atmosphere (WE : GC, CE : Pt 

wire, RE : SCE ; Scan rate : 10 mV/s). 

 

Conclusions 

The author succeeded in the synthesis and characterization of a new ruthenium(II) 

complex showing multiple PCET properties by incorporating two kinds of PCET modules 

(H2bim and M-OH2) in a single molecule. This is the first example of study providing 

important new insights into the acid-base and redox properties of such complexes. The 

most significant result in this study is a realization of the four-step PCET reaction of the 

complex to give the four-electron oxidized species without electrostatic charge buildup 

during the reactions. Moreover, catalytic water oxidation reaction by the complex is also 

demonstrated. This would provide some new ideas for designing efficient catalysts for 

multi-electron oxidation/reduction reactions. 
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Chapter 2 

 

Section 1. 

A pentanuclear iron catalyst designed for water oxidation 

 

 

Introduction 

Water oxidation catalysts1-17 have attracted increasing interest motivated by the recent 

elucidation of the OEC18 structure and driven by the urgent need to develop efficient 

catalysts for energy conversion systems. There are two primary approaches to developing 

water oxidation catalysts, homogeneous1-15 and heterogeneous systems16,17. 

Homogeneous molecular catalysts have an advantage in catalyst design at the molecular 

level based on the detailed mechanistic study. One of the important long-standing goals 

is the development of efficient molecular catalysts based on abundant, inexpensive and 

environmentally benign metal ions. Iron, the most abundant transition metal element in 

the earth’s crust, is an attractive candidate as a constituent element of water oxidation 

catalysts, and iron complexes are often employed as catalysts for various oxidation 

reactions in both natural19,20 and artificial systems21. A few examples of artificial iron-

based water oxidation catalysts have recently been reported, focusing on mononuclear 

iron complexes5,8,12,14. However, in most cases, the catalysts are rapidly deactivated owing 

to their decomposition during reaction5,12. In addition, their catalytic activities are much 

lower than those of the reported molecular catalysts based on other metal ions (see Table 

5, P. 75,76). These limitations of the reported iron-based water oxidation catalysts have 

prompted us to explore a new molecular design to create iron-based catalysts with high 

performance. 

Efficient iron-based molecular catalysts for water oxidation should include the 

following key elements: (i) the catalysts should have multinuclear structures. Redox 

flexibility arising from the multinuclear core is expected to be advantageous in reactions 

involving multi-electron transfer (Fig. 1a). Indeed, multinuclear clusters have been 

selected as active centers for such reactions in nature; e.g., the Mn4Ca cluster in PSII for 

the four-electron oxidation of water18,22 and the Fe7Mo cluster in nitrogenase for the six-
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electron reduction of nitrogen23. And (ii) two water-activation sites separated by an 

appropriate distance must exist to promote intramolecular O-O bond formation (Fig. 1b). 

Intermolecular O-O bond formation, which involves the association of two molecules, is 

often very slow, and can be the rate-determining step of the reaction7,10,11,13. The 

intramolecular O-O bond formation may accelerate the catalytic reactions because the 

slow association step can be avoided by going through the intramolecular process. Note 

that dinuclear iron cores are known to serve as the active sites for O-O bond formation 

and/or scission24, 25. 

As a candidate for water oxidation catalysts, we employed a pentanuclear iron complex 

with open-coordination sites, [FeII
4FeIII(μ3-O)(μ-L)6]3+ (1; LH = 3,5-bis(2-

pyridyl)pyrazole; Fig. 1c). 1 has quasi-D3 symmetry and consists of a [Fe3(µ3-O)] core 

wrapped by two [Fe(μ-L)3] units. The two iron ions at the apical positions are hexa-

coordinated by three L−−−− to form [Fe(μ-L)3] units with distorted octahedral geometries, 

whereas the three iron ions at the triangle [Fe3(µ3-O)] core are penta-coordinated by two 

L−−−− and an O2− anion with distorted trigonal bipyramidal geometries. These penta-

coordinated, or coordinatively unsaturated, iron ions in the triangle core are expected to 

serve as the active sites for O-O bond formation. 
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Figure 1.  Design of molecular catalysts for water oxidation. (a) Redox flexibility 

arising from a multinuclear core. (b) Adjacent water-activation sites to promote 

intramolecular O-O bond formation. (c) The molecular structure and the Fe5O core 

structure of [FeII
4FeIII(μ3-O)(μ-L)6]3+ (1). Three penta-coordinated iron centers are 

bridged by oxygen atoms in µ3-fashion to form a triangle structure, and two hexa-

coordinated iron centers are connected to the triangle structure by six Ls.  
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Single Crystal X-ray Structure Determination 

We synthesized complex 1 by mixing stoichiometric amounts of Fe(SO4)2∙7H2O and LH 

in the presence of base in MeOH at room temperature under aerobic conditions26. Single 

crystal X-ray structural analysis, elemental analysis, electrospray-ionisation time-of-

flight mass spectrometry (ESI-TOF-MS) and 57Fe Mössbauer spectroscopy revealed that 

one iron ion at the triangle core of 1 is oxidized to FeIII, leading to the isolation of the 

FeII
4FeIII oxidation state (Figs. 2,3 and Table 1,2).  

 

 

Figure 2.  ORTEP drawings (50% probability ellipsoids) of the structure of cationic 

moiety of 1(BF4)3 (left, hydrogen atoms are omitted for clarity) and the core structure 

(right, noncoordinated atoms of the L− ligands omitted for clarity). O = red, C = grey N 

= blue, Fe = orange. 
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Table 1.  Summary of the crystallographic data for 1(BF4)3. 

Formula C78H54N24OFe5B3F12  

Fw 1883.13 

Crystal color, habit red, block 

Crystal size, mm3 0.22 × 0.1 × 0.08 

Crystal system tetragonal 

Space group I -4 

a, Å 16.6876(3) 

c, Å 30.1763(7) 

Z 4 

F(000) 3804 

dcalc, g/cm3 1.488 

µ(MoKα), mm-1 0.929 

T, K 123(2) 

R1 0.0526 

wR2 0.1503 

GOF 1.099 

 

 

 

  



52 
 

57Fe Mössbauer spectroscopy 

A 57Fe Mössbauer spectrum was measured to characterize the electronic states of the Fe 

centers in the catalyst. The measurement of 1(BF4)3�7H2O was carried out at 100 K. The 

spectrum consists of three quadrupole doublets with relative peak areas of 2:2:1, which 

correspond to low-spin FeII ions (IS = 0.33 mm s−1, QS = 0.25 mm s−1), high-spin FeII 

ions (isomer shift (IS) = 0.82 mm s−1, quadrupole splitting (QS) = 3.16 mm s−1), and high-

spin FeIII ion (IS = 0.49 mm s−1, QS = 1.85 mm s−1), respectively (Fig. 3, and Table 2). 

These results suggest that two iron centers at the apical positions are low-spin FeII ions 

and that the [Fe3(μ3-O)] core is composed of two high-spin FeII ions and one high-spin 

FeIII ion. 

 
Figure 3.  A 57Fe Mössbauer spectrum of 1(BF4)3�7H2O at 100 K. 

 

Table 2.  57Fe Mössbauer least-squares fitting parameters for 1(BF4)3�7H2O at 100 K. 

 f1 f2 f3 

IS (mm s−1) 0.33 0.82 0.49 

QS (mm s−1) 0.25 3.16 1.85 

ratio (%) 39.2 38.6 22.2 

assignment Fe(II) LS Fe(II) HS Fe(III) HS 
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Cyclic Voltammetry 

The cyclic voltammogram (CV) of 1 (0.2 mM) in an acetonitrile solution containing 

Et4NClO4 (0.1 M) at a scan rate of 10 mV s−1 (Fig. 4) revealed one reversible reduction 

wave at E1/2 = −0.55 V vs. ferrocene/ferrocenium (Fc/Fc+) and four reversible oxidation 

waves at E1/2 = 0.13, 0.30, 0.68 and 1.08 V. The five reversible redox waves were assigned 

to the sequential one-electron redox couple of each iron ion between FeII and FeIII. Thus, 

1 possesses high redox flexibility with six different redox states that are accessible under 

electrochemical conditions. The open-circuit potential of 1 was determined to be −0.26 V, 

indicating that 1 possesses the FeII
4FeIII state in both the solution and solid states (vide 

supra). Importantly, the profile of the cyclic voltammogram of 1 changed dramatically 

upon the addition of water, as shown in Figure 5. Large irreversible anodic currents were 

observed at the potential corresponding to the FeIII
5/FeIIFeIII

4 redox couple, suggesting 

electrocatalytic O2 evolution from water. 

 

 
Figure 4.  CV of 1 (0.2 mM) in an acetonitrile solution with Et4NClO4 (0.1 M) at a scan 

rate of 10 mV s−1.  
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Figure 5.  CVs of 1 (0.2 mM) in acetonitrile solutions with Et4NClO4 (0.1 M) at a scan 

rate of 10 mV s−1 with 5 M of H2O (red line) and without water (black line).  
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Controlled Potential Electrolysis    

To quantitatively evaluate the evolution of O2 from water, controlled potential electrolysis 

was conducted in a two-compartment cell separated by an anion-exchange membrane 

(Fig. 6). The solution of 1 (0.2 mM) in an acetonitrile/water (10 : 1) mixed solution 

containing Et4NClO4 (0.1 M) was electrolysed at the ITO electrode with a cell operating 

potential of 1.42 V vs. Fc/Fc+, and the evolved O2 was quantified by gas chromatography. 

As shown in Figure 7, the total amount of charge passed was confirmed to be 41.0 

coulombs over a period of 120 min, and the amount of evolved O2 was determined to be 

2.5 mL, showing a Faradaic efficiency of 96% based on a 4e− process. The profile of the 

water oxidation curve was nearly linear, indicating that the steady-state intermediate of 

the catalyst remained stable throughout the catalytic cycles in solution. Several 

experiments were performed to check for the reproducibility and the similar Faradaic 

efficiency (95-97%) were obtained for all entries (Table 3).  
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Figure 6.  Photograph (top) and schematic illustration (bottom) of a custom-designed 

two compartment cell used in the controlled potential electrolysis.  
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Figure 7.  Electrolysis data in acetonitrile/water (10 : 1) mixed solutions with Et4NClO4 

(0.1 M) at a potential of 1.42 V vs. Fc/Fc+ with 0.2 mM of 1 (red line) and without the 

catalyst (black line). 

 

 

Table 3.  Summary of the controlled potential electrolysis for 1. The pH of the solution 

was 4.8 before electrolysis and decreased to less than 0.5 after 2 hours of electrolysis. 

 
Electrolysis Time  

(min) 

Charge  

(C) 

O2 Evolved  

(ml) 

Faradaic Efficiency 

(%) 

Entry 1a) 120 41.0 2.45 96 

Entry 2 120 50.7 3.07 97 

Entry 3 90 31.0 1.84 95 

Entry 4 60 25.9 1.57 97 

a) The plot of charge (C) vs. time (min) is shown in Figure 7. 
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Evidence for a Homogeneous Electrocatalyst 

The stability of 1 during the catalysis was confirmed by the following several analyses.  

First, multiple scans of CVs of 1 showed that Both the wave shape of each FeIII/FeII 

process and the catalytic current for water oxidation were maintained over 100 scans of 

the CVs for 9 h (Fig. 8), indicating that the decomposition and deposition of 1 do not 

generally occur under electrochemical conditions. 

 

 

 

Figure 8.  CVs of 1 (0.2 mM) with 0.1 M Et4NClO4 as the supporting electrolyte at a 

scan rate of 10 mV s-1 in an acetonitrile/water (10 : 1) mixed solution. The potential sweep 

in the range from -0.44 to 1.19 V was repeatedly carried out 100 times without pause. 

