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General introduction  
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1-1. Artificial photosynthesis 

As a promising approach that addresses the global energy issue, the artificial photosynthesis has 

attracted considerable attention because it enables the storage of the sunlight energy into 

chemical bonds, such as dihydrogen (H2)1, CO2 reduced species (CO, HCOOH, etc.)2 and so on. 

Since the pioneering work on the water splitting on TiO2 by Honda and Fujishima (Fig. 1) 3, 

extensive efforts have been devoted over several decades to the development of solar small-

molecule conversion systems ranging from semiconductor materials 4 to molecular materials.5, 6   

Figure 1. Light-driven water splitting by TiO2 (Honda-Fujishima effect).  

As the oxidative half reaction process of these artificial photosynthesis, water oxidation process, 

including the oxygen evolution reaction (OER; 2H2O → O2 + 4H+ + 4e-) plays key roles to 

deliver electrons and protons to reduction system, same as natural photosynthesis systems.7 
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1-2. Oxygen evolution reaction (OER) 

Water oxidation process is advantageous with a view to the utilization of earth-abundant water 

as electrons and protons source. 8 Especially OER is attracted because of its lower redox 

potential (+1.23 V vs RHE) than the other water oxidation reactions like hydrogen peroxide 

generation (+1.77 V vs RHE). 7 However, this reaction is considered to be one of the 

bottlenecks especially in water splitting reactions, because it requires photoinduced four-

electron and four-proton transfers (Scheme 1). 9 In order to achieve the highly-active OER 

driven by visible-light, hole accumulation on water oxidation catalysts (WOCs) by improving 

the electron transfer efficiency between WOCs and photosensitizers (PSs) is required. From this 

viewpoint, efficient combination methods with WOCs and photosensitizing systems for good 

electron-communication are intensively being explored as described in the following section, no 

less than the development of highly-active photo- and/or electrochemical WOCs using 

molecular materials,10 semiconductor and metal-oxide-based materials 11 and polymers12 . 

Scheme 1. Photochemical oxygen evolution reaction (OER). Water oxidation catalyst, 

photosensitizer and electron acceptor are denoted as WOC, PS and EA, respectively. 

RHE: Reversible hydrogen electrode. 
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1-3. Molecular-based photo(electro)chemical OER systems 

Intensive efforts to improve electron transfer processes between WOC and PS have been 

dedicated to molecular components based photocatalytic systems. Although their activities and 

durabilities are still inferior to semiconductor-based heterogeneous OER photocatalysts, these 

molecular approaches are advantageous on account of their tunability and variable methods for 

assembly and integration. The four typical approaches are briefly described in the following 

sections. 

1-3-1. Integration of catalyst and sensitizer units 

A direct linkage with WOCs and PSs is an intuitive approach to induce through-bond electron 

transfer, also well-known on the donor-acceptor connected charge separation, 13 photochemical 

hydrogen evolution,14 and CO2 reduction systems 15. Sun et al.16a and Hammarström et al.16b 

reported photochemical OER by Ru(II) WOC and Ru(II) PS directly connected assemblies, 

which exhibited better electron-communication and higher OER activity than non-connected 

system. (Fig. 2) 

Figure 2. Dye-catalyst directly connected molecules for photochemical OER.16 

However, a generic application and design of such molecules for homogeneous catalysis is 

restricted by complicated design or synthesis for the extension to water splitting system and 

controlling the WOC/PS ratio in one assembled molecule, with sufficient solubility. 

1-3-2. Combination of semiconductors and functional molecules 

In relation to above-mentioned viewpoints, in order to connect with reduction system and an 

expansion of applicability, the combination with molecular components and semiconductors is 

attracted as a promising strategy. The surface modification of semiconductor electrode is useful 

and facile method to place catalysts and PSs in close proximity. Furthermore, an efficient 

charge-separation by the electron injection from surface-modified molecules to a conduction 

band (CB) of a semiconductor is also significant. Sakata et al. reported that [Ru(bpy)3]2+ (bpy = 

2,2’-bipyridyl) molecules adsorbed on TiO2 surface rapidly inject electrons after 

photoexcitation.17 Especially, strongly-adsorbed [Ru(bpy)3]2+ molecules exhibited shorter 
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excited lifetime (12-20 ns), which means faster electron injection than that of weakly-adsorbed 

ones (40-3500 ns), suggesting that a strong adsorption of PS on the semiconductor surface 

provide a rapid electron injection and efficient charge separation. Since then, an immobilization 

of molecules via anchor parts were intensively investigated. 18 Meyer et al. reported that 

phosphate-anchor modified [Ru(bpy)3]2+ shows electron injection processes with ~1013 s-1 order 

from 1MLCT state and ~1011 s-1 order from 3MLCT state. 18a Therefore, photoexcitation of the 

Ru(II) complex immobilized on the TiO2 surface leads to a rapid and efficient electron injection 

from the MLCT excited state to the TiO2 conduction band, resulting in a spatial separation of 

electrons and holes. Such an electron injection ability enables the molecules-TiO2 interface to 

be used not only for placing several components in close proximity but also as a functional 

interface to promote photoinduced charge separation. In this context, recently it has been 

vigorously pursued that the application to molecular-based photovoltaic devices such as a dye-

sensitized solar cell 19, and photochemical reaction systems such as dye-sensitized 

photoelectrochemical cell (DSPEC)20-24 and dye-sensitized photocatalysts (DSP).25-28 

1-3-3. Dye-sensitized photoelectrochemical cells (DSPEC) 

Around the 2010s, the studies about the molecular-based DSPEC consisted of both catalyst- and 

dye-loaded semiconductor electrodes began to be reported.20 Especially, intensive efforts have 

been devoted on the WOC-PS integrated photoanodes. Several types of fabrication methods 

have been developed for OER photoanode to improve electron-transfer (Fig. 3); 

21coadsorption,22 loading WOC-embedded Nafion© membrane, 20b, c modification of dyads,23 

step-growth connection via bridging metal anion 24a-c or metal oxide layer 24d, e, and 

electrochemical polymerization 24f, g and so on. These methods can provide the good electron-

communication between WOC and PS. And additionally, step-growth modification methods by 

bridging metal (oxide) and electropolymerization can expand the range of applicability by 

simplifying the synthesis, increase the loading amount of WOC and/or PS, and improve 

durability, too. 24 These DSPECs are advantageous on the connection with reduction-reaction 

system and facile approaches to investigate mechanisms by photo/electrochemical analyses are 

available.  
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Figure 3. Several types of reported DSPEC for photoelectrochemical OER.20-24  
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1-3-4. Dye-sensitized photocatalysts (DSP) 

 Dye-sensitized photocatalysts (DSP) composed of sur-face-immobilized dye molecules and 

semiconductor particles, have been investigated as a promising method for the application of 

charge-separation toward the dispersion reaction system and controlling proximity between 

dyes and catalysts. Lots of studies on DSPs for water oxidation, 25 hydrogen evolution reaction, 

25b, 26, water splitting 27 and CO2 reduction 28 have been reported so far. Especially, on 

photochemical OER, Kobayashi et al. conducted to fabricate photosensitized nanoparticles with 

phosphonic acid group-modified Ru(II) complex dye immobilized on TiO2 nanoparticles (Fig. 

4). The photochemical OER activity was reported to be higher than that of the unimmobilized 

Ru(II) complex.25a  

 

Figure 4. Ru(II)-dye loaded TiO2 nanoparticles. 25a 

Although these approaches mentioned from § 1-3-1 to this section provide the rapid electron 

transfer from WOC and long-lived charge-separated state, the photocatalytic activity of 

molecular-based systems are still low. As one of the remained problems for such systems, back-

electron transfer to WOC is one of the problems required to overcome.   
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1-3-5. Back electron transfer process 

Generally, the photochemical OER on DSPEC and DSP composed of n-type semiconductor 

substrate like TiO2 proceeds as follows (Scheme 2a).  

1: Photoexcitation of PS    PS + h → PS* 

2: Electron injection from PS* to TiO2  PS* + TiO2 → PS+ + TiO2(e-) 

3: Hole transfer to WOC to regenerate PS  PS+ + WOC → PS + WOC(+) 

4: Water oxidation by WOC 

However, there’re subprocesses, back-electron-transfer from PS* or electrode surface, which 

induces charge-recombination process on the WOC and lowering the catalytic activity. 

Considering OER process is followed by light-induced four electron transfer and hole 

accumulation on the WOC, back-electron transfer is required to suppress for efficient catalysis. 

In order to suppress such a back-electron transfer process and achieve efficient hole 

accumulation on WOC, hole-transporting materials was attracted considerable attention. 

Scheme 2. Electron transfer process on photoinduced OER process on  

(a) WOC-PS directly connected system and (b) HM-inserted system. 
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1-4 Hole-mediator materials (HM) 

Inserting hole-mediator (HM) materials between a WOC part and a PS part is regarded as a 

promising method for one-directional electron transfer from WOC to PS. There are several 

requirements for the HM materials on photo/electrochemical OER as follows; high electron 

mobility, suitable redox potential to provide holes to WOC, and permeability for visible-light. If 

the materials satisfying above requirements are introduced as HM, back-electron transfer is 

expected to be blocked up to HM (Scheme 2b) and charge recombination on WOC can be 

suppressed, with keeping forward-electron transfer as possible.   

Similar mechanism exists in the natural photosynthesis system, PSII. Photochemically-

generated holes on the photosensitizing P680 dimer passed through tyrosine (Yz) as the hole 

mediator29 and then finally transferred to WOC Mn4CaO5
30 cluster.31 (Fig. 5) 

Figure 5. (a) Structure of PSII and (b) electron transfer process including the pathway around 

tyrosine mediator (Yz). 29d 

Such hole-mediating methods have also been utilized for organic light-emitting diodes (OLED) 

and solar cells in order to improve a hole transfer efficiency, and an exploitation of HM 

materials has been progressed from this viewpoint. 32  
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1-4-1 Application of HMs for photo/electrochemical OER system 

Recently, HM-inserted photoelectrochemical cells has investigated on molecular-linked 

systems33 (Fig. 6) not only on the hetero-junction type metal-oxide-based photoanodes. 4b, 34  

These photoanodes was reported to exhibit higher photoelectrochemical OER activity with 

suppressing back-electron transfer by the various method such as WOC-HM-PS linkage (Fig. 