Electrodes: working, GC; auxiliary, Pt; reference, Ag/Ag+; reported vs. Fc/ Fc+.  
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Second, both the wave shapes of the Fe(II/III) processes and the catalytic current for 

water oxidation were maintained after the controlled potential electrolysis for 1 h (Fig 9). 

The controlled potential electrolysis was performed at 1.19 V vs. Fc/Fc+ with 0.2 mM of 

1 for an hour. After the electrode was polished with alumina paste, the CV was recorded 

in the range from -0.50 to 1.19 V (red line). 

 

 
 

Figure 9.  CVs of 1 (0.2 mM) before (blue line) and after (red line) the electrolysis. 

The measurements were performed in an acetonitrile/water (10 : 1) mixed solution with 

0.1 M Et4NClO4 as the supporting electrolyte at a scan rate of 10 mV s-1. Electrodes: 

working, GC; auxiliary, Pt; reference, Ag/Ag+; reported vs. Fc/ Fc+.  
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Third, the catalytic ability of the electrode after the controlled potential electrolysis 

was examined (Fig. 10). In this experiment, the electrolysis was initially performed in 

acetonitrile/water (10 : 1) mixed solutions with Et4NClO4 (0.1 M) at a potential of 1.42 

V vs. Fc/Fc+ with 0.2 mM of 1 (red line). The ITO working electrode was gently rinsed 

with small amounts of water and acetonitrile, and then, a second round of electrolysis was 

performed using the solution without the catalyst (black line). A small current was 

observed in the second electrolysis compared to the first electrolysis, which indicates that 

the homogeneous species dissolved in the solution is a catalytic active species.  

 

 

Figure 10.  The result of the first electrolysis using fresh ITO electrode in 0.2 mM of 1 

(red line) and that of second round of electrolysis using ITO electrode after first 

electrolysis in electrolyte solution without 1 (black line). Condition: acetonitrile/water 

(10 : 1) mixed solution with Et4NClO4 (0.1 M) at a potential of 1.42 V vs. Fc/Fc+.  



61 
 

Finally, X-ray photoelectron spectra and UV-vis absorption spectra of the ITO 

electrode used for the controlled potential electrolysis exactly match with those from 

before the electrolysis (Figs. 11 and 12). These results suggest that heterogeneous 

deposits did not form during the catalytic reaction. Thus, the data overall strongly 

indicates that 1 dissolved in the solution is the catalytic species in this system. 

 

 

 

Figure 11.  XPS spectra of the ITO electrode before (top, black line) and after (middle, 

red line) the electrolysis. The bottom graph shows the magnified spectra for typical Fe 2p 

region of iron oxide species.   
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Figure 12.  UV-vis absorption spectra of the ITO electrode before (blue dashed line) and 

after (red solid line) the electrolysis. 
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TOF Calculation from Cyclic Voltammetric Measurements 

The catalytic activity of 1 was evaluated in terms of turnover frequency (TOF) under 

electrochemical conditions. When the electron transfer rate of the catalyst and the amount 

of the substrate are sufficiently high and when the catalytic current is limited only by the 

chemical reaction in solution, i.e., under purely kinetic conditions12,27-29, Eq. 1 can be 

used to calculate the pseudo-first-order rate constant, kcat, which correspond to the TOF 

value for O2 evolution. 

 

��� �! = 2.242$�� %&�� R'F )�� *
�� �������(Eq. 1) 

 

In this equation, icat is the catalytic current, ip is the peak current measured in the absence 

of the substrate, ncat is the number of electrons involved in the catalytic reaction, F is 

Faraday’s constant, kcat is the effective first-order rate constant, R is the universal gas 

constant, T is the temperature in Kelvin, and ν is the scan rate. 

 

Detailes of the calculations is shown below. 

 

(i) General Procedure [Ref. 27-29] 

In the catalytic reaction scheme, a substrate, usually nonelectroactive, reacts in the 

following chemical reaction to regenerate starting material. The rate low of the reaction 

can be defined as d[P]/dt = k[cat][S].  R ⇄ O + $1
 

O + S 3→  R + P  
(R: reduced form of a catalyst, O: oxidized form of a catalyst, S: substrate, P: product) 

 

In this case, under purely kinetic conditions, when the current is limited only by 

catalytic steps in solution, CVs are predicted to be S-shaped and reach a limiting catalytic 

current, icat, which can be expressed by the following equation (Eq. S1) and is independent 

of the scan rate.  

 ��� = $�� FEFcatGHIJ(&FSG) �������������������Eq. S1 
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where ncat is the number of electrons transferred during the catalytic event, F is the 

Faraday’s constant, A is the surface area of electrode [cm2], [cat]0 is the concentration of 

the catalyst, [S] is the concentration of the substrate, k is the second-order rate constant 

and D [cm2
�s−1] is the diffusion coefficient of the catalyst.  

Assume that the concentration of substrate does not change significantly during the 

course of the measurement, the catalytic turnover frequency (TOF) can be expressed as a 

pseudo first-order rate constant, kcat (kcat = k[S] = TOF). Therefore icat can be expressed 

as follows.  

 ��� = $�� FEFcatGHI&KLMJ�������������������Eq. S2 

 

On the other hand, the peak current for reversible electrochemical couples, ip, is 

governed by Randles-Sevcik equation (Eq. S3) as follows,  

�! = 0.4463$!FEFcatGHP$QFJRR' �������������������Eq. S3 

where np is the number of electrons transferred associated with reversible electrochemical 

couples, R is the universal gas constant, T is the temperature, and v is the scan rate.  

The ratio of icat (Eq. S2) to ip (Eq. S3) is given by Eq. S4. 

��� �! = $KLM0.4463$Q P&KLMR'$QFR �������������������Eq. S4 

 

In the present study, ip values were estimated from the one-electron redox process of 

FeIII
5/FeIIFeIII

4 and four electrons were assumed to pass for each O2 molecule produced. 

Therefore, np and ncat values were determined to be 1 and 4, respectively.  

The turnover frequency (kcat) can be calculated from the slope of a plot of icat/ip against 

v
−½, C, using equation Eq. S5. 

 

&KLM = 1.245 × 10
� FT�
R' �������������������Eq. S5 

 

Therefore, the requirements to obtain TOF values using Eq. S5 are as follows: 

(1) The rate constant of the reaction should be first-order to the concentration of the 

catalyst. 
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(2) ip and v½ should have a linear relationship to follow the Randles-Sevcik equation. 

(3) icat should be independent to scan rates to obtain a purely kinetic condition.  

(4) The amount of the substrate should be large enough to obtain a TOF (kcat) value as a 

pseudo first-order rate constant. 

 

The condition to satisfy these requirements for the catalyst was determined by several 

electrochemical measurements shown below.  

(ii) Determination of a Rate Law 

As mentioned in the previous section, the determination of a rate law is required for the 

calculation of the kcat. icat values were measured at various concentrations of 1 in the 

presence of excess amount of water. As depicted in Figure 13, icat values exhibit a linear 

relationship with [cat] when [cat] is in the range of 0.05-0.2 mM, indicating that the rate 

law for O2 evolution catalysed by 1 can be expressed by using a pseudo first-order rate 

constant, kcat, as d[O2]/dt = kcat [cat]. Therefore, Eq. S5 is applicable to obtain the TOF 

(kcat) value of this system.  
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Figure 13.  A plot of icat vs. [cat]. Measurements were performed in acetonitrile with 0.1 

M Et4NClO4 as the supporting electrolyte at a scan rate of 2.0 V s−1 in an acetonitrile/water 

(10 : 1) mixed solution under Ar atmosphere. Electrodes: working, GC; auxiliary, Pt; 

reference, Ag/Ag+.  
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(iii) Electrochemical Analysis of 1 in the Absence of Substrate 

Calculations for kcat require the measurement of ip for the catalyst in the absence of 

substrate to confirm the reversibility of the redox process. As shown in Eq. S3, ip has a 

linear relationship with v½ when the redox process is reversible. In this study, the ip values 

of the one-electron redox process of FeIII
5/FeIIFeIII

4 were plotted against v½, as shown in 

Figure 14. A linear relationship between ip and v½ was obtained when v is in the range of 

0.2-2.6 V s−1, indicating that the electron transfer rate of the redox couple is rapid enough 

to exhibit reversibility.  

 

  
 

Figure 14.  A plot of ip vs. v½. Measurements were performed in acetonitrile solution of 

1 (0.2 mM) with Et4NClO4 (0.1 M) as the supporting electrolyte under Ar atmosphere. 

Electrodes: working, GC; auxiliary, Pt; reference, Ag/Ag+. The original voltammograms 

are shown in Figure 15 and the numerical data are listed in Table 4.  
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Figure 15.  Cyclic voltammograms of 1 in the absence of water at various scan rates. 

Measurements were performed in acetonitrile solution of 1 (0.2 mM) with Et4NClO4 (0.1 

M) as the supporting electrolyte under Ar atmosphere. Electrodes: working, GC; auxiliary, 

Pt; reference, Ag/Ag+. A plot of ip vs. v½ is shown in Figure 14 and the numerical data are 

listed in Table 4. 
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(iv) Electrochemical Analysis of 1 in the Presence of Substrate 

The scan rates to obtain the purely kinetic condition were determined by cyclic 

voltammetry at various scan rates. As shown in Figure 16 and Figure 17, constant limiting 

currents were observed when the scan rate is in the range of 1.6-2.6 V s-1.  

 

 

 

Figure 16.  CV of 1 (0.2 mM) in acetonitrile/water (10 : 1) mixed solution with 

Et4NClO4 (0.1 M) at scan rates of 0.2 to 2.6 V s-1. For the numerical data, see Table 4. 
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Figure 17.  A plot of icat vs. v. Measurements were performed in acetonitrile/water (10 : 

1) mixed solution of 1 (0.2 mM) with Et4NClO4 (0.1 M) as the supporting electrolyte 

under Ar atmosphere. Electrodes: working, GC; auxiliary, Pt; reference, Ag/Ag+. The 

numerical data are listed in Table 4. 
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Similarly, the constant limiting currents were observed when the concentration of 

water is higher than 2.6 mM, indicating that the amount of the substrate is large enough 

to reach the purely kinetic condition (Fig. 18).  

 

 
 

Figure 18.  Cyclic voltammograms of 1 in acetonitrile (0.2 mM) with 0.1 M Et4NClO4 

as the supporting electrolyte in the presence of H2O at a scan rate of 2.0 V s−1 under Ar 

atmosphere. The CVs measured in acetonitrile/water (20 : 1, the concentration of water : 

2.6 mM, red line) and acetonitrile/water (10 : 1, the concentration of water : 5.0 mM, blue 

line), respectively.  
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(v) Determination of TOF Value for 1 

Under the conditions in which 1 exhibits the purely kinetic behaviours, a TOF value was 

determined. As shown in Figure 19, the plot of icat/ip against v-½ shows a linear relationship 

and the slope was found to be 62.4. The TOF value of the reaction was determined to be 

1,900 s-1 using Eq. S5. The values of scan rate, icat/ip and v-½ at each point are listed in 

Table 4.  

 

  
 

Figure 19.  A plot of the ratio of icat to ip as a function of the negative root of the scan 

rate. Measurements were performed in acetonitrile (for ip) or in acetonitrile/water (10 : 1) 

mixed solution (for icat), in the presence of 0.1 M Et4NClO4 as the supporting electrolyte 

under Ar atmosphere. Electrodes: working, GC; auxiliary, Pt; reference, Ag/Ag+. The 

numerical data are listed in Table 4.  
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The TOF value determined according to Eq. 1 was also supported by the rough estimation 

of the amount of O2 evolved in the controlled potential electrolysis (Fig. 7). Based on the 

assumption that the thickness of the reaction-diffusion layer adjacent to the electrode 

surface (µ) is on the order µ ≈ IJ/&��  (ref 30), the TOF value was estimated to be ca. 