6a) 33a, co-adsorption of HM-modified WOC colloid (Fig. 6b),33b and WOC/HM co-linked PS 

(Fig. 6c)33c . Especially, WOC-PS connected system via Fe(II) HM achieved achieved further 

increase of photocurrent and remarkably slow back-electron transfer (~6 s-1) by combination 

with a viologen-type electron-mediator. 33a Meanwhile, these molecular-based attempts are now 

in trial and error mainly because of the restriction of redox potential. For instance, in the cases 

on Ru(II)(4, 4-bipyridyl-6, 6-dicarboxylato) derivatives (Ru-bda) WOCs, which are popular on 

molecular-based photoanodes or photocatalysis,35 the redox potential to generate the active 

species, RuIVORuIV -oxo dimer, is reported to be ~1.2 V vs NHE.33, 36 However, the redox 

potentials of commonly-used HM materials like triphenylamine and [FeII(terpyridyl)2]2+ are less 

than +1.2 V33 that are not enough positive to oxidize WOC. In addition to the lack of oxidizing 

power of HM, compatibility with the decorating connection part to WOC and/or PS and low 

photo-silency of HM themselves are difficult. From these background, the rational design for 

HM-modified photochemical OER system is still explored. Furthermore, the effect on the 

catalytic activity by modification of HM to WOC from the aspect of molecular chemistry in 

homogeneous reaction has not investigated yet, while the spectroscopic studies of HM-PS 

connected systems are intensively examined. 37 

Figure 6. Reported HM-inserted DSPEC for OER on molecular-based systems by (a) WOC-

HM-PS-electron mediator connection 33a, (b) Co-adsorption of HM-tethered WOC colloid 33b 

and (c) WOC and HM co-linked PS. 33c 
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1-4-2 HMs with positive redox potential 

Materials that have positive redox potential and applicable for HM were recently reported. 

For example, p-doped 2,2’, 7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-

spirobifluorene (spiro-OMeTAD) derivatives38 and spiro[fluorene-9,9’-xanthene] (SFX) 

series39 have been investigated as HM on solar cells with exhibiting high redox potential 

(>1.25 V). However, the application of these materials for photochemical OER system is still 

restricted by the difficulty on the connection between PS and WOC. On the other hand, 

Kobayashi et al. were reported K2Cd[Ru(CN)6] Prussian-white analogue, (CdRu-PWA, Fig. 

7) which can work as a HM for hydrogen evolution reaction with highly-positive redox 

potential (~1.42 V). 40 Such a Prussian-white analogue can be modified to WOC or PS by 

layer-by-layer method and expected as a promising HM material to integrate to coordination 

polymer WOC such as Prussian-blue analogues. 12c, d 

 

Figure 7. The schematic structure of CdRu-PWA 

Carbazole (cbz) derivatives and polycarbazole are also promising HM materials because of 

their high hole-transporting ability41 and positive redox potential (cbz : ~1.6 V 42, 

polycarbazole : > 1.2 V 43a). Especially, polycarbazole was used as a connector to the 

electrodes or HM materials on electrochemical OER, 43 (Fig. 7) and is regarded as attractive 

materials taking into account its electropolymerization ability. However, a utilization of these 

HM materials for photochemical OER, especially connection with WOC has been hardly 

studied yet.  

Figure 7 Electrochemical OER photoanodes fabricated by electropolymerization of 

carbazole-tethered WOCs. 43 
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1-5 Photosensitizers for HM-functionalized photoanodes  

PSs with high-oxidation potential are also required for HM-functionalized photoanodes to 

guarantee the sufficient electron transfer from WOC even through the HM part. The redox 

potential of PS should be more positive than that of HM to achieve faster hole transfer to 

WOC. (Scheme 3) 

Scheme 3. PSs with positive oxidation potential for HM-integrated photodriven OER system. 

For increasing oxidation potential of PSs, an introduction of electron-withdrawing 

substituents such as trifluoromethyl group is one of the popular methods. 44 On PSs for the 

application to photoanodes, anchor groups for modification on metal-oxide surfaces is 

needed for an efficient electron transfer (§ 1-3-2). As anchor groups, carboxylate or 

phosphonate 45 groups are often used and their redox potentials are relatively high. (On 

[Ru(bpy)3]2+ derivatives : ~1.4 V) However, to expand the scope of an applicability of HM, 

PSs with more positive redox potential are to be required. Additionally, it is also reported that 

these anchors can easily desorb into aqueous media due to hydrolysis of the linkages. 46  

From such viewpoints, pyridyl-group 47 is one remarkable anchor, because of its electron 

withdrawing ability (Hammett constant =0.94 48, higher than that of carboxylate and 

phosphonate, 0.45 and 0.48). 49 Furthermore, pyridyl-anchor is reported to have high 

durability against hydrolysis and following desorption from TiO2 electrode in the aqueous 

mixture. 22g, 47c-f (Fig. 9). 47c From such features, PSs with pyridyl-anchors are promising for 

HM-inserted photoanodes. 

Fig. 9 Hydrogen-evolution DSPEC with pyridyl-anchor modified Ru(II) PS. 47c  
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1-6 Purpose of this thesis  

In this thesis, aiming to construct HM-functionalized photochemical OER system, HMs and PSs 

with highly positive redox potential are focused. The outline of this thesis is shown in Scheme 

4. 

As HM, CdRu-PWA or cbzs were investigated because of their suitable redox property, facile 

modification, permeability for visible light and electrical conductivity. The former HM was 

utilized for layer-by-layer modification of WOC and HM, and the latter was directed to apply 

for WOC-PS connection via HM polymers by electropolymerization method. The effect by 

introduction of cbz groups on WOC and PS was studied for the utilization on the electrodes.  

Pyridyl-anchor modified [Ru(bpy)3]2+ derivatives are promising as the PS from the viewpoint of 

their highly positive oxidation potential, immobilization ability and WOC-capturing ability. 

Although pyridyl-anchored complexes were often used for photochemical hydrogen-evolution 

reaction, 47c, e, 49 the applicability for photochemical OER hadn’t been reported yet at the 

beginning of this research. Thus, their applicability for photochemical OER was investigated 

with applying [Ru(bpy)3]2+ derivatives two- or six-pyridyl groups, [Ru(bpy)2(qpy)]2+ and 

[Ru(qpy)3]2+ (bpy : 2,2’-bipyridine, qpy : 2,2'-4,4''-4',4'''-quaterpyridine), denoted as RuPy2 and 

RuPy6. 

Aiming to apply for above-mentioned HM-polymer integrated photoanodes, cbz-connected 

Ru(II) molecular WOCs, [Ru(bda)(cbz-py)(pyridine)] and [Ru(bda)(cbz-py)2] (C1 and C2, cbz-

py = 9-(pyridyn-4-yl)-9H-carbazole) and Ru(II) dyes; [Ru(dcbzbpy)2(qpy)]2+ and 

[Ru(dcbzbpy)(qpy)2]2+  (RuPy2-C4 and RuPy4-C2, dcbzbpy = 4,4'-di(9H-carbazol-9-yl)-2,2'-

bipyridine), were synthesized, and investigated their catalytic activity or photochemical 

property.  
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Scheme 4. Outline of this thesis.  
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1-7 Outline of this thesis  

This thesis consists of six chapters as follows. 

The general background and the purpose of this thesis are described in chapter 1. 

In chapter 2, as an exploitation of HM materials for photoelectrochemical OER, 

K2Cd[Ru(CN)6] (CdRu-PWA) was in focus. CdRu-PWA and K2xCo(3−x)[Fe(CN)6]2·nH2O 

Prussian-blue analogue (PBA) WOC were modified on the Ru(II) PS-modified TiO2 electrode 

by layer-by-layer method. Modification of both CoFe-PBA and CdRu-PWA were successfully 

achieved. Electrochemical OER and photoelectrochemical response of these obtained 

multilayered anodes were also observed. 

In chapter 3, the author focused on the application of carbazole (cbz) as HM precursor from 

the viewpoint of the suitable redox potential, polymerization ability and electrical conductivity. 

In order to elucidate the effect of cbz-functionalization on WOC, the [Ru(bda)(pyridine)2]-type 

35 WOCs modified 1 or 2 eq. of cbz substituents, denoted as C1 and C2, were synthesized and 

compared their photo/electro- chemical properties and chemical or photochemical OER 

catalytic activity with non-substituted [Ru(bda)(pyridine)2]. C1 and C2 maintained the catalytic 

processes of original [Ru(bda)(pyridine)2]-type WOCs and exhibited higher catalytic activity 

mainly due to the electron-withdrawing ability of cbz groups. In addition, specific redox and 

OER behaviors related to the oxidation process of cbz groups are also discussed.  

In chapter 4, pyridyl-anchor-modified Ru(II) PSs, [Ru(bpy)2(qpy)]2+ (=RuPy2 ) and [Ru 

(qpy)3]2+ (=RuPy2; bpy = 2, 2'-bipyridyl, qpy = 2,2'-4,4''-4',4'''-quaterpyridine) are highlighted 

as the PSs with anchor parts and a positive oxidation potential. The applicability of these 

complexes and photosensitizing-TiO2 nanoparticles loaded them to OER was investigated. In 

the solution reaction with a sacrificial oxidant, these complexes showed lower reactivity with 

the oxidant and OER photocatalytic activity. In contrast, those of RuPy2 were improved by 

immobilization on TiO2 nanoparticle. These results exhibited the ability as PS for OER of these 

complexes were mainly restricted by low reactivity by introduced pyridyl groups and such an 

affect can mitigate by immobilization. In addition, the effect of exposing the pyridyl group on 

the surface on catalytic adsorption was also examined. 

In chapter 5, The syntheses of both pyridyl- and carbazoles-modified Ru(II) complexes, 

RuPy4-C2 and RuPy2-C4, aiming to apply the polycarbazole-inserted OER photoanodes 

(RuPy4-C2 : [Ru(dcbzbpy)(qpy)2]2+, RuPy2-C4 : [Ru(dcbzbpy)2(qpy)]2+ and dcbzbpy : 4,4'-

di(9H-carbazol-9-yl)-2,2'-bipyridine). Their photochemical property was investigated with 

using theoretical calculations. Obtained complexes exhibited high-molar absorptivity, long 

lifetime and polymerization behavior, suggesting the applicability for electropolymerization to 

connect PS and WOC. 

Finally, the general conclusion and future perspective of this thesis are described in chapter 6.  
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Chapter 2 

Construction of Prussian-White  

Hole-Mediator-Integrated Photoanodes   
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1 Introduction 

As mentioned in Chapter 1, a Prussian-white analogue composed by cyanide bridges of Cd(II) and 

Ru(II), K2CdII[RuII(CN)6] (CdRu-PWA, Fig. 1), is expected as a hole-mediator (HM) material 

because of the suitable redox property and transparent nature for visible light. 1 As one of the 

methods to apply such coordination polymers for (photo)electrodes, stepwise growth on a substrate 

by layer-by-layer (LbL) method to form a surface-mounted metal–organic framework (SURMOF) 

has attracted considerable attention. 2 General procedures for fabricating such SURMOFs are as 

follows (Scheme 1a); 1. Modification of self-assembled monolayer (SAM) on a substrate as the 

scaffold for construction of framework, 2. Stepwise growth of MOF by repeating alternate 

immersions to metal precursor solution and (metallo)ligand solution. In this context, this LbL 

method for SURMOF formation could be applicable to fabricate photoanodes comprising the three 

components, PS, HM and WOC. An anchor-modified dye modification to semiconductor was 

studied intensively as mentioned in the sections 1-3 and 1-5 in Chapter 1. By utilizing PS molecules 

immobilized on an electrode surface as the SAM, the HM-integrated OER photoelectrode is 

expected to construct by further formation of CdRu-PWA HM layer and CoFe-PBA WOC layer by 

the LbL method. In fact, Haga et al. reported the growth of Prussian-blue film on a Ru(II) complex 

modified ITO electrode. 3  

In this chapter, HM-integrated OER photoanodes were fabricated by the following LbL method 

(Scheme 1b); 1. phosphonate anchor-substituted Ru(II) photosensitizer, RuP6 ([Ru(dpbpy)3]2+, 

dpbpy = 4, 4’-diphosphonate-2, 2’- bipyridyl, Fig. 1), was immobilized on TiO2-annealed FTO 

(fluorine-doped tin oxide) electrode, 2. CdRu-PWA was formed on the upper surface of RuP6 dye 

layer scaffold, 3. K2xCoIII
(3-x)[FeII(CN)6]2・nH2O (CoFe-PBA, Fig. 1), was formed on the upper 

surface of CdRu-PWA as a coordination-polymer WOC with low overpotential (~305 mV). 4 By 

altering the number of LbL process for CoFe-PBA (denoted as x) and CdRu-PWA (y) formations, 

several photoanodes BxWyRu with different layer thickness of WOC (x = 1, 3) and HM (y = 1, 3) 

were prepared (Scheme 2). Obtained BxWyRu photoanodes exhibited electrochemical OER activity, 

and such response was indicated to occur after the electron transfer through CdRu-PWA. These 

photoelectrochemical responses were also investigated. 
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Figure 1. The framework of CoFe-PBA WOC and CdRu-PWA HM, and the chemical structure of 

fully-protonated RuP6 PS. 

Scheme 1. Procedures of (a) SURMOF formation by LbL method and (b) fabrication of the 

multilayered OER photoelectrodes used in this work. 

Scheme 2. Schematic representation of BxWyRu photoanodes.  
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2-2 Experimental 

2-2-1 Measurements 

1H NMR spectra were recorded using a JEOL ECZ-400S instrument. IR spectra were recorded 

on a JASCO FT-IR 4100 spectrophotometer equipped diamond ATR crystal unit. X-ray 

fluorescence (XRF) analyses were carried out on a Bruker S2 PUMA energy-dispersive X-ray 

fluorescence spectrometer. UV-vis absorption spectra and diffuse-reflectance spectra were 

recorded on a Shimadzu UV-2400PC spectrophotometer. The obtained reflectance spectra were 

converted to absorption spectra using the Kubelka-Munk function F(R∞). Electrochemical 

measurements were recorded using a HOKUTO DENKO HZ-3000 three-electrode 

electrochemical measurement system equipped with a modified TiO2 electrode, Pt wire, and 

Ag/AgCl (aqueous mixture) electrodes as the working, counter, and reference electrodes, 

respectively. Aqueous solution of phosphate buffer (pH = 6.0, 100 mM) containing 0.5 M 

sodium perchlorate (NaClO4) as the supporting electrolyte were used in the electrochemical 

measurements. All solutions were deaerated by N2 bubbling for more than 15 min before 

measurement. Cyclic voltammetry measurements were carried out in the one-compartment cell 

with 8 mL of solution and the other electrochemical measurements were carried out on the 

condition described in § 2-2-2 to monitor the amount of evolved oxygen or light irradiation. 

2-2-2 Electrochemical water oxidation 

In an H-shaped two-compartments cell (EC frontier VB12) separated by a membrane, 15 mL 

of aqueous solution of phosphate buffer (pH = 6.0, 100 mM) containing 0.5 M sodium 

perchlorate (NaClO4) was placed to both compartments. Gaseous phase is ca. 21 mL in each 

compartment. A working and an Ag/AgCl reference electrode were inserted to an anodic 

compartment and a Pt coil counter electrode was inserted to a cathodic one. Solutions in both 

of compartments were deaerated by Ar bubbling for ~30 min before injection. The amount of 

evolved oxygen was monitored using a FireSting oxygen monitor (PyroScience GmbH). The 

Faradaic efficiency (FE) was estimated using the eq. (1) and (2) from the amount of evolved 

O2 (nO2), the generated current I (A) and passed electron (ne):   

ne (mol) = Charge (C) / 96500 (Cmol-1) = ∑ 𝐼 (A)𝑡 (s)  / 96500 (Cmol-1)               (1) 

FE(%) = nO2 (mol) / (1/4 ne) × 100                                            (2)  

In order to eliminate the contribution of the large current in initial several minutes attributed 

to charge collection state, the values until 10 minutes after the bias application were omitted 

for these estimations.  
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2-2-3 Photoelectrochemical measurement 

In the dark, the experimental setup was carried out with the same manner as the electrochemical 

water oxidation described in the § 2-2-2. The solution was deoxygenated by bubbling with Ar 

gas for 30 min. The amount of evolved oxygen was monitored using a FireSting oxygen 

monitor (PyroScience GmbH). The cell was irradiated by a 300 W Xe lamp (Asahi spectra, 

MAX-303) through cutoff (Asahi spectra Y-42) and cold filters. (420 nm <  < 800 nm, 40 

mW cm-2) 
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2-2-6 Materials 

4,4-bis(diethylphosphonate)-2,2-bipyridine,5 [Ru(4,4’-bisphosphonate-2,2’-bpy)3]Cl2 

(RuP6) 5, 6, CoFe-PBA 4a and CdRu-PWA 7 were synthesized according to literature 

methods. TiO2 nanoparticles (SSP-M, ~ = 15 nm) were purchased from the Sakai Chemical 

Industry Co. Ltd. Fluorine-doped tin oxide coated electrode (8 /sq., Thickness ~ 3.0 mm 

735183-5EA, Aldrich) was purchased from Sigma-Aldrich. High-purity water was obtained 

by passing house-distilled water through a Millipore Milli-Q Simplicity® UV system. All 

other reagents and solvents were purchased from commercial sources and used as received. 

2-2-7 Mesoporous TiO2 thin film on FTO glasses substrate (TiO2/FTO) 

Mesoporous TiO2 thin film on FTO glasses substrate (FTO/TiO2 electrode) were fabricated by 

squeegee method followed by sintering process. TiO2 paste was prepared by mixing and sonication 

of SSP-M (1.6 g), acetic acid (2 mL), Milli-Q (4 mL) and PEG-1000 (0.8 g). 8 TiO2 paste-applied 

FTO electrodes were dried in the air and then annealed at 520℃ for 30 min. 9 Before the dye-

immobilization process, these electrodes were re-annealed at 520℃ for 30 min for elimination of 

surface-coordinated water molecules. The apparent area of the TiO2 film was 1.0 cm2.  

2-2-8 Preparation of RuPy6 modified TiO2 electrodes (RuP6@TiO2/FTO) 

Modification of RuP6 to pristine TiO2/FTO electrodes were carried out by an immersion to 200 M, 

2 mL of RuP6 solution (100 mM HClO4 aq.) for 24 hours at r.t..10 After the immersion process, 

electrodes were rinsed by HClO4 aq., water and methanol, and dried in the air at room temperature. 

The amount of RuP6 adsorbed on the TiO2 surfaces was estimated to be 226 nmolcm-2 by the 

absorbance change at 463 nm in the immersion solution. (Fig. 2)  

Figure 2. UV-Vis absorption spectra of the immersion solutions before/after immobilization of RuP6. 

Solutions were diluted 50 times by the solvent of each reaction.  
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2-2-9 Preparation of Zr-capped RuPy6 modified electrodes (ZrRu) 

RuP6@TiO2/FTO was immersed to 5 mM of ZrCl2O solution in methanol for 1 h 11, and then 

washed with methanol and dried in the air at room temperature. Electrodes were stored in the dark 

except when the measurement. 

2-2-10 Preparation of CdRu-PWA modified electrodes (WyRu) 1, 7 

ZrRu was immersed to 20 mM of K4[Ru(CN)6] aqueous solution for 30 min. After washing with 

water, the electrode was immersed to 20 mM of CdCl2 aqueous solution for 30 min to form CdRu-

PWA and then washed and dried in the air to afford W1Ru photoanode. By repeating this process 

(e.g. immersion to K4[Ru(CN)6] solution → washing → CdCl2 solution → washing) for y times 

to afford WyRu photoanodes. 

2-2-11 Preparation of CoFe-PBA modified electrodes (BxWyRu) 

Bx(Wy)Ru were fabricated by the similar LbL method described in § 2-2-10 by using 20 mM of 

K3[Fe(CN)6] aqueous solution and 40 mM of CoCl2 aqueous solution as precursors of CoFe-PBA 

WOC. ZrRu without CdRu-PWA layer or WyRu photoanodes were used for fabrication of BxRu or 

BxWyRu photoanodes, respectively.  
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2-3. Results and Discussion 

2-3-1 Fabrication and Characterization  

Modification of CdRu-PWA and CoFe-PBA 

The amount of immobilized RuP6 was estimated as 226 nmolcm-2 from the UV-vis absorption 

spectra of the dye solutions before and after immersion (Figure 2). Zr(IV)-capping was followed to 

suppress the desorption of RuP6 during the LbL process and in the measurement. After the LbL 

modification, BxWyRus was obtained.  

XRF measurement was also carried out. Fig. 3 and Table 1 showed the XRF spectra of each anode 

and estimated atomic ratio, respectively. Ru K radiation at 19.0-19.6 keV and Zr K radiation at 

15.4-16.0 keV were detected on all the electrodes (Fig. 3b), indicating the successful immobilization 

of RuP6 on TiO2 surface and the binding of Zr capping metal anions to the phosphonate groups of 

RuP6. Cd K radiation was detected on PWA-modified electrodes, WRu, BWRu, B3WRu and 

B3W3Ru while it was hardly observed for B3Ru and ZrRu photoanodes without CdRu-PWA layer 

(Fig. 3c). Thus, the CdRu-PWA layer was successfully formed on the upper surface of ZrRu 

electrode (Fig. 3c and Table 1). In addition to the Cd radiation, peaks of Fe and Co (K and K) 

were observed on BWRu. These peaks suggest CoFe-PBA layer were also modified on BWRu. 