140 to 1,400 s−1, and the TON value was estimated to be ca. 1,000,000 to 10,000,000 for 

120 min. These TOF and TON values indicate the substantial efficiency and robustness 

of 1 as a molecular catalyst for water oxidation. 
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Table 4.  Summary of the numerical data in the electrochemical measurements. Plots of 

ip vs. v½, icat vs. v, and icat/ip vs. v-½ are shown in Figure 14, Figure 17, and Figure 19, 

respectively.  

 

v (V s−1) v1/2 (V1/2 s−1/2) v−1/2 (V−1/2 s1/2) icat (μA) ip (μA) icat/ip 

0.20 0.447 2.236 202.81 6.39 − 

0.50 0.707 1.414 380.28 9.32 − 

0.80 0.894 1.118 468.34 11.86 − 

1.00 1.000 1.000 553.44 12.36 − 

1.20 1.095 0.913 715.38 14.82 − 

1.40 1.183 0.845 743.95 15.65 − 

1.60 1.265 0.791 865.06 17.14 50.47 

1.80 1.342 0.745 855.07 18.23 46.90 

2.00 1.414 0.707 834.07 19.23 43.37 

2.20 1.483 0.674 853.46 20.24 42.17 

2.40 1.549 0.645 797.90 20.00 39.90 

2.60 1.612 0.620 818.51 21.49 38.09 
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Table 5.  Comparison of TOF values between molecular catalysts for water oxidation 

 

 

  

Catalyst TOF (s-1)[a] Oxidant Reference 

Fe catalysts     

1 1,900 electrochemical[b] This work 

1 140-1,400 electrochemical[c] This work 

Fe(TAML-F2-Cl2)OH2 >1.3 CeIV 5 

[Fe(OTf)2(mcp)] 0.06 (0.23) NaIO4 (CeIV) 8 

[FeIII(dpaq)(H2O)]2+ 0.15 electrochemical[b] 14 

Ru catalysts    

[Ru4(µ-O)4(µ-OH)2(H2O)4(γ-SiW10O36)2]10− 0.13 CeIV 31 

[Ru(EtO-terpy)(bpy)OH2]2+  0.11 CeIV 32 

[{[4,4’-(HO)2OPCH2]2bpy}2- 

RuII(bpm)RuII(Mebimpy)(OH2)]4+ 
0.6 electrochemical[d] 33 

RuL(pic) 2  0.36 hν, [Ru(bpy)3]2+ 34 

dinuclear Ru complex 0.26 hν, [Ru(dcbpy)2(bpy)]2+ 35 

dinuclear Ru complex 1.2 CeIV 36 

[Ru(Mebimpy)(bpy)(OH2)]2+   ~1 electrochemical[b] 37 

[Ru(tpy)(Mebim-py) (OH2)]2+   ~3.6 electrochemical[b] 38 

[Ru(bda)(isoq)2] 303 CeIV 9 

[Ru4(µ-O)4(µ-OH)2(H2O)4(γ-SiW10O36)2]10− 280 
flash photolysis, 

[Ru(bpy)3]2+ 
39 

Ru(L1)2(pic)3 7.4 [Ru(bpy)3]3+ 40 

RuII(κ3-bda)(DMSO)(L2)2 176.5 CeIV 41 

[Ru(bpb)(pic)2]+ 0.12 [Ru(bpy)3]3+ 42 

Ru(bda)(isoq)2 14,000[e] electrochemical[b] 43 

mixture of [Ru(tda)(py)2]2+ and [Ru(O)(tda)(py)2] 50,000 electrochemical[b] 15 

Co catalysts    

[Co4(H2O)2(PW9O34)2]10− >5 [Ru(bpy)3]3+ 6 

[CoII(Py5)(OH2)]2+ ~79 electrochemical[b] 44 

CoHβFCX-CO2H 0.81 electrochemical[d] 45 

[Co2Mo10O38H4]6− 0.16 hν, [Ru(bpy)3] 46 

CoTPPS 0.17 hν, [Ru(bpy)3] 47 

Co(TDMImP)(OH2)(OH) 1,400 electrochemical[b] 13 
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Table 4 (Continued) 

[a] TOF values cannot be directly compared without recognising that reaction 

conditions such as solvent, oxidant and applied potential differ. [b] estimated from 

cyclic voltammograms, [c] obtained as a roughly estimated value by considering the 

thickness of the reaction-diffusion layer during the controlled potential electrolysis. [d] 

bulk electrolysis [e] obtained based on [OH]− at pH 12.2  

TAML = -tetraamido macrocyclic ligand, mcp = N,N’-dimethyl-N,N’-bis(2-

pyridylmethyl)-cyclohexane-1,2-diamine, dpaq = 2-[bis(pyridine-2-ylmethyl)]amino-N-

quinolin-8-yl-acetamido, terpy = 2,2’:6’,2”-terpyridine, bpy = 2,2’-bipyridine, bpm = 

2,2’-bipyrimidine, Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine, H2L = 2,2’-

bipyridine-6,6’-dicarboxylic acid, pic = 4-picoline, dcbpy = 2,2’-bipyridine-4,4’-

diethylcarboxylate, Mebim-py = 3-methyl-1-pyridyl benzimidazol-2-ylidene, bda = 

2,2’-bipyridine-6,6’-dicarboxylate, isoq = isoquinoline, L1 = 2-(2-hydroxyphenyl)- 1H-

benzo[d]imidazol-7-ol, L2 = 5-bromo-N-methylimidazole, H2bpb= N,N’-1,2-phenylene-

bis(2-pyridine-carboxamide), Py5 = 2,6-(bis(bis-2-pyridyl)-methoxymethane)pyridine, 

tda = [2,2’:6’,2”-terpyridine]-6,6”-dicarboxylate, HβFCX-CO2H = 2,3,7,8,12,13,17,18-

Octafluoro-10-(4-(5-Hydroxycarbonyl-2,7-di-tert-butyl-9,9-dimethyl-xanthene))-5,15-

bis(pentafluorophenyl)corrole, TPPS = meso-tetra(4-sulfonatophenyl)porphyrinato,  

TDMImP = 5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-yl), TCG = 

triglycylglycine, Cp* = pentamethylcyclo pentadiene, NHC = 3-methyl-1-(1-

phenylethyl)-imdazoline-2-ylidene, H2bpb = N,N’-1,2-phenylene-bis(2-pyridine- 

carboxamide)  

Catalyst TOF (s-1) Oxidant Reference 

Cu catalysts    

Cu(bpy)2(OH)2 ~100 electrochemical[b] 10 

[(TGG4−)CuII−OH2]2− 33 electrochemical[b] 48 

Ir catalysts    

[{(4,4’-HOOC)2bpy}IrIIICp* (OH2)]2+ 6.7 electrochemical[d] 49 

Cp*Ir(NHC)Cl2 0.31 NaIO4 50 

Mn catalysts    

[(terpy)(H2O)Mn(O)2Mn(H2O)(terpy)]3+ 0.67 HSO5− 51 
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Section 2.  

Water oxidation mechanism of the pentanuclear iron catalyst 

 

 

In this section, the reaction mechanism leading to O2 from water is discussed based on 

the combination of DFT calculations and experimental results (Spectroscopic 

Characterization, Electrochemical mesurments and Mössbauer spectroscopy). Figure 20 

illustrates a possible catalytic cycle for the generation of O2 mediated by 1. The 

electrochemical measurement revealed a four-step, one-electron oxidation from the initial 

FeII
4FeIII state (S0 in Fig. 20) to provide the FeIII

5 state (S4). Note that water attack to the 

FeII
4FeIII (S0), FeII

3FeIII
2 (S1), FeII

2FeIII
3 (S2), and FeIIFeIII

4 states (S3) can be excluded 

because the oxidation potentials for these states remained unchanged upon the addition 

of water (Fig. 5, P. 54). The pH dependence of the CVs showed no change in the onset 

potential of water oxidation (Fig. 21), indicating that the water attack of the S4 state does 

not involve proton-coupled electron transfer. Therefore, subsequent insertion of a water 

molecule to the S4 state results in the formation of the FeIII
5(OH2) species with a hexa-

coordinated FeIII ion at the triangle core (A in Fig. 20).  
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Figure 20.  Mechanism of O2 evolution from water catalyzed by 1. One water molecule 

reacts with the S4 state formed by the four-electron oxidation of the S0 state. Further 

reaction with an additional water molecule and the deprotonation of the coordinated water 

molecules afford the adjacent two metal-oxo moieties in one molecule, which promotes 

rapid intramolecular O-O bond formation to evolve O2.  
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Electrochemical Measurements at Various pH       

 

 

 

Figure 21.  CVs of 1 (0.2 mM) in acetonitrile solutions with Et4NClO4 (0.1 M) at a scan 

rate of 10 mV s−1, in the presence of 5 M of H2O at various pH. The CVs at various pH 

showed no change of the onset potential of water oxidation. Overpotentials for water 

oxidation mediated by 1 are estimated to be 0.52 V at pH = 2.0 and 0.93 V at pH = 9.0.   
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Figure 22.  The result of the electrolysis in 0.2 mM of 1 with borate buffer (the initial 

pH was 7.8). Condition: acetonitrile/water (10 : 1) mixed solution with borate buffer (0.14 

mM) and Et4NClO4 (0.1 M) at a potential of 1.42 V vs. Fc/Fc+. The linear profile of the 

charge vs. time plot was obtained and is similar to the result of electrolysis without buffer 

(Fig. 7, P. 57). The Faradaic efficiency was 97%, which was comparable to the result 

obtained by the electrolysis with the initial pH of 4.8 (without borate buffer, see also Table 

3, P. 57). These results indicate that the pH of the solution does not affect the catalytic 

activity.  
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Spectroscopic Characterisation of 1 in Various Oxidation States 

 

(i) UV-vis Absorption Spectroscopy 

 

The oxidized species of the iron catalyst were generated by electrochemical and chemical 

oxidation and characterized spectroscopically. The reaction conditions of the experiments 

are as follows. 

 

(a) Spectro-electrolysis: UV-Vis absorption spectral changes before and after the 

electrolysis of a 0.5 mM solution of 1(BF4)3 were measured in CH3CN containing 0.1 M 

TBAP at 293 K. 

 

(b) Chemical Oxidation: UV-Vis absorption spectral changes upon the chemical 

oxidation of a 0.05 mM solution of 1(BF4)3 were measured in CH3CN at 293 K using 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Magic blue (MB), Eox = 0.67 V 

vs. Fc/Fc+ [52]) and tris(2,4-dibromophenyl) ammoniumyl hexachloroantimonate (Magic 

green (MG), Eox = 1.14 V vs. Fc/Fc+ [52]) as chemical oxidants. 

 

Upon the electrochemical oxidation of 1(BF4)3, the UV-vis absorption spectra exhibited 

a four-step change, and successive oxidation of the complex from the S0 to the S4 state 

(Figs 23a-25a, 26) was observed. The changes in the UV-vis absorption spectra upon the 

step-wise addition of the chemical oxidants (MB or MG) were also measured. As shown 

in Figures 23b-25b, the three-step change with isosbestic points was observed. This result 

indicates the sequential formation of the S1-S3 states by chemical oxidation. The spectra 

of the S1-S3 states obtained by electrochemical and chemical oxidation are consistent with 

each other, whereas the formation of S4 was not confirmed by the chemical oxidation. 