Larger peaks of Fe and Co K radiations around 6-8 keV were observed on B3-type electrodes than 

the others, (Fig. 3a) which indicates the presence of larger amount of CoFe-PBA on the B3-type 

electrode than the others. These results suggest that the larger amount of CoFe-PBA grow by the 

increasing number of LbL process. Notably, the loading amount of CoFe-PBA of B3Ru was 

estimated to be higher (1.6-1.7 times on Co atom as a catalytic center 4, 12) than that of the other B3-

types anodes, B3WRu and B3W3Ru. These lower loading amounts of CoFe-PBA on the CdRu-

PWA-modified anodes may be due to the lattice mismatch between CoFe-PBA and CdRu-PWA.      
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Figure 3. XRF spectra on (a) Co and Fe K region (tube voltage: 40 kV), (b)Zr K, (c) Ru K and 

(d)(e) Cd K region (tube voltage: 50 kV) of B3Ru (purple dashed line), B3WRu (pink), B3W3Ru 

(blue), BWRu (orange), WRu (green), ZrRu (black) and TiO2/FTO (black dashed line) electrodes. 

Table 1. Atomic ratio of each electrode. 

 a Residual peaks of FTO electrodes.  

Anode 

Atomic ratio (mol/100 mol TiO
2
) 

Fe Co Zr Ru Cd 

B
3
Ru 0.475 0.633 0.318 0.0292 n.d. 

B
3
WRu 0.270 0.424 0.119 0.0375 9.32×10

-3
 

B
3
W

3
Ru 0.291 0.379 0.277 0.0145 7.01×10

-3
 

BWRu 0.113 0.0516 0.0780 0.0127 3.63×10
-3

 

WRu 0.0361 a 4.08×10
-3 a

 0.173 0.0253 0.0145 

ZrRu 0.0416 a 3.67×10
-3 a

 0.244 0.0211 n.d. 

TiO
2
/FTO 0.0562 a 2.71×10

-3 a
 0.0358 2.37×10

-4
 n.d. 
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 ATR-IR spectrum of each electrode is shown in Fig. 4a. B3Ru exhibited a strong peak at 2161 cm-1 

that is assignable to the C≡N stretching mode of CoFe-PBA (Fig. 4b),4a, 12 indicating that the CoFe-

PBA WOC layer was successfully formed on the surface of ZrRu electrode. Additionally, a broad 

peak assigned as C≡N stretching mode of K2xCoII
 (2-x)[FeII(CN)6]2 that is a Co-reduced Prussian-

white species (CoFe-PWA) was observed at 2094 cm-1, 4a, 12 similar as CoFe-PBA powder (Fig. 4b). 

On the other hand, on WRu, a broad peak at 2084 cm-1, assigned as the C≡N stretching mode of 

CdRu-PWA, was observed. This peak was shifted higher wavenumber than that of CdRu-PWA 

powder (2064 cm-1, Fig. 4b). Considering the position of the C≡N stretching mode reflects the 

electron deficiency of coordinated metals, this peak shift is possibly due to the growth of CdRu-

PWA layer on the higher-valent Zr(IV) scaffold. Similar peaks at 2072 cm-1, 2105 cm-1 and 2161 

cm-1 were observed on both B3W3Ru and B3WRu. These peaks were assigned as C≡N stretching 

mode of CdRu-PWA, CoFe-PWA and CoFe-PBA, respectively. This assignment is in agreement 

to the electron density of coordinated metals. The intensity of the peak at 2161 cm-1 of each anode 

was smaller than that of B3Ru. This result suggests that smaller amount of CoFe-PBA was modified 

on the PWA-functionalized electrodes. On the other hand, the CN stretching peak of CoFe-PBA was 

hardly observed for BWRu while the peak assignable to that of CoFe-PWA was obviously observed 

at 2074 and 2087 cm-1, suggesting that the CoFe species are existed as the Co-reduced PWA on the 

electrode. These two mostly overlapped peaks are assignable to the CN stretching mode of CdRu-

PWA, and CoFe-PWA species respectively, because of the high-electron density nature of CdRu-

PWA than CoFe-PWA. 
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Fig. 4 (a) ATR-IR spectra of BxWyRu photoanodes. (b) IR spectra of bulk CoFe-PBA (purple solid 

line), CdRu-PWA (black solid line), K3[Fe(CN)6] (brown dashed line) and K4[Ru(CN)6] (green 

dashed line) by KBr method.  
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2-3-2 Photochemical property 

Diffuse reflectance spectra of all BxWyRu photoelectrodes are shown in Fig. 5 in comparison with 

TiO2/FTO substrate. All photoanodes except for TiO2/FTO substrate exhibited the absorption band 

at around 460 nm assignable to the 1MLCT band of RuP6 (Fig. 5), indicating that RuP6 was 

successfully immobilized on TiO2 surface. Notably, the absorption band edge of B3WyRu 

photoanodes was commonly shifted to longer wavelength up to 700 nm, while that of the other 

photoanodes with thinner (BWRu) or without CoFe-PBA layer (WRu) were observed at around 620 

nm. Considering the absorption edge of CoFe-PBA was observed at around 700 nm (Fig. 5b), the 

longer wavelength shift of the absorption band edge suggests the successful formation of CoFe-PBA 

layer on the electrode surface. 

Figure 5. (a) Diffuse reflection spectra of BxWyRu. (The absorbance was normalized by the values 

at 460 nm.) (b) Diffuse reflection spectra of CoFe-PBA.  
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2-3-3 Electrochemical measurement 

Cyclic voltammograms of anodes in neutral media (pH = 6.0) are shown in Fig. 6. ZrRu and WRu 

photoanodes exhibited a quasi-reversible redox couple at 1.24 V (vs NHE) that is assigned as the 

Ru(III/II) process of the surface-immobilized RuP6. The Ru(III/II) redox potential of these 

photoanodes were almost comparable, indicating that the formation of CdRu-PWA layer on the 

surface of ZrRu electrode hardly affected on the redox behavior of RuP6. Since the catalytic current 

assignable to OER was hardly observed for ZrRu and WRu, neither RuP6 nor CdRu-PWA has 

OER catalytic activity. On the other hand, CoFe-PBA loaded photoanodes, BWRu and B3WRu, 

exhibited large current above 1.3 V, assignable as the catalytic current of OER. These results are 

consistent to the literatures showing that CoFe-PBA can act as the WOC. The catalytic current 

increased by increasing the number of LbL processes for CoFe-PBA (B3WRu > BWRu) probably 

because of the larger loading amount of CoFe-PBA WOC. 

To elucidate the loading effect of CdRu-PWA as the HM layer, the cyclic voltammograms of B3-

type photoanodes, B3Ru, B3WRu and B3W3Ru, were compared in Fig. 7. The catalytic current of 

OER obviously decreased by increasing the thickness of CdRu-PWA HM layer (Table 2, B3Ru > 

B3WRu > B3W3Ru). One of the plausible origins of the catalytic current decrease is the lower 

loading amount of CoFe-PBA WOC as discussed in section 2-3-1. Notably, the catalytic current of 

B3W3Ru was much lower than that of B3WRu whereas XRF analysis suggested that the amount of 

Co atom in CoFe-PBA WOC of B3WRu was almost comparable to that of B3W3Ru (Table 1). 

These results suggest that the CdRu-PWA HM layer may act as the insulator between CoFe-PBA 

WOC and RuP6 photosensitizer.  
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Fig. 6. Cyclic voltammograms of BxWRu (x = 0, 1, 3) and ZrRu. 

In aqueous solution of phosphate buffer (pH = 6.0, 100 mM) containing 0.5 M NaClO4. 

Counter electrode: Pt wire, Reference electrode: Ag/AgCl (aqueous mixture).  

Scan rate: 10 mVs-1. Inset is enlarged figure of the voltammograms on 0.9-1.5 V vs NHE. 

Inset: enlarged voltammograms around the Ru(III/II) redox wave of RuP6.  
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Figure 7. Cyclic voltammograms of B3WyRu. Each measurement was carried out under the same 

condition noted in the caption of Fig. 7. 

 

Table 2. The values of current density at 1.5 V vs NHE. 

  
 Current density (A cm-2) 

B
3
Ru 1038 

B
3
WRu 404 

B
3
W

3
Ru 159 

BWRu 197 

WRu 27.2 

ZrRu 21.5 
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2-3-4 Electrochemical water oxidation 

The electrochemical OER activity of each photoanode was evaluated by chronoamperometry with 

monitoring the O2 concentration in the anodic compartment of reaction cell. Time-profiles of the 

anodic current under application of external bias (+1.5 V vs NHE) and plots of OER were shown in 

Fig. 8a and 8b, respectively. The large current due to charge-collection state was observed in the 

initial few minutes and followed by constant current that depended on the photoanode. The total 

charge of each anode in 10-60 min is listed in Table 3. The similar trend to the CV measurement was 

observed in this experiment; the current density decreased in the following order (B3Ru > B3WRu > 

BWRu > WRu  ZrRu  0). In this electrolysis, O2 amount was continuously increased on PBA-

loaded photoanodes, showing the electrocatalytic OER. Faradaic efficiency (FE) of each photoanode 

was estimated from these OER plots and total charge estimated by eq. (1). Comparison of the ideal 

amount of O2 evolution with 100% FE and experimentally detected O2 amount is shown in Figure 10 

and summarized in Table 3. Estimated FE of all the three PBA-modified anodes, B3Ru, B3WRu and 

BWRu were in the range from 50 to 58%, suggesting the integration of CdRu-PWA hardly give a 

negative effect on FE. However, these FE are about half to the literature value for CoFe-PBA 

modified FTO electrode (~100%).4b The reason of low FE of these anodes is still unclear, it might be 

due to H2O2 generation and/or oxidative dissolution the surface immobilized CoFe-PBA on the 

CdRu-PWA that could be promoted by the lattice mismatch between these two layers. 

Figure 8. (a) Time profile of the current on the chronoamperometry of anodes (pH = 6.0) with 

applying 1.5 V vs NHE. Inset is enlarged plots in 10~60 min. (b) Electrochemical OER plots of each 

anode in the chronoamperometry. 
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 Figure 9. Electrochemical OER plots (solid line) at 10-60 min after starting application of 1.5 V of 

external bias and the ideal (FE=100%) amount of O2 production estimated from the current values in 

Fig. 8 (dashed line) of (a) B3Ru, (b) B3WRu, and (c) BWRu. The amount of generated oxygen (nO2) 

were estimated as the difference of the actual O2 amount and the amount at 10 min. 

 

Table 3. The values of nO2, total charge, and FE in 10-60 min. 

 a Estimated as FE = 100%.  

 nO2 (mol) Ideal nO2 (mol) a Total charge (mC) FE(%) 

B
3
Ru 2.17 4.37 1686 50 

B
3
WRu 1.00 1.92 741 52 

BWRu 0.71 1.22 471 58 

WRu < 0.1  8.9 - 
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2-3-5 Photoelectrochemical measurement 

The photoelectrochemical responses of these photoanodes were evaluated by linear sweep 

voltammetry (LSV) under chopped visible light irradiation ( > 420 nm). Observed photocurrent 

responses of ZrRu and WRu are shown in Figure 10. Obvious photocurrent was observed under 

light irradiation while such a response hardly observed for the pristine TiO2/FTO electrode. 