As shown in Figure. 23, the complex in S0 state exhibits the intense band around 400 nm, 

which attributes to the MLCT transition of the Fe(II) ion in low spin state. Upon the 

oxidation from S0 to S1, only the slight change in the UV-vis spectra was observed, which 

indicates the oxidation of the high-spin FeII ion in the first step. In contrast, the large 

decrease of the band around 400 nm, was observed upon the oxidation from S1 to S2 (Fig. 

24), suggesting the oxidation of the low-spin FeII ion in the second step. Third oxidation 

step from S2 to S3 resulted in the increase in the band around 550 nm (Fig. 25), and the 

decrease in the band around 550 nm was observed in the final oxidation step to generate 

S4 state (Fig. 26). 
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S0 → S1 

 
Figure 23.  UV-vis absorption spectra changes from S0 (blue line) to S1 (red line) state 

of 1: a) generation of S1 state after the electrolysis at 0.24 V (vs. Fc/Fc+); b) conversion 

of S0
 to S1 upon sequential addition of MB (total 1 equiv.). 

 

S1 → S2 

 
Figure 24.  UV-vis absorption spectra changes from S1 (blue line) to S2 (red line) state 

of 1: a) generation of S2 state after the electrolysis at 0.54 V (vs. Fc/Fc+); b) conversion 

of S1
 to S2 using further addition of MB. 
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S2 → S3 

 

Figure 25.  UV-vis absorption spectra changes from S2 (blue line) to S3 (red line) state 

of 1: a) generation of S3 state after the electrolysis at 0.89 V (vs. Fc/Fc+); b) conversion 

of S2
 to S3 using 1 equiv. of MG after the formation of S2 by MB. 

 

S3 → S4 

 

Figure 26.  UV-vis absorption spectra changes from S3 (blue line) to S4 (red line) state 

of 1: generation of S4 state after the electrolysis at 1.29 V (vs. Fc/Fc+). 
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(ii) Isolation of the Oxidized Species of 1 

 

The oxidized species of 1 (S1 and S2 states) were successfully isolated by the following 

procedure. 

 

Synthesis of [{FeII(μ-L)3}2 FeIIFeIII
2 (μ-O)](BF4)4����9H2O (S1). 

To a solution of 1(BF4)3�7H2O (0.007 mmol, 15 mg) in acetonitrile (4 mL) was added 1 

equiv of tris(4-bromophenyl)ammoniumyl hexachloroantimonate (MB, 0.007 mmol, 6.1 

mg). The reaction mixture was stirred at room temperature for 20 min, followed by the 

addition of saturated aqueous solution of NaBF4 (0.3 mL) and stirred further for another 

10 min. The resulting dark brown solution was subjected to slow vapour diffusion in 

diethyl-ether to provide black crystals of 1(BF4)4�9H2O. The crystals were collected by 

filtration and dried under vacuum. Yield 12.5 mg (78 %). Elemental analysis Calcd. for 

1(BF4)4�9H2O: C78H72F16Fe5N24O10B4: C, 43.94; H, 3.40; N, 15.77%. Found: C, 43.65; H 

3.11; N 15.76%. ESI-TOF MS (positive ion, acetonitrile): m/z: 404.5 [{FeII(μ-

L)3}2FeIIFeIII
2(μ-O)]4+ . 

 

Synthesis of [{FeIII(μ-L)3}2 FeII
2FeIII (μ-O)](BF4)5����10H2O (S2) 

To a solution of 1(BF4)3�7H2O (0.01 mmol, 20 mg) in acetonitrile (5 mL) was added 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate (MB, 0.022 mmol, 17.85 mg). 

The reaction mixture was stirred for 30 min at room temperature, followed by the addition 

of saturated aqueous solution of NaBF4 (0.5 mL) and stirred further for another 10 min. 

The resulting dark brown solution was subjected to slow vapour diffusion in diethyl-ether 

to provide black crystals of 1(BF4)5�10H2O. The crystals were collected by filtration and 

dried under vacuum. Yield 14.2 mg (65 %). Elemental analysis Calcd. for 

1(BF4)5�10H2O: C78H74F20Fe5N24O11B5: C, 41.88; H, 3.33; N, 15.03%. Found: C, 41.64; 

H 3.03; N 14.82%. ESI-TOF MS (positive ion, acetonitrile): m/z: 324.4 [{FeIII(μ-

L)3}2FeII
2FeIII(μ-O)]5+ .  
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(iii) 57Fe Mössbauer spectra of S1 and S2 states 

 

The isolated oxidized complexes of 1 were characterized by 57Fe Mössbauer spectroscopy.  

The spectrum of S1 consists of three quadrupole doublets with relative peak areas of 2:2:1, 

which correspond to low-spin FeII ions (isomer shift (IS) = 0.43 mm s−1, quadrupole 

splitting (QS) = 0.28 mm s−1), high-spin FeIII ions (IS = 0.49 mm s−1, QS = 1.72 mm s−1) 

and high-spin FeII ion (IS = 0.83 mm s−1, QS = 2.89 mm s−1), respectively (Fig. 27, and 

Table 6). These results suggest that the two iron centers at the apical positions are low-

spin FeII ions and that the [Fe3(μ3-O)] core is composed of two high-spin FeIII ions and 

one high-spin FeII ion (Fig. 29b). In other words, the one-electron oxidation of the [Fe3(μ3-

O)] core of S0 affords S1 (Scheme 1). This result is consistent with the result of UV-vis 

absorption measurement (Fig. 23), which indicates the oxidation of the high-spin FeII ion 

in the first oxidation step. 

The spectrum of S2 consists of three quadrupole doublets with relative peak areas of 

2:2:1, which correspond to low-spin FeIII ions (IS = 0.11 mm s−1, QS = 1.37 mm s−1), 

high-spin FeII ions IS = 0.81 mm s−1, QS = 3.04 mm s−1) and high-spin FeIII ion (IS = 0.85 

mm s−1, QS = 1.18 mm s−1), respectively (Fig. 28 and Table 7). These results suggest that 

the two iron centers at the apical positions are low-spin FeIII ions and that the [Fe3(μ3-O)] 

core is composed of two high-spin FeII ions and one high-spin FeIII ion (Fig. 29c). 

Therefore, upon oxidation from S1 to S2, the two apical FeII ions are oxidized and the FeIII 

ion in the [Fe3(μ3-O)] core is reduced (Scheme 1). In other words, intramolecular electron 

transfer from the iron center at the apical position to the [Fe3(μ3-O)] core proceeds during 

the oxidation process from S1 to S2. This result is also consistent with the result of UV-

vis absorption measurement (Fig. 24), which indicates the oxidation of the low-spin FeII 

ion in the second oxidation step.  

 

Scheme 1.  Schematic illustration of S0-S2 states. The iron ions that undergo electron 

transfer in the first and second oxidation steps are marked with circles. 
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Figure 27.  A 57Fe Mössbauer spectrum of S1 at 20 K. 

 

Table 6.  57Fe Mössbauer least-squares fitting parameters for S1 at 20 K. 

   f1 f2 f3 

IS (mm s−1) 0.43 0.49 0.83 

QS (mm s−1) 0.28 1.72 2.89 

ratio (%) 38.6 40.9 20.5 

assignment Fe(II) LS  Fe(III) HS Fe(II) HS 
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Figure 28.  A 57Fe Mössbauer spectrum of S2 at 31 K. 

 

Table 7.  57Fe Mössbauer least-squares fitting parameters for S2 at 31 K. 

 

 

 

 

 

 

 

 

 

 f1 f2 f3 

IS (mm s−1) 0.11 0.81 0.85 

QS (mm s−1) 1.37 3.04 1.18 

ratio (%) 42.9 37.4 19.7 

assignment Fe(III) LS Fe(II) HS Fe(III) HS 
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Figure 29.  Electron configurations and oxidation states of Fe centers for (a) S0, (b) S1, 

and (c) S2 determined by the UV- vis spectroscopy and the 57Fe Mössbauer spectroscopy.  
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Computational Investigations 

 

Computational details 

Quantum chemistry calculations were performed on the pentanuclear iron complex (1) 

and its reaction intermediates using density functional theory (DFT). All the DFT 

calculations were carried out with the ORCA software package (versions 2.9.1 and 3.0.0) 

[53]. The following computational settings were used throughout all the calculations 

unless otherwise noted. 

1. The scalar relativistic contracted versions of the def2-TZVP (Fe and O) and def2-

SVP (C, N, and H) basis sets [54-55] were employed. 

2. The hybrid B3LYP [56] and hybrid meta-GGA TPSSh functionals [57] were used 

for the exchange-correlation functionals in conjunction with Grimme’s van der 

Waals corrections [58] (VDW10 option in ORCA 2.9.1 or D3ZERO in 3.0.0), denoted 

B3LYP-D and TPSSh-D, respectively. 

3. Scalar relativistic effects were included using the second-order Douglas-Kroll-Hess 

(DKH) Hamiltonian. [59] 

4. The Coulomb integrals were evaluated by taking advantage of the RI approximation 

with the auxiliary def2-TZVP/J (Fe and O) and def2-SVP/J (C, N, and H) fitting 

basis sets [60]. For the hybrid density functional calculations, the RIJCOSX 

approximation [61] was used. 

5. Tight SCF convergence criteria were adopted (TightSCF option in ORCA). 

6. The total net charge of 1 for the Sn state (n = 0, 1,.., 4) was set to n + 3; for example, 

17+ for S4. 

Consideration of environmental effects is out of scope in the present theoretical 

investigation. For later convenience, the Fe and O atoms are labelled as FeX (X = 1,..,5) 

and OX (X = 1,2,3), as displayed in Figure 30. 

 

 

Figure 30.  Labels of Fe ions and O atoms (Fe1,…,Fe5 and O1,…,O3 in […]) in case 

of B intermediate (taken from Fig. 20). 
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(i) Determination of the Reaction Pathway for Water Attack (S4 + H2O → A) 

Reaction pathways for the insertion of a single water molecule into the FeIII
5 state (S4) 

were explored. In the DFT calculations, the open-shell electronic structures in the Fe ions 

were treated with the high-spin unrestricted orbital approach (i.e., without use of spin 

polarisation). Increased numerical integration grids (Grid6 option in ORCA) were used 

for the DFT calculations. Two types of open-shell spin states were considered, depending 

on the number of the resulting unpaired electrons at Fe4 and Fe5; these open-shell states 

are referred to as low-spin (LS) and high-spin (HS) states, respectively. Overall, pathway 

search was performed on the two types of spin states for S4, denoted S4-LS, and S4-HS, 

which were obtained by setting the MS parameter (total spin quantum number) to 18 and 

26, respectively.  

Table 8 shows Mulliken spin populations of the five Fe ions along with total energies 

for the optimised structures of 1 (without water). One of the notable differences between 

HS and LS was found in the bond distance between Fe4 (or Fe5) and the N atom of the 

pyridyl ligand of L: R(Fe4-N) = 2.01 Å (S4-LS), and 2.18 Å (S4-HS). In addition, LS 

was shown to be lower in energy than HS for the given oxidation state. 