Considering the Ru(III/II) redox potential of RuP6 (+1.24 V vs NHE, § 2-3-3) and E00 energy (1.91 

eV 10), the redox potential at 3MLCT excited state Ru(III/II*) is estimated as -0.67 V that is more 

negative than conduction band edge of TiO2 (~ -0.5 V 13). This simple estimation clearly indicates 

the photocurrent observed for ZrRu and WRu is assignable to the electron injection from the 

photoexcited RuP6* to the TiO2 substrate. The photocurrents of these photoanodes were comparable, 

suggesting that the surface modification of ZrRu by CdRu-PWA HM layer hardly gave a negative 

effect on the electron injection process. 

Figure 10. LSV scans of ZrRu and WRu under chopped light irradiation (every 50 mV, in pH = 6.0) 

Measurement was carried out under the condition described in § 2-2-2. Scan rate = 10 mVs-1. 

The results of LSV scans of BxWyRu photoanodes under chopped light irradiation are shown in Fig. 

11 in comparison with WRu without modification of CoFe-PBA WOC. All the three PBA-modified 

electrodes, B3Ru, B3WRu and BWRu showed larger photocurrent than WRu, especially on the B3-

type anodes that exhibited more than twice larger photocurrent than WRu in whole region examined 

in the measurement. The photocurrent peak height of each anode was moderately agreed with the 
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current difference observed in the LSV scans under light irradiation and the dark condition in the 

range at -0.05 ~ 0.5 V. (Fig. 12), suggesting that the photocurrent observed in these experiments are 

not due to the charge correction state at the solid-solution interface but to the redox reaction of the 

photoanodes. At 0.6~1.0 V, the peak assigned as Co(III/II) redox of CoFe-PBA was observed. 

Considering the Ru(III/II) redox potential of RuP6 (+1.24 V) is located at more positive than both 

the Co(III/II) redox potential (+0.96 V) and the threshold potential for OER of CoFe-PBA WOC 

(~1.10 V),4b the Ru(III) species generated after the electron injection to TiO2 could oxidize the 

Co(II) centers to regenerate the original Ru(II) species. Thus, the larger photocurrent observed for 

B3-type photoanodes could be assigned to the oxidation of Co(II) centers of CoFe-PBA WOC and 

possibly followed by OER. Notably, the photocurrent observed for B3WRu was comparable to that 

of B3Ru whereas the loading amount of CoFe-PBA WOC of B3WRu was smaller by about 70% 

than that of B3Ru as discussed in § 2-3-1.   

Figure 11. LSV scans of BxWyRu under chopped light irradiation (every 50 mV, pH = 6.0). 

Measurement was carried out under the condition described in § 2-2-2. Scan rate = 10 mVs-1.  
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Figure 12. LSV plots in the dark (black dashed line) and under the light (420 nm <  < 800 nm) 

irradiation (red dashed line) of (a) ZrRu, (b) WRu, (c) BWRu, (d) B3WRu and (e) B3Ru in 

comparison with the scan under chopped light irradiation (pH = 6.0). Measurement was carried out 

under the condition described in section 2-2-2. Scan rate = 10 mVs-1.  
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Unfortunately, the Ru(III/II) redox potential of RuP6 is negative than that of CdRu-PWA, resulting 

in the thermodynamically unfavorable hole transfer from PS to HM (Scheme 3). Although such the 

negative effect was suggested, the comparable photocurrent with B3Ru was observed on B3WRu. 

This behavior possibly reflected two different contributions of CdRu-PWA ; the positive 

contribution is to block the back electron transfer from the photoexcited RuP6* to CoFe-PBA WOC, 

and another negative one is the barrier for forward electron transfer from WOC to the one-electron 

oxidized PS. However, their photocurrent values are very small (~ 10 A) and the amount of oxygen 

which can generate is less than 0.1 mol/h, too small to evaluate. Some reasons of this small 

photocurrent are suggested; low conductivity, deactivation process by energy transfer from RuP6 to 

CoFe-PBA, or stoichiometry of PBA. To evaluate the effect of HM, high-electron conductivity and 

tuning of redox potential on PS is to be required. 

Scheme 3. Expected scheme of electron transfer in BxWyRu. The water oxidation potential,4 redox 

potential of CdRu-PWA,1 E00 of RuP6 (= 1.91 eV 10 ) and conduction band edge of TiO2
13 was 

noted reported values.  
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2-4. Conclusions 

In this work, multilayered photoanodes consisted of CoFe-PBA water-oxidation catalyst 

(WOC), CdRu-PWA hole-transporter (HM) and RuP6 photosensitizer (PS) on TiO2/FTO 

electrode were fabricated. The stepwise growth of CoFe-PBA and CdRu-PWA was succeeded 

by repeating the layer-by-layer (LbL) process. Obtained photoanodes BxWyRu exhibited 

electrochemical OER behavior in the order of B3Ru > B3WRu > BWRu > WRu  ZrRu  0. 

The lower catalytic activity of CdRu-PWA-loaded photoanodes than B3Ru is possibly due to 

the lower loading amount of CoFe-PBA WOC and/or the low electrical conductivity of CdRu-

PWA HM layer. On the other hand, the comparable photocurrent was observed on B3Ru 

without CdRu-PWA HM layer and B3WRu, suggesting that the photochemical electron transfer 

processes between RuP6 and CoFe-PBA was negligibly affected by CdRu-PWA HM layer. 

However, photocurrents of these anodes were too small to quantitatively elucidate the effect of 

HM on photoelectrochemical OER. An improvement of electrical conductivity, surface 

uniformity and tuning redox potential of PS are to be required.  
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Chapter 3  

Oxygen Evolution Reaction by  

Carbazole-Functionalized  

Ru(II) Molecular Catalysts   
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3-1 Introduction 

As mentioned in general introduction, an introduction of hole mediator (HM) unit between the 

photosensitizer and oxygen evolution catalyst is expected as one of the promising approaches 

for OER systems to improve the charge separation efficiency. Carbazole (cbz) derivatives with 

high electron mobility and positive redox potentials 1 are promising candidates as hole 

mediators. Cbz derivatives HMs are also attracted on (photo)electrochemical OER systems. 

One example is the application of Cu(I) PS with cbz as an electron donor moiety for an OER 

photoanode (Fig. 1a) 2 and electrochemical OER anodes with polycarbazole as hole-

transporters. 3a In particular, several studies have suggested that the OER catalytic activity was 

improved by modification of polycarbazole-functionalized WOCs by electropolymerization on 

the electrode surface. (Fig. 1b) 3 Furthermore, polycarbazole systems can provide a facile 

method for connecting functional molecules by oxidative electropolymerization  4, including 

the conjugation with WOCs and PSs. If such a WOC-PS integration via polycarbazole hole-

mediator can be achieved, this method can be a versatile and effective approach for 

photochemical OER system. 

 

Figure 1 The examples of (a) cbz-modified Cu(I) chromophore for OER photoanodes 2 and (b) 

polycarbazole-functionalized WOCs. 3  
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However, the effect of cbz modification on the OER catalytic activity of molecular WOC 

homogeneous systems have been hardly elucidated so far. The redox mediating cbz group 

attached on the axial py ligand may adversely affect the catalysis through electrostatic 

interactions on WOCs with bimolecular O-O coupling process, including Ru-bda complexes, 

which is one of the most popular molecular WOCs in photo- and/or electrochemical OERs, 

owing to its high catalytic activity, stability, and ligand tunability.5 In this study, in order to 

elucidate the effect of cbz functionalization on the OER, two complexes [Ru(bda)(cbz-py)(py)] 

and [Ru(bda)(cbz-py)2] (Scheme. 1, denoted as C1 and C2, cbz-py = 9-(pyridyn-4-yl)-9H-

carbazole, py = pyridine) were newly synthesized, comprising a Ru-bda (bdaH2 = 2, 2'-

bipyridyl-6, 6'-dicarboxylic acid) complex backbone modified with one or two cbz-py moieties, 

respectively. This work revealed that the introduced cbz group(s) acted as the electron-

withdrawing group(s) to improve the OER activity during the early stage of the reaction. 

Furthermore, the effect of cbz oxidation on chemical and photochemical oxygen evolution 

catalysis was investigated in detail. 

Scheme 1. Molecular structure of the complexes C0, C1, and C2.  
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3-2 Experimental 

3-2-1 Measurements 

1H NMR spectra were recorded using a JEOL ECZ-400S instrument. Elemental analysis was 

conducted at the analysis centre of Hokkaido University. MALDI-TOFMS measurements were 

carried out using a Bruker Autoflex Speed instrument, with α-cyano-4-hydroxycinnamic acid 

as the matrix. IR spectra were recorded on a JASCO FT-IR 4100 spectrophotometer using KBr 

pellets. UV−vis absorption spectra were recorded on Shimadzu UV-2400PC or Hitachi U-3000 

spectrophotometers. Electrochemical measurements (CV and DPV) were recorded using a 

HOKUTO DENKO HZ-3000 electrochemical measurement system equipped with glassy 

carbon, Pt wire, and Ag/AgCl (aqueous mixture) or Ag/Ag+ (organic solvents) electrodes as 

the working, counter, and reference electrodes, respectively. Solutions of aqueous mixture (pH 

= 1.0–8.0, pH adjusted by HClO4/40 mM of Britton-Robinson buffer/NaOH)/2,2,2-

trifluoroethanol(TFE) /acetonitrile (v/v/v = 1/2/1 for CV or 3/2/1 for the other measurements) 

containing 0.1 M sodium perchlorate (NaClO4) or dichloromethane/TFE (v/v = 9/1) containing 

0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte were 

used in the electrochemical measurements. Ferrocene was used as an internal reference. All 

solutions were deaerated by N2 bubbling for 15 min before measurement.  

3-2-2 Chemical OER 

A solution of (NH4)2[Ce(NO3)6] (CAN, 240 mM) in HClO4 aqueous solution (2.5 mL, pH = 

1.0) was placed in a glass vessel (volume ~87.8 mL) with vigorous stirring (296 ± 1 K). A 

solution of the ruthenium catalyst (0–200 μM) in TFE/acetonitrile (v/v = 2/1, 2.5 mL) was 

injected into the CAN solution; these solutions were deaerated by Ar bubbling for ~30 min 

before injection. The amount of evolved oxygen was monitored using a FireSting oxygen 

monitor (PyroScience GmbH).  The OER rate and TOF were estimated using the following 

formulae from the amount of evolved O2:   

OER rate (mMs-1) = evolved O2 (mol) / 5 mL × time (s) 

TOF (s-1) = 1000 × OER rate / [Cat.] (M) 

3-2-3 Photochemical OER 

In the dark, aqueous borate buffer/TFE/acetonitrile (v/v/v = 3/2/1) solution (10 mM, pH = 8.0 

6, 7) containing [Ru(bpy)3](SO4) photosensitizer (200 μM), water oxidation catalyst (10 M), 

and Na2S2O8 (5 mM) was placed in a Pyrex vial (volume ~21.2 mL) with a small magnetic 

stirring bar and covered with a rubber septum. The resultant solution (total 5 mL) was 

deoxygenated by bubbling with Ar gas for 30 min. The amount of evolved oxygen was 

monitored using a FireSting oxygen monitor (PyroScience GmbH). The vials were irradiated 
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with a blue LED lamp (λ = 470 ± 10 nm; 30 mW; OptoDevice Lab. Ltd., OP6-4710HP2). The 

temperature was controlled at 296 ± 1 K using an in-house aluminum water-cooling jacket with 

a water-circulating temperature controller (EYELA CCA-1111). 