 

Table 8.   | Mulliken spin populations of Fe ions and total energies obtained with the 

TPSSh-D functional for the pentanuclear iron complex (1) with the S4-LS and S4-HS 

states (without water). 

 charge Ms Fe1 Fe2 Fe3 Fe4 Fe5 Total energy (in Eh) 

S4-LS +7 18 4.2 4.2 4.2 1.1 1.1 −10754.839 78 

S4-HS +7 26 4.2 4.2 4.2 4.2 4.2 −10754.793 30 

 

 

The insertion of a single water molecule into 1 with S4 state was computationally 

simulated. Computational exploration of reaction pathways for water attack revealed that 

H2O breaks into S4 towards the triangle Fe cores (Fe1-Fe2-Fe3) through a space opened 

between the two π-stacked L units, which were found to be weakly bound and easily 

dissociated (Fig. 31). The geometries along the reaction coordinate of the water attack 

reaction were obtained by the potential energy surface (PES) scan calculations using the 

TPSSh-D functional. Let the progress of the reaction be parameterized by a single 

reaction coordinate μ, ranging from 0 [reactant (R)] to 1 [product (P)]. The structures of 

S4 + H2O of R and P as well as transition state (TS) for the S4-LS and S4-HS electronic 

states are shown in Figure. 31. The relative energies were plotted as a function of the 

reaction coordinate (Fig. 32). The activation energies (ΔE(R → TS)) and reaction 
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energies (ΔE(R → P)) are shown in Table 9 The functional-dependence of these energies 

was examined using the BP86 functional [62-63] and nonlocal (NL) van der Waals 

corrections [64] (NL option in ORCA 3.0.0) in addition to the earlier-mentioned 

functionals.  

In our theoretical model, the coordination of water to the Fe2 (or Fe3) site in the reaction 

S4 + H2O → A (Fig. 20) occurs with activation energy of 15-17 and 11-14 kcal/mol for 

S4-LS and S4-HS, respectively. This aquation leads to the saturation of the coordination 

of Fe2 or Fe3.  
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S4-LS: R 

 

 
S4-LS: TS 

 

 
S4-LS: P 

 

 
S4-HS: R 

 

 
S4-HS: TS 

 

 
S4-HS: P 

Figure 31.  Structures obtained from potential energy scan calculations for water attack 

reaction (S4 + H2O → A in catalytic cycle of Fig. 20): Side and top views of the reactant 

(R), transition state (TS), and product (P) structures determined at the TPSSh-D level of 

theory for the S4-LS and S4-HS states of S4.   



93 
 

 

 

Figure 32.  Relative energies of S4 + H2O along the reaction coordinate of water attack 

(μ(R) = 0.0 and μ(P) = 1.0) for the low-spin (S4-LS) and high spin (S4-HS) electronic 

states of S4. The total energies were calculated using the TPSSh-D functional. The plotted 

energies were given relative to the energy of R.  
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Table 9.  Activation barriers (ΔE(R → TS)) and reaction energies (ΔE(R → P)) of water 

attack reaction (S4 + H2O) obtained by DFT calculations with various functionals (in kcal 

mol-1). The both low-spin (S4-LS) and high spin (S4-HS) states were considered for the 

electronic state of S4.  

 

 
 Activation barrier 

ΔE(R → TS) 

Reaction energy 

ΔE(R → P) 

S4-LS TPSSh-D 16.1 11.3 

 B3LYP-D a) 16.7 12.3 

 BP86-D a) 17.0 13.1 

 TPSSh-NL a) 14.9 10.0 

 B3LYP-NL a) 15.6 11.4 

    

S4-HS TPSSh-D 11.8 6.0 

 B3LYP-D b) 13.7 7.9 

 BP86-D b) 11.9 6.7 

 TPSSh-NL b) 10.5 4.8 

 B3LYP-NL b) 12.9 7.4 

a) On S4-LS/TPSSh-D geometries. 

b) On S4-HS/TPSSh-D geometries. 
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(ii) Examination of Potential Energy Profile of Oxo-coupling Reaction (B → C) 

 

Coordination of another water molecule leads to the formation of two adjacent [FeIII-

(OH2)] moieties bridged by O1. They undergo sequential or simultaneous deprotonation, 

resulting in the adjacent Fe-oxo units. We computationally investigated the electronic-

level mechanism of the direct oxo-coupling reaction that leads to the O-O bond formation 

(B → C). Spin polarized (or broken symmetry) DFT calculations were performed on the 

Fe3(Fe-O)2 intermediate to account for antiferromagnetic order arising from the two 

localised spin sites at the Fe2-O and Fe3-O units. The PES scan calculations were carried 

out using TPSSh-D and B3LYP-D functionals to identify the reaction pathway of the oxo 

coupling. In the PES scan calculations, the O-O bond distance was used as the scanning 

variable, which was set to constant values, allowing the other geometric parameters to be 

relaxed. The total charge was set to +3; the charge of Fe5 complex and a single oxo ligand 

was assumed to be +7 (S4 state) and −2, respectively. The DFT functionals were 

numerically evaluated using increased integration grids (Grid4 option in ORCA).  

Figure 33 shows the structures obtained by geometry optimisations for B and C 

intermediates, which correspond to the reactant (R) and product (P) states of oxo-

coupling reaction, respectively. The length of the O-O bond was estimated at the B3LYP 

level of theory to be 2.696 and 1.395 Å for R and P, respectively. The electron 

occupancies and oxidation states of the Fe ions for R and P are sketched in Figure 34. 

The oxidation states of Fe ions were derived from unrestricted natural orbitals (UNOs) 

and associated electron occupancies, which were obtained by diagonalising the spin-

summed density matrix as eigenfunctions and eigenvalues. The electronic configurations 

shown in Figure 34 are energetically the most stable in the sense that they yield the lowest 

total energy as a variational solution of the Kohn-Sham equation in DFT. 

The mixed-valence FeII
2FeIII(FeIV=O)2 and FeII

2FeIII(FeIII-O-O-FeIII) intermediates are 

formed for R and P, respectively. The DFT calculations predicted that (i) the R structure 

having FeII for Fe4 and Fe5 is more stable than that having FeIII instead, and (ii) R with 

FeIV=O (oxo) for Fe2 and Fe3 units is lower in energy than that with FeIII-O· (oxyl). This 

highlights that the varying oxidation nature of Fe ions offers an intriguing intra-molecular 

redox behavior of the Fe5 complex. The marked feature is that, to afford R (or B) via 

deprotonation of the two [FeIII-(OH2)] units, Fe4 and Fe5 serve as oxidants that withdraw 

two electrons from these units to produce the [FeIV=O] units, and then are reduced to FeII. 

This indicates that 1 is capable of promoting this oxidation reaction by itself without 

external interaction.  
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Table 10 shows Mulliken spin densities of Fe1—Fe5 and O1—O3 for R, TS, and P, 

and Figure 35 shows the spin density distributions of R and P. The Mulliken spin density 

built-up at the oxo ligand for R is estimated to be approximately 0.9. This can be 

understood by the fact that the singly-occupied 3d orbitals of Fe is hybridised to a certain 

extent with the doubly-occupied 2p orbital of the oxo ligand, and thus [FeIV=O] shares 

some characters with [FeIII-O· (oxyl)]. Two local spin sites at the Fe-oxo units are 

antiferromagnetically coupled. The cofacial oxo groups proceeds to the O-O bond 

formation. This process was monitored by theoretical means, showing that radicals of the 

oxo moieties are antiferromagnetically coupled to form the σ O-O bonding (peroxo 

bridge), and the associated spin density on the oxo ligands diminishes for P. The O-O 

bonding reaction proceeds smoothly without spin-rearrangement and with the activation 

barrier less than 10 kcal mol-1 (Table11 and Fig. 36). 

 

  
Reactant (R) / B Product (P) / C 

 

Figure 33.  Molecular structures optimised by DFT calculations using the B3LYP 

functional for the reactant (R) and product (P) states of oxo-coupling reaction (B → C 

reaction in catalytic cycle of Fig. 20). The estimated length of the O-O bond was 2.696 

and 1.395 Å for R and P, respectively.  
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Figure 34.  Electron configurations and oxidation states of Fe sites of the Fe5 complex 

for the reactant (R) and product (P) of oxo-coupling reaction, and orbital interaction 

diagram for O2-O3 bonding in P. 
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Table 10.  Mulliken spin densities for R, TS, and P of oxo-coupling reaction obtained 

at the B3LYP level of theory. 

 

 Fe1 O1 Fe2 O2 Fe3 O3 Fe4 Fe5 

R 2.68 0.26 −1.12 −0.89 1.13 0.89 0.00 0.00 

TS 2.67 0.26 −0.93 −0.73 0.96 0.72 0.00 0.00 

P 2.67 0.27 −0.89 −0.10 0.88 0.13 0.00 0.00 

 

 

  
Reactant (R) Product (P) 

 

Figure 35.  Spin density distributions of R and P of oxo-coupling reaction calculated 

with the B3LYP functional. 
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Table 11.  Activation barriers (ΔE(R → TS)) and reaction energies (ΔE(R → P)) of 

oxo-coupling reaction obtained by DFT calculations (in kcal mol-1). 

 Activation barrier 

ΔE(R → TS) 

Reaction energy 

ΔE(R → P) 

TPSSh-D 6.4 −8.9 

B3LYP-D 9.0 −8.4 

 

 

 
Figure 36.  Relative energies along the oxo-coupling reaction pathway determined by 

B3LYP-D and TPSSh-D functionals. The energies were measured relative to that of R. 
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Relative stability of various electronic states for R intermediate 

In addition, a detailed analysis was performed on the relative stability of the mixed-

valence R intermediate, in which coexistence of Fe(IV) and Fe(II) ions is allowed as the 

most stable species. We examined various electronic states derived from all possible 

combinations of the following local electronic (spin and oxidation) configurations:  

 

Chart 1. 

- Fe1 

FeIII1-MS 

      

 ↑   ↑  

 ↑   ↑↓ 

FeIII1-HS 

   ↑  

 ↑   ↑  

 ↑   ↑  

- Fe2, Fe3 

FeIV-oxo-LS 

          

 ↑↓  ↑   ↑     ↑↓ 

(O)  

FeIV-oxo-HS 

   ↑      

 ↑   ↑   ↑     ↑↓ 

(O) 

FeIII-oxyl 

   ↑   ↑  

 ↑   ↑   ↑     ↑ 

(O) 

- Fe4, Fe5 

FeII-LS 

          

 ↑↓  ↑↓  ↑↓ 

FeII-HS 

   ↑   ↑  

 ↑↓  ↑   ↑  

 

 

The combinations thus lead to twelve (=2×3×2) electronic states, accounting for two types 

of oxidation states corresponding to (FeII)2(FeIII)3 and (FeII)2(FeIII)(FeIV)2. DFT/TPSSh 

calculations were carried out to evaluate the energetics of these states. Table 12 shows 

relative energies of the twelve electronic states, offering the following observations:  

(i) The (FeII)2(FeIII)(FeIV)2 state composed of FeIII1-MS (middle spin) for Fe1, FeIV-oxo-

LS for Fe2 and Fe3, and FeII-LS state Fe4 and Fe5 is the most stable.  

(ii) The (FeII)2(FeIII)3 states are higher-lying by more than 43 kcal mol-1 relative to the 

most stable (FeII)2(FeIII)(FeIV)2 state. 
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Table 12.  Relative energies (in kcal mol-1) of various electronic states for R 

intermediate, which are derived from all possible combinations of local configuration 

sets: two local electronic configurations (FeIII1-MS and FeIII1-HS) for Fe1, three (FeIV-

oxo-LS, FeIV-oxo-HS, and FeIII-oxyl) for Fe2 and Fe3, and two (FeII-LS and FeII-HS) for 

Fe4 and Fe5. Energies as a function of local configuration states are given relative to the 

(FeII)2(FeIII)(FeIV)2 state composed of FeIII1-MS (middle spin) for Fe1, FeIV-oxo-LS for 

Fe2 and Fe3, and FeII-LS state Fe4 and Fe5. 