3-2-4 Single crystal X-ray diffraction measurement 

Single-crystal X-ray diffraction data were collected using a Rigaku XtaLAB Synergy 

diffractometer equipped with Cu Kα radiation (PhotonJet (Cu)). Each crystal was mounted on 

a MicroMount using paraffin oil. The crystal was then cooled using a N2-flow-type temperature 

controller. The diffraction data were processed using CrysAlisPRO software. 8 The structures 

were solved by direct methods using SHELXT 9 and refined by full-matrix least-squares 

refinement using SHELXL. 10 Non-hydrogen atoms were refined anisotropically, while the 

hydrogen atoms were refined using the riding model. All calculations were performed using 

the Olex2 software package. 11 

3-2-5 Theoretical calculation 

Calculations were performed using the Gaussian 09 software package.12 For C2, the molecular 

structure was determined by X-ray structure analysis, and the obtained structure was used as the 

initial structure for the calculation. Geometry optimizations and TD-DFT calculation were 

performed in the ground state using the B3LYP functional13 together with the 6-31G basis set14 on 

C, H, N, and O atoms. The LANL2DZ effective core potentials and associated basis set were used 

on the Ru atom.15 Although the results of C0 calculated under the same basis/functional set with 

Gaussian 03 have already been reported, 7 re-calculations using Gaussian 09 was conducted for a 

more precise comparison with the values of C1 and C2. The difference in the frontier orbital energy 

values was negligible (<0.001 eV).  
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3-2-6 Materials 

2, 2’-Bipyridyl-6, 6’-dicarboxylic acid (bdaH2), 16 9-(pyridyn-4-yl)-9H-carbazole (cbz-py), 17 

[Ru(bda)(py)2] (C0), 18 [RuCl2(DMSO)4], 19 [Ru(bda)(DMSO)2], 20 [Ru(bda)(4-

bromopyridine)2] (C0-Br), 18a and [Ru(bpy)3](SO4) 21 were synthesized according to 

previously reported methods. C0, C0-Br, C1, and C2 were stored in a nitrogen-filled glovebox 

18a, 22, 23 until use. High-purity water was obtained by passing house-distilled water through a 

Millipore Milli-Q Simplicity® UV system. All other reagents and solvents were purchased 

from commercial sources and used as received. 

2-2-7 Synthesis 

Synthesis of [Ru(bda)(cbz-py)(pyridine)] (C1).  

[Ru(bda)(DMSO)2] (203.8 mg, 0.41 mmol, 1 eq.), pyridine (33 L, 0.40 mmol, 1 eq.), and 

methanol (10 mL) were added to a two-necked round-bottom flask and bubbled with N2 for 10 

min.  The resultant dark-red solution was stirred at 313 K under N2 for 5 min, after which 

cbz-py (101.2 mg, 0.41 mmol, 1 eq.) was added under N2 flow. The reaction mixture was then 

refluxed under N2 for 4 h. After cooling to 293 K, the solvent was removed using a rotary 

evaporator, and the obtained dark-red crude powder was subjected to silica-gel column 

chromatography. (Eluent: CH2Cl2/methanol = 10/1). The second red band (Rf = 0.16) was 

collected, and the solvent removed. Finally, the product was recrystallized by the gas–liquid 

diffusion method with CH2Cl2/methanol-diethyl ether and dried in vacuo to afford dark-red 

needle-like crystals. Yield: 106.1 mg (0.16 mmol, 39%).  1H NMR (Fig. 2, 400 MHz, 

CD2Cl2/methanol-d4 with a small amount of L-ascorbic acid):  = 8.46 (d, J = 8.0 Hz, 2H), 

8.13–8.08 (m, 4H), 8.03 (d, J = 6.6 Hz, 2H), 7.92–7.86 (m, 4H), 7.84 (t, J = 7.8 Hz, 1H), 7.54–

7.50 (m, 4H), 7.40 (td, 2H, J = 1.4, 7.3 Hz), 7.32 (2H, t, J = 7.7 Hz), 7.18 (2H, t, J = 1.4, 7.2 

Hz). MALDI-TOF MS (positive mode, CH2Cl2/methanol) m/z+ = 667.08. (C1+H+) calcd. 

667.65. Elemental analysis calcd. for C34.4Cl0.8H23.8N5O4Ru ([C1]·0.4CH2Cl2): C, 58.97; H, 

3.42; N, 10.00. Found: C, 59.09; H, 3.39; N, 9.85. IR (KBr pellets, cm-1) : 3059, 1651, 1631, 

1609, 1509, 1477, 1449, 1368, 1336, 1287, 1220, 834, 778, 756. 
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Figure 2. The aromatic region of 1H NMR spectra of C1. 

(400 MHz, CD2Cl2/methanol-d4 with a small amount of L-ascorbic acid) 

Synthesis of [Ru(bda)(cbz-py)2] (C2). 

[Ru(bda)(DMSO)2] (102.7 mg, 0.21 mmol, 1 eq.), cbz-py (100.1 mg, 0.41 mmol, 2 eq.) and 

methanol (10 mL) were added to a two-necked round-bottom flask and bubbled with N2 for 15 

min.  The resultant dark-red solution was refluxed under N2 for 8 h. After cooling to 293 K, 

the reaction mixture was filtered and washed with acetone several times until the filtrate 

became colorless. The obtained dark-red powder was dried in air and then extracted twice with 

chloroform/L-ascorbic acid aqueous solution. Subsequently, the organic phase was washed 

with water and dried with Na2SO4, and the solvent was evaporated. The resulting dark-red 

powder was recrystallized by the gas–liquid diffusion method with diethyl ether-

CH2Cl2/methanol and dried in vacuo to afford dark-red needle-like crystals. Yield: 78.0 mg 

(0.080 mmol, 38%).  1H NMR (Fig. 3, 400 MHz, CD2Cl2/methanol-d4 with a small amount 

of L-ascorbic acid):  = 8.38 (d, J = 7.8 Hz, 2H), 8.17 (dd, J = 0.9, 7.8 Hz 2H), 8.09 (d, J = 7.8 

Hz, 4H), 8.01 (dd, J = 1.4, 5.5 Hz, 4H), 7.87 (t, J = 7.8 Hz, 2H), 7.52 (d, 4H, J = 8.2 Hz), 7.49 

(4H, dd, J = 1.4, 5.5 Hz), 7.41 (4H, td, J = 1.4, 7.8 Hz), 7.32 (4H, td, J = 0.9, 7.8 Hz). MALDI-

TOF MS (positive mode, CH2Cl2/methanol) m/z+ = 832.13. (C2+H+) calcd. 832.84. Elemental 

analysis. calcd. for C46.5ClH31N6O4Ru ([C2]·0.5CH2Cl2): C, 63.88; H, 3.57; N, 9.61. Found: 

C, 63.88; H, 3.51; N, 9.61. IR (KBr pellets, cm-1) : 3059, 1634, 1605, 1507, 1477, 1448, 1368, 

1344, 1220, 1183, 831, 777, 748, 722.  Single crystals of C2 were obtained by the gas-liquid 

diffusion method with diethyl ether-CH2Cl2/methanol. The ORTEP figure and crystallographic 

data were attached in Fig. 4 and Table. 1, respectively. 
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Figure 3. The aromatic region of 1H NMR spectra of C2. 

(400 MHz, CD2Cl2/methanol-d4 with a small amount of L-ascorbic acid) 

Figure 4. ORTEP drawings of C22CH2Cl2. Thermal ellipsoids are shown at the 50% 

probability level.  

Color chart: grey: C, yellow green: Cl, white: H, purple: N, red: O, Green: Ru.  
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Table 1. Crystallographic parameters of. C22CH2Cl2. 

Complex C2·2CH
2
Cl

2
  

T / K 150 

Formula C
46

H
30

N
6
O

4
Ru·2CH

2
Cl

2
  

Formula weight 1001.68 

Crystal system monoclinic 

Space group P2
1
/n 

a / Å 8.08230(10) 

b / Å 25.8123(5) 

c / Å 20.3078(3) 

 / deg. 90 

 / deg. 93.8950(10) 

 / deg. 90 

V / Å
3
 4226.88(12) 

Z 4 

D
cal

 / g×cm
-3
 1.574 

Reflections collected 32223 

Unique reflections 8639 

GOF 1.100  

R
int

 0.0570  

R (I > 2.00s(I)) 0.0648 

R
W 

a
 0.1679 

a Rw = [(w(Fo
2 – Fc

2)2)/Σw(Fo
2)2] 1/2. 
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3-3 Results and discussion 

3-3-1 UV-Vis absorption spectra 

The photophysical and electrochemical properties of C1 and C2 were investigated to elucidate 

the effect of cbz functionalization on the molecular catalyst C0. The UV-vis absorption spectra 

in dichloromethane/2, 2, 2-trifluoromethanol (TFE) are shown in Fig. 5a. The cbz-

functionalized complexes C1 and C2 exhibited similar spectra to that of C0, but with new 

sharp absorption peaks at 286 and 334 nm. Similar absorption peaks, at near-identical positions, 

were observed for the cbz-py ligand. Thus, these two absorption bands were assigned to the 

intra-ligand transition (1LC) of the cbz-py ligand. In the wavelength range above 350 nm, two 

contrasting trends were observed: the band at ~370 nm was more strongly observed in C1 and 

C2 than in C0, while the absorbances of two bands at 475 and 531 nm were near-identical to 

those of C0. In the case of C0, the absorption band at 370 nm was assigned as the 1MLCT 

transition to the pyridine ligand, while those at 475 and 531 nm are other 1MLCT transitions 

to the bda ligand.5, 7, 18 The molecular structures of C1 and C2 are near-identical to that of C0, 

except for the cbz group(s), and thus, the same MLCT transitions to py or the bda ligands were 

also observed for these cbz-functionalized complexes. These assignments are validated 

because the absorbances of the lower-energy MLCT transitions to the bda ligands are near-

identical in these three complexes. A higher absorbance of the MLCT transition to the py ligand, 

with a slight red shift in C1 and C2 compared to that in C0, was observed. This was ascribed 

to the -extension of the py ligand by cbz functionalization, which leads to an increase in the 

transition dipole moment. In the mixture containing water, these absorption bands were shifted 

to shorter wavelengths by ~40 nm (Fig. 5b). This solvatochromic behavior is further evidence 

of the CT nature of these absorption bands. These higher energy MLCT absorption bands with 

large  were observed below 425 nm, so that the contribution of these strong absorption should 

be negligible in the photochemical OER with blue-light excitation (~470 nm). 
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Figure 5. UV-vis absorption spectra of the C0 (black), C1 (blue), C2 (red) complexes and 

cbz-py (green) ligand (10 M) in (a)dichloromethane/TFE (v/v = 9/1) and (b) HClO4 aq. (pH 