 

Fe1 Fe2, Fe3 
Fe4, Fe5 

FeII-LS FeII-HS 

FeIII1-MS 

FeIV-oxo-LS 0.0 7.8 

FeIV-oxo-HS 11.1 19.4 

FeIII-oxyl 43.8 51.5 

FeIII1-HS 

FeIV-oxo-LS 24.0 32.0 

FeIV-oxo-HS 37.1 47.4 

FeIII-oxyl 73.8 79.9 
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(iii) Atomic charge and spin population analysis of S0−S4 states 

 

The electron density maps resulting from the DFT calculations were analysed for the 

S0−S4 states. In the DFT calculation of the Sn state (a net charge of n + 3), the MS 

parameter was set to n + 14; i.e., MS = 14 (S0), 15 (S1), 16 (S2), 17 (S3), and 18 (S4). The 

molecular geometries were optimised for each Sn state using the TPSSh-D and B3LYP-D 

functionals respectively with exception that the geometry optimisation for S2 was 

performed using the BP86-D functional in order to circumvent the convergence issue.  

The atomic charges and spin populations of Fe ions for each Sn state were calculated 

from Mulliken population formula. Using them as a measure of the gross electron 

occupancy, the oxidation state (or valence) and spin configuration of each Fe site were 

assigned (Table 13). Note that Mulliken population scheme underestimates the number of 

electrons residing in the Fe ions where the occupied orbitals associated with Fe electrons 

are delocalised over ligand atoms (electron delocalisation). For comparison, Table 13 

includes the results of 57Fe Mössbauer measurement for S0−S2 states (P. 52 and P. 85-88).  

The most important observation is that the electronic configurations determined by the 

DFT calculations accord with the assignments by 57Fe Mössbauer spectroscopy for S0−S2 

states (see also Fig. 29). Note that, as usually done in the standard DFT procedure, we 

specified the total number of electrons in the entire system a priori as input (with net 

charge and MS), but the local electron occupancies of the Fe centers were given without 

any manual specification as a result of the solution of DFT equation. These results 

strongly indicate that the electronic states of our iron catalyst can be characterized by the 

DFT calculations with adequate accuracy.  
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Table 13.  Mulliken atomic charges and spin populations of Fe ions determined at 

TPSSh-D and B3LYP-D levels of theory for the pentanuclear iron complex (1) with the 

S0-S4 states.  

 

(a) S0 state (a net charge of +3 with MS = 14) 

 

 Atomic 

charge 

Spin 

population 

Oxidation 

state 

Unpaired  

electrons 

TPSSh-D     

Fe1 1.08 3.89 2.33 +4.33 

Fe2 1.09 3.99 2.33 +4.33 

Fe3 1.05 3.96 2.33 +4.33 

Fe4 0.41 0.04 II +0 

Fe5 0.42 0.04 II +0 

B3LYP-D     

Fe1 0.92 3.77 II +4 

Fe2 1.14 4.13 III +5 

Fe3 0.97 3.85 II +4 

Fe4 0.38 0.02 II +0 

Fe5 0.38 0.01 II +0 

 

 Local electronic configuration 

 TPSSh-D B3LYP-D Exptl.a) 

Fe1 
Fe(II) HS × 2 

Fe(III) HS × 1 

Fe(II) HS 
Fe(II) HS × 2 

Fe(III) HS × 1 
Fe2 Fe(III) HS 

Fe3 Fe(II) HS 

Fe4 Fe(II) LS  Fe(II) LS Fe(II) LS 

Fe5 Fe(II) LS Fe(II) LS  Fe(II) LS  

a) Assignment from 57Fe Mössbauer spectroscopy (P. 52). 
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Table 13.  (Continued) 

 

(b) S1 state (a net charge of +4 with MS = 15) 

 

 Atomic 

charge 

Spin 

population 

Oxidation 

state 

Unpaired  

electrons 

TPSSh-D     

Fe1 1.20 4.18 2.66 +4.66 

Fe2 1.08 4.02 2.66 +4.66 

Fe3 1.08 4.02 2.66 +4.66 

Fe4 0.43 0.15 II +0 

Fe5 0.43 0.15 II +0 

B3LYP-D     

Fe1 1.14 4.22 III +5 

Fe2 1.00 3.93 II +4 

Fe3 1.10 4.13 III +5 

Fe4 0.37 0.03 II +0 

Fe5 0.38 0.04 II +0 

 

 Local electronic configuration 

 TPSSh-D B3LYP-D Exptl.a) 

Fe1 
Fe(II) HS × 1 

Fe(III) HS × 2 

Fe(III) HS 
Fe(II) HS × 1 

Fe(III) HS × 2 
Fe2 Fe(II) HS 

Fe3 Fe(III) HS 

Fe4 Fe(II) LS  Fe(II) LS Fe(II) LS 

Fe5 Fe(II) LS Fe(II) LS  Fe(II) LS  

a) Assignment from 57Fe Mössbauer spectroscopy (P. 86). 
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Table 13.  (Continued) 

 

(c) S2 state (a net charge of +5 with MS = 16) 

 

 Atomic 

charge 

Spin 

population 

Oxidation 

state 

Unpaired  

electrons 

TPSSh-D     

Fe1 0.99 3.94 2.33 +4.33 

Fe2 0.99 3.92 2.33 +4.33 

Fe3 0.98 3.92 2.33 +4.33 

Fe4 0.44 1.06 III +1 

Fe5 0.46 1.06 III +1 

B3LYP-D     

Fe1 0.93 3.90 2.33 +4.33 

Fe2 0.94 3.90 2.33 +4.33 

Fe3 0.94 3.90 2.33 +4.33 

Fe4 0.37 1.07 III +1 

Fe5 0.38 1.07 III +1 

 

 Local electronic configuration 

 TPSSh-D B3LYP-D Exptl.a) 

Fe1 
Fe(II) HS × 2 

Fe(III) HS × 1 

Fe(II) HS × 2 

Fe(III) HS × 1 

Fe(II) HS × 2 

Fe(III) HS × 1 
Fe2 

Fe3 

Fe4 Fe(III) LS  Fe(III) LS  Fe(III) LS 

Fe5 Fe(III) LS Fe(III) LS Fe(III) LS 

a) Assignment from 57Fe Mössbauer spectroscopy (P. 87). 
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Table 13.  (Continued) 

 

(d) S3 state (a net charge of +6 with MS = 17) 

 

 Atomic 

charge 

Spin 

population 

Oxidation 

state 

Unpaired  

electrons 

TPSSh-D     

Fe1 1.14 4.10 2.66 +4.66 

Fe2 1.13 4.11 2.66 +4.66 

Fe3 1.13 4.11 2.66 +4.66 

Fe4 0.54 1.07 III +1 

Fe5 0.54 1.07 III +1 

B3LYP-D     

Fe1 0.93 3.78 II +4 

Fe2 1.14 4.22 III +5 

Fe3 1.14 4.22 III +5 

Fe4 0.50 1.07 III +1 

Fe5 0.50 1.07 III +1 

 

 Local electronic configuration 

 TPSSh-D B3LYP-D 

Fe1 
Fe(II) HS × 1 

Fe(III) HS × 2 

Fe(II) HS 

Fe2 Fe(III) HS 

Fe3 Fe(III) HS 

Fe4 Fe(III) LS  Fe(III) LS  

Fe5 Fe(III) LS Fe(III) LS 
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Table 13.  (Continued) 

 

(e) S4 state (a net charge of +7 with MS = 18) 

 

 Atomic 

charge 

Spin 

population 

Oxidation 

state 

Unpaired  

electrons 

TPSSh-D     

Fe1 1.17 4.21 III +5 

Fe2 1.17 4.21 III +5 

Fe3 1.17 4.21 III +5 

Fe4 0.55 1.08 III +1 

Fe5 0.55 1.08 III +1 

B3LYP-D     

Fe1 1.13 4.22 III +5 

Fe2 1.13 4.22 III +5 

Fe3 1.13 4.22 III +5 

Fe4 0.51 1.08 III +1 

Fe5 0.51 1.08 III +1 

 

 Local electronic configuration 

 TPSSh-D B3LYP-D 

Fe1 Fe(III) HS  Fe(III) HS  

Fe2 Fe(III) HS Fe(III) HS 

Fe3 Fe(III) HS Fe(III) HS 

Fe4 Fe(III) LS  Fe(III) LS  

Fe5 Fe(III) LS Fe(III) LS 
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In conclusion, water oxidation by a pentanuclear iron complex was demonstrated with 

redox flexibility and adjacent water-activation sites. Plausible reaction mechanism 

derived from experimental and calculation results suggest the roles of these key factors 

as follows. The redox flexibility enables the accumulation of positive charges (S0→S4 in 

Fig. 20, P. 78) and intramolecular electron rearrangement (A→B) to form the reactive, 

high-valent oxo species. The adjacent active sites afford cofacial oxo units, which can be 

converted to peroxo species via intramolecular O-O bond formation with a low activation 

barrier and without spin-rearrangement (B→C). These two structural characteristics 

facilitating charge accumulation and O-O bond formation enabled the high catalytic 

activity and durability of 1 for water oxidation. Hence, the TOF value for 1 was found to 

be 1,900 s−1, which is more than 1,000 times greater than those of other reported iron-

based catalysts (~1.3 s-1, ref 7). Our results reported here offer a new strategy for creating 

abundant metal-based molecular catalysts for water oxidation with substantial efficiency 

and robustness. Because the high activity of our pentairon catalyst was achieved in 

acetonitrile/water mixture with large overpotential (0.52 V at pH=2), one of the next 

targets in this project is to provide a design of catalyst that operates water oxidation in 

water with low overpotential like OEC in PSII, in which the water oxidation proceeds in 

water with a very small overpotential (less than 0.3 V, based on the estimated potential of 

the tyrosine residue (Yz) of 1.0-1.2 V). 
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Materials and Methods 

 

Materials.  

NaBF4 and NaOH were purchased from Wako Pure Chemical Industries, Ltd. 

FeSO4·7H2O was purchased from Kanto Chemical Co., Inc. 3,5-Bis(2-pyridyl)pyrazole 

and tetraethylammonium perchlorate were purchased from Tokyo Chemical Industry Co., 

Ltd. Tris(4-bromophenyl)ammoniumyl hexachloroantimonate (from Aldrich) was used 

as received. Tris(2,4-dibromophenyl)ammoniumyl hexachloroantimonate was 

synthesized using the reported procedure [65]. Dry acetonitrile (CH3CN) was degassed 

and purified under N2 atmosphere using a GlassContour solvent system (Nikko Hansen 

Co., Ltd.). All solvents and reagents are of the highest quality available and used as 

received except for tetraethylammonium perchlorate. Tetraethylammonium perchlorate 

was recrystallised from absolute ethanol. H2O was purified using a Millipore MilliQ 

purifier, and was sparged with argon before use.  

 

Synthesis of [{FeII(μ-L)3}2 FeII
2FeIII (μ-O)](BF4)3����7H2O (1(BF4)3����7H2O). 

Aqueous solution (2.88 mL) of NaOH (0.72 mmol, 28.8 mg) was added to the methanolic 

solution (6 mL) of 3,5-bis(2-pyridyl)pyrazole (LH; 0.72 mmol, 160 mg). FeSO4·7H2O 

(0.60 mmol, 168 mg) was then added to the reaction mixture and stirred at room 

temperature for a few minutes. The reaction mixture was filtered to remove undissolved 

residues and a few drops of saturated aqueous NaBF4 solution was added to the filtrate. 

The obtained suspension was kept in a refrigerator for 30 min and the precipitate was 

collected by filtration. The obtained precipitate was dissolved in 1:1 mixture of 

acetonitrile and water (40 mL) and a slow evaporation of acetonitrile at ambient 

temperature gave dark orange crystals after a few days. The crystals were collected by 

filtration and dried under vacuum. Yield 137 mg (72%). Elemental analysis Calcd. for 

1(BF4)3�7H2O: C78H68F12Fe5N24O8B3: C, 46.63; H, 3.41; N, 16.73%. Found: C, 46.46; H 

3.59; N 16.83%. ESI-TOF MS (positive ion, acetonitrile): m/z: 540.7 [{FeII(μ-

L)3}2FeII
2FeIII(μ-O)]3+ . 

 

Measurement Apparatus. 

Elemental analyses were carried out on a J-SCIENCE LAB MICRO CORDER JM10 

elemental analyser. ESI-TOF mass spectra were recorded on a JEOL JMS-T100LP mass 

spectrometer. Gas analysis for O2 was performed using a Shimadzu GC-8A gas 

chromatograph equipped with a thermal conductivity detector and fitted with a molecular 

sieve 5A column, calibrated with air. X-ray photoelectron spectroscopy (XPS, Omicron 
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EA125 analyzer) measurements were carried out using a monochromatic Al Kα excitation 

source (1486.6 eV) to examine the atomic composition of the ITO surface. 

 

X-ray Crystallography. 

A crystal of 1(BF4)3 were mounted in a loop. Diffraction data at 123 K were measured on 

a RAXIS-RAPID Imaging Plate diffractometer equipped with confocal monochromated 

Mo-Kα radiation and data was processed using RAPID-AUTO (Rigaku). The structure 

was solved by direct method using SIR-92 [66] and refined by the full-matrix least squares 

techniques on F2 (SHELXL-97 [67]). All non-hydrogen atoms were refined 

anisotropically and refined with a riding model with Uiso constrained to be 1.2 times Ueq 

of the carrier atom. The diffused electron densities resulting from residual solvent 

molecules were removed from the data set using the SQUEEZE routine of PLATON [68] 

and refined further using the data generated.  

 
57Fe Mössbauer Spectroscopy. 

The Mössbauer spectra (isomer shift vs. metallic iron at room temperature) were 

measured with a Wissel MVT-1000 Mössbauer spectrometer with a 57Co/Rh source in the 

transmission mode. All isomer shifts are given relative to α-Fe at room temperature. 

Measurements at low temperature were performed with a closed-cycle helium refrigerator 

cryostat (Iwatani Co., Ltd.).  

 

Electrochemical and UV-Vis Spectral Measurements. 

All experimental procedures were conducted at ambient temperature, 20 ºC, under argon. 

A standard three-electrode configuration was employed in conjunction with a CH 

Instruments potentiostat interfaced to a computer with CH Instruments 650 DKMP 

software. In all cases, a platinum auxiliary electrode and Ag/Ag+ reference electrode were 

used. Cyclic voltammetry was performed using a GC disk working electrode (diameter 3 

mm, from BAS Inc.). The working electrode was treated between scans by means of 

polishing with 0.05 μm alumina paste (from BAS Inc.) and washing with purified H2O. 

Ferrocene was used as an internal standard, and all potentials reported within this work 

are referenced to the ferrocenium/ferrocene couple at 0 V. Controlled potential 

electrolysis was performed in a custom-designed gas-tight cell using an ITO-coated glass 

electrode (0.7 mm thick, 10 Ω/sq from Furuuchi Chemical Co. Ltd.). The ITO electrode 

was washed by ultrasonication in a methanolic solution of 0.5 M K2CO3 for 30 min and 

then rinsed with acetonitrile and purified water prior to use. UV-vis spectral 

measurements were recorded using SHIMADZU UV-2550 UV-VIS spectrophotometer 
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with a conventional quartz cuvette (path length, l = 1 cm). Spectroelectrolysis was 

performed using a BAS Inc. spectroelectrochemical quartz cell (l = 1 mm) containing a 

Pt gauze (working electrode), Pt wire (auxillary electrode) and Ag/Ag+ (reference 

electrode) in conjunction with the CH Instruments potentiostat. 

 

Controlled Potential Electrolysis 

Controlled potential electrolysis was carried out in a two compartment cell separated by 

an anion-exchange membrane (Fig. 6). The working electrode was a 1.0 cm × 3.5 cm 

piece of ITO-coated glass cut. Typically, 1.0 cm × 2.0 cm was immersed in the solution. 

6.5 mL of the electrolyte solution (0.1 M Et4NClO4 in acetonitrile/water (10 : 1) mixed 

solvent) degassed with vacuum/Ar cycles was electrolysed for 30 min at 1.42 V (vs. 

Fc/Fc+) with stirring. 1(BF4)3�7H2O (1.3 μmol) was added to the electrolyte solution and 

degassed again. The catalyst solution was electrolysed for 120 min at the same potential 

as the blank solution. After the electrolysis, the oxygen evolved in the headspace of the 

reaction cell was quantified by a gas chromatography. Subsequently, the oxygen dissolved 

in the reaction mixture was also quantified. 2.0 mL of the reaction mixture was transferred 

to a glass vessel filled with Ar and was kept at room temperature for 20 min until the 

system reached to the equilibrium. The oxygen released from the solution was quantified 

by gas chromatography.  
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Chapter 3 

 

Water oxidation reaction catalyzed by a penta-nuclear iron 

complex bearing PCET sites 
 

 

 

Introduction 

The oxidation of water into molecular oxygen is a crucial process in many schemes of 

artificial photosynthesis that could solve the world’s energy and environmental problems. 

In nature, the water oxidation is catalyzed by an oxygen evolving complex (OEC)1 with 

a high reaction rate (TOF = 400 s-1)2 and a small overpotential (< 0.3 V)3. To mimic the 

functional activity of the OEC, the development of molecular catalysts for water oxidation 

have been extensively investigated and variety of metal complexes were reported to date.4 

Especially, the efforts devoted to the catalyst based on iron which have an advantage of 

the low cost and the richness in the earth5. In Chapter 2, the author describes rationally 

designed a pentanuclear iron complex, [FeII
4FeIII(μ3-O)(μ-L)6]3+ (1; LH = 3,5-bis(2-

pyridyl)pyrazole) showing a high catalytic activity toward water oxidation.Chapter 2 

Experimental and theoretical investigation revealed that the complex is oxidized to form 

four oxidized species that react with water to form iron(IV) oxo intermediate and the O-

O bond formation occurs from the two adjacent oxo unit with a low activation barrier. 

Although the TOF for water oxidation catalyzed by 1 reach 1900 s-1 calculated by 

electrochemical measurements, a high overpotential (> 0.52 V) is required. This study 

indicates that efficient water oxidation catalysts based on iron complexes can be created 

by ensuring the system has redox flexibility and contains adjacent water-activation sites, 

but the challenge to operate the water oxidation with much a lower overpotential is still 

remained.  

One of the primary factor of the large overpotential is considered to be the high positive 

charge of the FeIII
5 state active for oxidizing water. During the processes of the water 

oxidation, the total charge of the complex is accumulated from +3 to +7, because the 

oxidation of the complex is not coupled with a proton transfer. Therefore, the suppression 

of charge increase probably lead the decrease of the overpotential. Based on such a point 

of view, the author employed a new pentanuclear iron complex with PCET sites, [{FeII(μ-
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H2bip)3}2FeII
2FeIII(μ3-O)]3+ (2) (H2bip = 3,5-bis(benzimidazolyl)pyrazole; Fig. 1), as a 

promising candidate for water oxidation catalysts with a low overpotential. The ligand 

bears two dissociative protons and is expected to serve as a PCET module by proton 

transfer from the ligand coupled with electron transfer from iron center. Indeed, our 

previous work demonstrates that the introduction of the imidazolyl group into the Ru 

complex allow the avoidance of the charge build-up, leading to the decrease of the 

overpotential.Chapter 1  

 

 

Figure 1.  Introduction of the PCET sites in the pentanuclear complex. 
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Synthesis 

The complex 2 was synthesized by the reaction of Fe(ClO4)2∙6H2O and 1 equiv. H3bip 

with base in a DMF/H2O mixed solution at 90 °C for 5 hours. 2 was isolated as the 

FeII
4FeIII oxidation state, which one iron ion of 2 was oxidized to FeIII. Single crystals of 

2 suitable for X-ray analysis were grown by a vapor diffusion of Et2O into a MeOH 

solution of the complex. The X-ray crystallographic structure and summary of the 

crystallographic data for 2 are shown in Figure 2 and Table 1 respectively. .2 crystallized 

in the space group P 2/n, with crystallographically unique two half of the pentanuclear 

complex in the asymmetric unit. The coordination geometry of the five iron ions can be 

categorized into two types, three iron ions at the centered triangle and two iron ions in 

apical position. The three iron ions at the triangle [Fe3(µ3-O)] core shows a distorted 

trigonal-bipyramidal geometry, being coordinated by two H2bip−−−− and an O2− anion. As 

shown in Figure 3, the Fe-O-Fe angles is similar in the comparison with that of 1 and the 

Fe-O bonds in the complex 2 have an average length of 1.923(3) Å, close to that of 1 

(1.940(3) Å), indicating the same coordination environment of the triangle core. On the 

other hand, the two iron ions at the apical positions have distorted octahedral coordination 

geometries, being coordinated by three H2bip−−−− to form [Fe(μ-H2bip)3] units. The average 

Feapical N bond length in 2 is 2.208(3) Å, which is much prolonged than that in 1 (1.990(3) 

Å), presumably due to the steric repulsion of the benzimidazolyl moieties.  

 

 

Figure 2.  An ORTEP drawing (50% probability ellipsoids) of one of two 

crystallographically independent units in 2(PF6)3 (hydrogen atoms are omitted for clarity).  
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Table 1.  Summary of the crystallographic data for 2 (PF6)3. 

Formula C204H130F36Fe10N72O2P6  

Fw 5050.11 

Crystal color, habit brown, block 

Crystal size, mm3 0.60 × 0.21 × 0.10 

Crystal system monoclinic 

Space group P 2/n 

a, Å 25.9630(5) 

b, Å 15.3697(3) 

c, Å 31.5282(6) 

β, deg 96.9240(7) 

Z 2 

F(000) 5096.0 

dcalc, g/cm3 1.343 

µ(MoKα), mm-1 0.690 

T, K 123(2) 

R1 0.069 

wR2 0.2269 

GOF 1.088 
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Figure 3.  Comparison of the structure of the triangle [Fe3(µ3-O)] core for 1 and 2.  

 

  



121 
 

UV-visible Absorption Spectra  

The proton dissociation behavior has been studied quantitatively by performing 

spectrophotometric titrations of the complex (Fig 4). The addition of the base up to 1.0 

equiv. triazabicyclodecene (TBD) showed well-defined isosbestic point (ca. 320 nm) 

suggesting a clean deprotonation from the complex. The second deprotonation process 

occurred by the addition of more 1 equiv. TBD, accompanying an isosbestic point at 316 

nm. Further addition of TBD (up to 3.0 equiv.), caused much larger spectral change with 

isosbestic point (ca. 355 nm), and resulted in the gradual precipitation due to the 

neutralization by three H+ release. A reverse titration in which p-toluenesulfonated acid 

added to the dispersed solution of the complex, led to an immediate recovery of spectra. 

These results indicate three acid–base equilibrium associated with the 

protonation/deprotonation of the H2bip moiety. 

 

 

Figure 4.  UV-Visible spectral changes of the complex (0.011 mM) in acetonitrile upon 

the addition of triazabicyclodecene (TBD) and p-toluenesulfonate (TsOH): (a) 0 – 1 equiv. 

TBD, (b) 1 – 2 equiv. TBD, (c) 2 – 3 equiv. TBD (d) 3 equiv. TBD and 3 equiv. TsOH. 
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Cyclic Voltammetry 

The cyclic voltammogram (CV) of 2 (0.2 mM) was measured in a γ-butyrolactone 

solution containing Et4NClO4 (0.1 M) at a scan rate of 10 mV s-1. As shown in Figure 5, 

there are four reversible oxidation waves at E1/2 = − 0.11, 0.27, 0.61, 0.95 V vs. 

ferrocene/ferrocenium (Fc/Fc+). This five redox processes were assigned to the sequential 

one-electron redox couple of each iron ion between FeII and FeIII. The open-circuit 

potential of 2 was determined to be −0.08 V, indicating that 2 possesses the FeII
4FeIII state 

in both the solution and solid states (vide supra). The redox behaviour of 2 is basically 

similar to that of 1 except for small negative shift of the oxidation potential (Table 2). 