= 1.0)/TFE/acetonitrile (v/v/v=3/2/1). 
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3-3-2 Electrochemical property 

Differential pulse voltammetry (DPV) was performed to evaluate the effect of the introduced 

cbz group on the redox properties. As shown in Fig. 6, two oxidation peaks attributed to the 

redox couples, RuIII/II and RuIV/III, were observed in both complexes, as reported for C0 (Table 

2). A peak assigned to RuIII/II was observed at 0.8–0.9 V vs NHE, similar to that reported for 

C0 in acetonitrile. This suggests that these complexes mainly exist as a structure in which the 

acetonitrile solvent is coordinated to the Ru center under this solvent condition. 18a, 22 The redox 

potential of RuIII/II was slightly shifted to positive in the order C0 (0.85 V vs NHE) < C1 (0.87 

V) < C2 (0.90 V). These results were attributed to the substituent effect of the cbz group 

introduced in C1 and C2, as reported for the electron-withdrawing-group-functionalized 

[Ru(bda)(py)2] series. 7, 18, 24 This is supported by the fact that C0-Br with more electron-

withdrawing Br groups showed a more positive RuIII/II redox potential (0.92 V) than the others.  

On the other hand, the oxidation peaks of RuIV/III, observed on the more positive side of the 

redox potential, were all similar at 1.13–1.14 V (Table 2). This is consistent with a previous 

report that the substituent effect is negligible in the redox potential of Ru IV/III. 7, 18 In addition 

to the redox couples of the Ru center, C1 and C2 showed marked oxidation peaks in the more 

positive potential region (1.4–1.5 V vs NHE), in which C0 did not present any peaks. Because 

the cbz-py ligand also exhibited a similar oxidation wave (Fig. 7a), the oxidation wave at ~1.4 

V should include the oxidation current of the cbz groups in C1 and C2. Although similar redox 

behavior was observed in the CV of the water-containing mixtures (Fig. 7b), the oxidation 

waves of the cbz group gradually disappeared by repeating the potential sweep of the CV cycles. 

In fact, the large cbz oxidation peak of C2 almost disappeared after only three potential sweep 

cycles (Fig. 8b), while the cbz oxidation current decay of C1 was significantly slower (~50 

cycles) than that of C2 (Fig. 8a). This difference indicates that the number of cbz groups in one 

molecule is a crucial factor in the redox behavior. A similar trend was reported for the electrode 

bearing Ru-bda complexes connected to the cbz moiety by a long alkoxy chain 3b and CV of 

cbz under DMF 25, in which less polycarbazole is generated. Thus, the rapid current decrease 

of the cbz oxidation for C2 in aqueous solvent suggests that an irreversible conversion to an 

oxidized species would be triggered by the cbz oxidation.  
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Figure 6. DPV curves of the complexes C0 (black), C1 (blue), C2 (red) and C0-Br (Brown)  

in pH = 1.0 HClO4 aq./TFE/acetonitrile (v/v/v = 3/2/1) containing 0.1 M NaClO4; scan rate = 

10 mVs-1. Single (*), double (**), and triple asterisks (***) denote a redox couple of Ru III/II, 

RuIV/III, and RuV/IV, respectively. A cascade of RuV/IV and (cbzox/cbz) on C1 and C2 are 

denoted as inverted triangle (▼).  

A redox peak of C0-Br assigned as RuV/IV observed at 1.29 V vs NHE was denoted as black 

triple asterisks. 

 

Table 2. Redox potentials of C0, C1, and C2 estimated by DPV measurement. 

Complex E(RuIII/II) (V vs NHE) E(RuIV/III) (V vs NHE) E(cbzox/cbz)a (V vs NHE) 

C0 0.85 1.14 n.d. 

C1 0.87 1.13 1.41 

C2 0.90 1.13 1.48 

C0-Br b 0.92 1.14 n.d. 

a Irreversible in aqueous mixture. 

b A redox peak assigned as RuV/IV was observed at 1.29 V vs NHE.  
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(a)                                        

(b)  

Figure 7. Cyclic voltammograms of C0, C1, C2, and cbz-py in (a) dichloromethane/TFE(v/v=9/1) 

(200 M, scan rate 100 mVs-1) and (b) HClO4 aq. (pH = 1.0)/TFE/acetonitrile (v/v/v=1/2/1) (200 

M, scan rate 100 mVs-1).  
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Figure 8. Changes of cyclic voltammograms during potential sweep cycles of (a) C1 (1-50th cycles) 

and (b) C2 (1-5th cycles). (200 M, 0.1 M NaClO4 solution of HClO4 aq(pH=1.0)/TFE/acetonitrile 

(v/v/v=1/2/1) mixture). 
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The results of DPV measurement under various pH were shown in Fig. 9 and pourbaix 

diagrams of C1 and C2 were in Fig. 10. In addition to the redox waves of RuIII/II, RuIV/III and 

RuV/IV, non-pH dependent peaks or cascades attributed as cbz oxidation were observed at > 

1.4 V. At pH=8, both complexes showed low-potential RuV/IV redox process (~ 1.0 V) and 

these results clearly show that they are enough available for photochemical OER similar as 

C0 (Fig. 11). Redox processes on the Ru center resemble the reported Ru-bda results in 

acetonitrile-contained mixtures, and it is indicated that C1 and C2 exist as acetinotrile-

coordinated and one-carboxylate dissociated species in acidic media.18b, 22 In the 

neutral~basic condition, 1 or 3nH+/2ne- PCET processes assigned as the redox by Ru -oxo 

dimer, often reported that generated on the electrode when the electrochemical oxidation of 

Ru-bda series26.  

Figure 9. DPV curves of the (a) C1 and (b) C2 in the various pH. 

Condition : Britton-Robinson buffer (40 mM, pH = 1-8)/TFE/acetonitrile (v/v/v = 3/2/1) 

containing 0.1 M NaClO4; scan rate = 10 mVs-1. On C2, DPV in > 1. 3 V couldn’t be 

measured well due to circumstances about the current range caused by large catalytic current.  
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Figure 10. Pourbaix diagram of (a) C1 and (b) C2 plotted from the results of DPV  

measurements. (Fig. 10)   
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Figure 11. DPV curves of the complexes C0 (black line), C1 (blue) and C2 (red) in buffer aq. 

(borate buffer on C0, Britton-Robinson buffer on the others, 40 mM, pH = 8.0) 

/TFE/acetonitrile (v/v/v = 3/2/1) containing 0.1 M NaClO4; scan rate = 10 mVs-1. 
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3-3-3 Theoretical calculation 

In [Ru(bda)(py)2]-type molecular catalysts, the electron-withdrawing functional group 

attached on the py ligand plays an important role on both the physical properties and catalytic 

activities. 7, 18, 24 Our electrochemical measurements for C1 and C2 revealed that the shifts of 

the RuIII/II redox couple of these cbz-functionalized complexes were more positive than that of 

C0, suggesting the electron-withdrawing nature of the cbz moiety. 27 To gain further insight 

into the effect of the cbz group, density functional theory (DFT) calculations were carried out 

using Gaussian 09 W. Fig. 12 shows the schematic molecular orbital (MO) energy diagrams 

for C0, C1, and C2, and the energy of each MO is listed in Table 3. In all three complexes, the 

highest occupied molecular orbital (HOMO) is localized in the t2g orbital of the central Ru(II) 

ion (Fig. 13-15), and the orbital energy is stabilized in the order C0 (-4.8747 eV) > C1 (-4.9008 

eV) > C2 (-4.9247 eV), depending on the number of cbz moieties. Generally, a stronger π-

accepting ligand generates a larger ligand field splitting of the central metal ion, resulting in 

more stabilized t2g orbitals in the octahedral coordination geometry. These stabilized HOMO 

of C1 and C2 than C0 indicate the electron-withdrawing nature of the cbz moiety. This well 

agrees with the positive shift of the RuIII/II redox couple, as estimated from the DPV 

measurements (Fig. 6). Similar stabiliation was also observed for the lowest unoccupied 

molecular orbital (LUMO) and LUMO+3, wherein the energies of these unoccupied orbitals 

also decreased with increasing number of cbz groups. The LUMO was stabilized because it 

comprises both the * orbital of the bda ligand and d orbital of the Ru(II) center (Table 3). 

Because LUMO+3 is localized on the * orbitals of the py ligand, the stabilized LUMO+3 for 

C1 and C2 over that of C0 should originate from the electron-withdrawing nature of the cbz 

group. In addition, as previously discussed in § 3-3-2, the effect of the cbz moiety on the 

[Ru(bda)(py)2] molecule is similar to that of the Br-functionalized complex (C0-Br). Thus, the 

cbz group attached to the py ligand should act as an electron-withdrawing substituent, as 

suggested by the electrochemical measurements in § 3-3-2. 
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Figure 12. Schematic molecular orbital diagrams of CX in the ground state. 
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Table 3. MO energies of each complex estimated by DFT calculation. 

 C0 (eV) C1 (eV) C2 (eV) 

LUMO+6   -0.9293 

LUMO+5 -0.7301 -0.9178 -0.9301 

LUMO+4 -1.2849 -1.3331 -1.4504 

LUMO+3 -1.3396 -1.4468 -1.4803 

LUMO+2 -1.5543 -1.5856 -1.6172 

LUMO+1 -1.8071 -1.8381 -1.8653 

LUMO -2.3301 -2.3535 -2.3742 

HOMO -4.8747 -4.9008 -4.9247 

HOMO-1 -5.2055 -5.2211 -5.2311 

HOMO-2 -5.4483 -5.4426 -5.4347 

HOMO-3 -6.1620 -5.8314 -5.8249 

HOMO-4 -6.2350 -6.0760 -5.8630 

HOMO-5 -6.6034 -6.1933 -6.0875 

HOMO-6 -6.7389  -6.0875 

Figure 13. Selected molecular orbitals for the ground state of C0. (Isovalue = 0.02) The green and 

red color represent different phases. 
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Figure 14. Selected molecular orbitals for the ground state of C1. (Isovalue = 0.02) The green and 

red color represent different phases. 