The potential shifts are due to stronger σ donating ability of the imidazolyl group than 

that of pyridyl group. 

 

 

Figure 5.  Cyclic voltammograms of 2 and 1 (0.2 mM) in γ-butyrolactone solution.  

 

Table 2.  Redox potentials for 1 and 2 in γ-butyrolactone solution. 

Complex 
Potential (V vs. Fc/Fc+)  

E1/2 (1) E1/2 (2) E1/2 (3) E1/2 (4) 

1 0.14 0.30 0.67 1.05 

2 0.11 0.27 0.61 0.95 
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The proton dissociation ability of 2 is expected to exhibit PCET in aqueous conditions, 

however the analysis of 2 in solution containing H2O can’t be done because of the poor 

solubility of 2 in water. Therefore, we made a Nafion/Complex layer on the electrode 

surface and used the modified electrode for electrochemical measurements in aqueous 

media (Fig. 6). The CV with the modified electrode in phosphate buffer solution (pH 

=2.0) revealed four oxidation waves (Fig. 7). Importantly, the profile of the cyclic 

voltammogram of 2 changed dramatically when the CV was performed at pH = 5.0, as 

shown in Figure 7. The third and fourth waves were largely shifted to a negative 

direction, while the first and second waves were slightly shifted, resulting the overlap of 

the second and third waves.  

 

 
Figure 6.  Illustration of the modification method of 2 in the electrode.  

 

Figure 7.  Cyclic voltammograms of 2/GC in buffer solutions at pH 2 (red line) and 5 

(blue line). 
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The pH-dependent shift was also confirmed by the square wave voltammetry (SWV). 

Based on the data from SWV, the potential versus pH (Pourbaix) diagram was made for 

2 over the range of 1 < pH < 7 in buffer solution (Fig. 8). According to the Nernstian 

relationship described bellow6, the slope in this diagram is equivalent to −(m/n)0.059 

V/pH, where m and n represent the number of protons and electrons transferred, 

respectively. Ox + mH� + ne
 ⇌ Red 

 

   ��/� = ��� − mn 0.059pH 

Thus, all of the species can be identified as shown in Figure 8. For example, the first 

oxidation waves were observed at a potential of around 0.2 V in low pH region (1 < pH 

< 4), indicating non-PCET process. In contrast, plots in the higher pH range (4 < pH < 7) 

shows linear decrease with a slope of −0.059 V/pH, indicating the one electron and one 

proton process. The second and third oxidation is much complicated and two peaks are 

overlapped from pH 5 because of presence of the non-PCET process in the second 

oxidation. When the pH is more than 5, 2 shows sequentially occurring 4 step PCET 

processes.  

Importantly, 2 exhibits pH-dependence of the oxidation potential, which is not 

observed in 1. As a result, the oxidation of 2 required to form the FeIII
5 state is (0.8 V vs. 

SCE), much smaller than that of 1 (1.39 V). These different electrochemical properties 

reveal that the ligands bearing proton dissociative sites can play a key role in lowering 

the potentials through PCET which avoid the charge buildup during oxidation of the 

complex. Finally, the catalysis of electrochemical water oxidation was evaluated. Cyclic 

voltammogram of 2 in buffer solution exhibits a large irreversible anodic current, which 

is considered to be a catalytic current attributed to water oxidation. Moreover, the 

behavior of the catalytic current of the water oxidation was changed depending on the pH. 

As shown in Figure 9, the onset potentials of the water oxidation were negatively shifted 

in response to the pH.  
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Figure 8.  Plots of E1/2 (V vs. SCE) vs. pH (Pourbaix diagram) for 2. Symbols of me−, 

nH+ are abbreviations for oxidized/deprotonated forms of 2, where m and n are the 

numbers of removed electrons and protons, respectively. 

 

 
Figure 9.  Cyclic voltammograms of 2/GC in buffer solutions from pH 7 to pH 2.  
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In conclusion, the complex bearing PCET sites was synthesized and electrochemical 

properties and catalytic activities were investigated. The cyclic voltammetry (CV) at 

various pH using the complex-modified electrode revealed pH-dependent shifts in the 

oxidation potentials, which is not observed in 1. Furthermore, the catalytic current 

attributed to water oxidation was observed at lower oxidation potential than that of 1. The 

rational and substantial design described here opens up new avenues for the development 

of water oxidation catalysts for sustainable energy conversion systems. 
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Materials and Methods 

 

Materials.  

NaPF6 and Fe(ClO4)2·6H2O were purchased from Wako Pure Chemical Industries, Ltd.  

Tetraethylammonium perchlorate (TEAP), 1,8-diazabicyclo[5.4.0]-7-undecene (DBU) 

and p-toluenesulfonic acid (TsOH) monohydrate were purchased from Tokyo Chemical 

Industry Co., Ltd. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) and Nafion® 

perfluorinated resin, aqueous dispersion (10 wt%) were purchased from Aldrich 

Chemical Co. Inc. H2O was purified using a Millipore MilliQ purifier. Dry acetonitrile 

(CH3CN) was degassed and purified under N2 atmosphere using a GlassContour solvent 

system (Nikko Hansen Co., Ltd.). All solvents and reagents are of the highest quality 

available and used as received except for tetraethylammonium perchlorate. 

Tetraethylammonium perchlorate was recrystallized from absolute ethanol. 3,5-bis(2-

benzimidazolyl)pyrazole (H3bip) was prepared using a literature method.7 

 

Synthesis of [{FeII(μ-H2bip)3}2 FeII
2FeIII (μ-O)](PF6)3����9H2O (2(PF6)3�9H2O). 

3,5-bis(2-benzimidazolyl)pyrazole (H3bip; 1.0 mmol, 301.2 mg) was dissolved in DMF 

with 1,8-Diazabicycloundec-7-ene (1.3 mmol, 194 µl). Fe(ClO4)2·6H2O (1.0 mmol, 367.7 

mg) was then added to the solution and the reaction mixture was heated at 90 ºC for two 

hours. After filtration, an aqueous NaPF4 solution was added to the filtrate to result in the 

precipitate. The precipitate was collected by filtration and recrystallized from 

Et2O/CH3OH to give dark orange crystals. Yield 144.8 mg (32%). Elemental analysis 

Calcd. for 2(PF6)3�9H2O: C102H84F18Fe5N36O10P3: C, 45.57; H, 3.15; N, 18.76%. Found: 

C, 45.59; H 3.22; N 18.78%. ESI-TOF MS (positive ion, acetonitrile): m/z: 697.1 

[{FeII(μ-H2bip)3}2FeII
2FeIII(μ-O)]3+ . 

 

Measurement Apparatus. 

UV-visible absorption spectra were recorded on a SHIMADZU UV-1800 UV/Visible 

spectrophotometer. Elemental analyses were carried out on a J-SCIENCE LAB MICRO 

CORDER JM10 elemental analyser. ESI-TOF mass spectra were recorded on a JEOL 

JMS-T100LP mass spectrometer.  
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X-ray Crystallography. 

A crystal of 2(PF6)3 were mounted in a loop. Diffraction data at 123 K were measured on 

a RAXIS-RAPID Imaging Plate diffractometer equipped with confocal monochromated 

Mo-Kα radiation and data was processed using RAPID-AUTO (Rigaku). The structure 

was solved by direct method using SIR-92 [8] and refined by the full-matrix least squares 

techniques on F2 (SHELXL-97 [9]). All non-hydrogen atoms were refined anisotropically 

and refined with a riding model with Uiso constrained to be 1.2 times Ueq of the carrier 

atom. The diffused electron densities resulting from residual solvent molecules were 

removed from the data set using the SQUEEZE routine of PLATON [10] and refined 

further using the data generated.  

 

Electrochemical Measurements. 

All experimental procedures were conducted at ambient temperature, 20 ºC, under argon. 

A standard three-electrode configuration was employed in conjunction with a CH 

Instruments potentiostat interfaced to a computer with CH Instruments 650 DKMP 

software. Cyclic voltammetry was performed using a GC disk working electrode 

(diameter 3 mm, from BAS).  

 

Preparation method of the GC electrode modified with 2. 

Nafion dispersion in MeOH (0.05 wt%) was dropped on the electrode and dried it in the 

oven. The electrode was then immersed in a saturated solution of 2 in methanol for 20 

min. followed by washing them with absolute methanol. Then, it was dried again and 

used in the electrochemical measurements. 
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General Conclusion 

The development of efficient catalysts for water oxidation is difficult to achieve because 

the reaction requires the loss of 4e− and 4H+ and the formation of the O-O bond from two 

water molecules. In this thesis, three keys, (1) introduction of PCET modules, (2) 

accumulation of metal ions and (3) installation of adjacent water activation sites, were 

suggested to realize water oxidation with high efficiency and a low overpotential. 

The introduction of PCET modules into water oxidation catalysts was demonstrated in 

Chapter 1. Ru complex bearing two kinds of PCET modules (H2bim and M–OH2) was 

developed and found to exhibit an interesting acid-base and redox behavior. The Ru 

complex showed a four-step PCET process to give a four-electron oxidized species 

without electrostatic charge buildup during the reaction. As a result, the complex served 

as a water oxidation catalyst with a low overpotential.  

The effects of the accumulation of metal ions and the installation of adjacent water 

activation sites were discussed in Chapter 2. The pentanuclear iron catalyst which satisfies 

these two requirements was employed as a catalyst for electrochemical water oxidation. 

As a result, the pentairon complex served as a water oxidation catalyst with the turnover 

frequency of 1,900 s−1, which is more than 1,000 times greater than those of other reported 

iron-based catalysts. Thus, the author believes that the approach described in Chapter 2 

may open a new door for developing molecular catalysts with extremely high activity.  

Although the finding of the pentanuclear iron complex offers a new strategy for 

creating efficient molecular catalysts for water oxidation, a large overpotential of more 

than 0.5 V remain a major challenge in this system. In Chapter 3, the idea described in 

Chapter 1, the introduction of PCET modules, was applied to the pentairon catalyst. 

Indeed, a pentanuclear iron complex bearing PCET-active ligand (H2bip) was newly 

synthesized and characterized. The electrochemical measurements in aqueous media 

revealed multiple PCET processes in the redox reactions of the complex. Moreover, the 

onset of the catalytic current was found to exhibit pH dependence, thus resulting in water 

oxidation with a low overpotential.  

The pentanuclear iron catalyst bearing PCET modules, described in Chapter 3, is 

considered the ideal catalyst with the three keys, (1) introduction of PCET modules, (2) 

accumulation of metal ions and (3) installation of adjacent water activation sites. However, 

although the overpotential for water oxidation was found to be much decreased in 

comparison with that of the parent pentairon catalyst, the reaction rate also seems to be 

decreased judging from the intensity of catalytic current for water oxidation. This may be 

due to the high activation energy in the rate-determining step. Theoretical calculations 
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demonstrated in Chapter 2 suggested that the rate-determining step of the water oxidation 

catalyzed by the pentairon complex is the water attack process which requires space open 

between two π-stacked ligands. The author now assumes that the strong π-π interaction 

between H2bip ligands causes a high activation barrier of the water insertion process. 

Therefore, a design of PCET-active ligands to have a moderate inter-ligand π-π interaction 

should be a promising way to create a water oxidation catalyst with high activity and with 

a low overpotential. 
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