Figure 15. Selected molecular orbitals for the ground state of C2. (Isovalue = 0.02) The green and 

red color represent different phases.   
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Time-dependent density functional theory (TD-DFT) calculation was conducted to gain deeper 

insight into the photophysical property of C1 and C2. The results are summarized in Tables 4-

6. The simulated absorption spectra of all three complexes were well agreed to the experimental 

absorption spectra (Fig. 16). The two lowest-energy absorption bands at around 470 and 510 

nm with comparable oscillator strength (f = 0.03-0.04) are basically assigned to the MLCT 

transition from the Ru 4d to * orbital of bda ligand with slight contribution of the  orbital of 

py ligand. Two remarkably intense bands (f > 0.1) were appeared in both the simulated spectra 

of C1 and C2 at ~400 nm as the CT transition from the Ru-bda unit to the cbz-py ligand. The 

orbital of cbz moiety was involved in these transitions (e.g. LUMO+3 of C1 and C2), 

suggesting that the intense nature should originate from the electron withdrawing nature of cbz 

moiety, leading to the larger dipole moment of CT transition from Ru-bda to py ligand. On the 

other hand, the ligand-to-ligand charge transfer (1LLCT) absorption from the  orbital of cbz-

py to the bda * orbital was hardly found in the visible region ( > 400 nm) of simulated 

spectra. 

 

 

Figure 16. Comparison with (top) experimental spectra in dichloromethane/methanol (v/v=9/1) and 

(bottom) simulated absorption spectra by TD-DFT calculations of C0 (black), C1 (blue) and C2 

(red). The values of calculated oscillator strength are plotted as bar charts. 
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Table 4. Wavelength, oscillator strength (f), and contributions of major transitions (f > 0.01) of C0. 

  (nm) f Major contributions (%) Assignment 

1 507.05 0.0316  
HOMO-2 ->LUMO 77  

MLCT : Ru(d) -> bda(*) 
HOMO-1 ->LUMO+2 15  

2 460.21 0.0338  HOMO-1 ->LUMO+1 93  MLCT : Ru(d) -> bda(*) 

3 405.18 0.0547  

HOMO-2 ->LUMO+1 7  

MLCT : Ru(d) -> bda(*) +py(*) 
 

HOMO-1 ->LUMO+2 55  

HOMO-1 ->LUMO+4 30  

4 403.22 0.0476  

HOMO-2 ->LUMO+2 14  

MLCT : Ru(d) -> py(*) 
HOMO-2 ->LUMO+4 11  

HOMO-1 ->LUMO+3 60  

HOMO ->LUMO+9 11  

5 396.85 0.0300  

HOMO-2 ->LUMO+2 47  

MLCT : Ru(d) -> bda(*) HOMO-1 ->LUMO+3 27  

HOMO ->LUMO+9 20  

6 390.99 0.0262  

HOMO-2 ->LUMO 7  

MLCT : Ru(d) -> py(*) 

HOMO-2 ->LUMO+1 6  

HOMO-2 ->LUMO+3 48  

HOMO-1 ->LUMO+2 10  

HOMO-1 ->LUMO+4 20  

HOMO ->LUMO+8 6  

7 388.7 0.0335  
HOMO-2 ->LUMO+2 29  

MC : Ru(d) -> Ru(d) 
HOMO ->LUMO+9 60  

8 367.63 0.0802  

HOMO-2 ->LUMO+4 71  

MLCT : Ru(d) -> py(*) HOMO-1 ->LUMO+3 8  

HOMO ->LUMO+6 18  

9 359.95 0.0694  
HOMO-2 ->LUMO+4 14  

MLCT : Ru(d) -> py(*) 
HOMO ->LUMO+6 78  

10 330.48 0.0349  
HOMO-6 ->LUMO 85  

LC : bda() -> bda(*) 
HOMO-1 ->LUMO+6 8  
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Table 5. Wavelength, oscillator strength (f), and contributions of major transitions (f > 0.01) of C1. 

  (nm) f Major contributions a (%) Assignment 

1 510.05 0.0390  
HOMO-2 ->LUMO 76  

MLCT : Ru(d) -> bda(*) 
HOMO-1 ->LUMO+2 12  

2 461.48 0.0371  HOMO-1 ->LUMO+1 93  MLCT : Ru(d) -> bda(*)  

3 414.35 0.1253  
HOMO-1 ->LUMO+2 45  MLCT :  

Ru(d) -> bda(*)+cbz-py(*) HOMO-1 ->LUMO+3 38  

4 405.51 0.0342  

HOMO-3 ->LUMO 10  

MLCT : Ru(d) -> cbz-py(*) 

HOMO-2 ->LUMO+3 10  

HOMO-1 ->LUMO+2 17  

HOMO-1 ->LUMO+3 21  

HOMO-1 ->LUMO+4 23  

5 402.61 0.0252  

HOMO-3 ->LUMO 48  

LLCT : cbz-py() -> bda(*) HOMO-2 ->LUMO+2 10  

HOMO-1 ->LUMO+4 21  

6 399.34 0.0257  

HOMO-3 ->LUMO 9  

MLCT :  

Ru(d)+ bda() -> bda(*) 

HOMO-2 ->LUMO+2 45  

HOMO-1 ->LUMO+3 8  

HOMO-1 ->LUMO+4 7  

HOMO ->LUMO+11 23  

7 394.44 0.0453  

HOMO-3 ->LUMO 26  

MLCT : Ru(d) -> cbz-py(*) 
HOMO-2 ->LUMO+3 33  

HOMO-1 ->LUMO+2 6  

HOMO-1 ->LUMO+4 16  

8 390.55 0.0323  
HOMO-2 ->LUMO+2 27  

MC : Ru(d) -> Ru(d) 
HOMO ->LUMO+11 59  

9 376.75 0.0559 

HOMO-2 ->LUMO+3 15  

MLCT : Ru(d) -> cbz-py(*) HOMO-2 ->LUMO+4 16  

HOMO ->LUMO+6 58  

10 372.95 0.1714 

HOMO-2 ->LUMO+4 44  
MLCT :  

Ru(d) -> py(*)+cbz-py(*) 
HOMO-1 ->LUMO+3 6  

HOMO ->LUMO+6 36  

11 363.07 0.0363  HOMO ->LUMO+7 90  MLCT : Ru(d) -> py(*) 

12 344.82 0.0275  
HOMO-7 ->LUMO 8  

LLCT : cbz-py() -> bda(*) 
HOMO-3 ->LUMO+1 77  

aMinor contributions (< 5%) are omitted. 
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Table 6. Wavelength, oscillator strength (f), and contributions of major transitions (f > 0.01) of C2. 

  (nm) f Major contributions a (%) Assignment 

1 512.77 0.0385  

HOMO-2 ->LUMO 72  

MLCT : Ru(d) -> bda(*) 
HOMO-1 ->LUMO+2 10  

HOMO-1 ->LUMO+4 7  

HOMO ->LUMO+2 6  

2 475.38 0.0189  HOMO ->LUMO+3 94  MLCT : Ru(d) -> cbz-py(*) 

3 463.32 0.0441  HOMO-1 ->LUMO+1 93  MLCT : Ru(d) -> cbz-py(*) 

4 416.39 0.0664  

HOMO-2 ->LUMO+1 6  

MLCT : Ru(d) -> bda(*) HOMO-1 ->LUMO+2 68  

HOMO-1 ->LUMO+4 19  

5 414.49 0.1811  
HOMO-2 ->LUMO+4 8  

MLCT : Ru(d) -> cbz-py(*) 
HOMO-1 ->LUMO+3 81  

6 405.54 0.0130  

HOMO-4 ->LUMO 34  
LLCT : cbz-py() -> bda(*) 

mixed with 

MLCT : Ru(d) -> cbz-py(*) 

HOMO-2 ->LUMO 10  

HOMO-2 ->LUMO+3 20  

HOMO-1 ->LUMO+4 22  

7 403.66 0.0125  HOMO-3 ->LUMO 92  LLCT : cbz-py() -> bda(*) 

8 401.23 0.0229  

HOMO-2 ->LUMO+2 60  

MLCT : Ru(d) -> bda(*) HOMO-1 ->LUMO+3 6  

HOMO ->LUMO+13 20  

9 395.52 0.0236  
HOMO-4 ->LUMO 57  

LLCT : cbz-py() -> bda(*) 
HOMO-2 ->LUMO+3 28  

10 390.88 0.0332  
HOMO-2 ->LUMO+2 19  

MC : Ru(d) -> Ru(d) 
HOMO ->LUMO+13 65  

11 383.99 0.3667  

HOMO-2 ->LUMO+2 6  

MLCT : Ru(d) -> cbz-py(*) HOMO-2 ->LUMO+4 82  

HOMO-1 ->LUMO+3 6  

12 371.75 0.0802  HOMO ->LUMO+8 96  MLCT : Ru(d) -> cbz-py(*) 

13 347.08 0.0560  HOMO-3 ->LUMO+1 90  LLCT : cbz-py() -> bda(*) 

aMinor contributions (< 5%) are omitted. 
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3-3-4 Chemical water oxidation 

OER with the CeIV sacrificial oxidant (NH4)2[Ce(NO3)6] (CAN) was carried out to evaluate 

the effect of cbz functionalization on the catalytic activity. Fig. 17 shows the results of the OER 

in the presence of 100 M CX WOC catalyst (X = 0, 1, 2) and 120 mM CAN at room 

temperature. The estimated turn-over frequency for the initial 30 s of reaction (TOFi) and 

maximum TOF (TOFmax) are listed in Table 2. All three complexes catalytically evolved O2, 

whereas no O2 evolved in the absence of a WOC. The amounts after 2 min of reaction almost 

reached a value (150 mol) corresponding to the complete consumption of CAN when the 

following reaction occurred: 

2H2O + 4Ce4+ → O2 + 4Ce3+ + 4H+ (1) 

The OER activity (TOFi and TOFmax) of C2 was higher than those of C1 and C0. This occurs 

because the electron-withdrawing cbz moieties in C2 enhance the catalytic activity by 

destabilizing the [RuV=O]+ species, thereby leading to the formation of radical couplings 

(RuIV–O–O–RuIV species) as reported in the literature. 5c On the other hand, the OER activity 

of C1 started to decrease after ~45 s, suggesting the presence of deactivation processes. 

 

Figure 17. Chemical OER plots of the complexes C0 (black), C1 (blue), and C2 (red) in pH 

= 1.0 HClO4 aq./TFE/acetonitrile (v/v/v = 3/2/1), [CAN] = 120 mM, and [Cat.] = 100 M. 

Gray line shows the result in the absence of a WOC. 
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To obtain more detailed information on the reaction mechanism, the catalyst concentration 

([Cat.]) dependence of the OER was next investigated (Fig. 18a-c, Table 7). The OER rate (mM 

s-1) of all the three complexes decreased with decreasing [Cat.]. Moreover, the linear 

proportional correlation between the OER rate and square of the catalyst concentration ([Cat.]2) 

(Fig. 19), suggests that the OER proceeds as a second-order reaction. These results are in good 

agreement with the proposed reaction mechanism for the Ru-bda catalyst via the RuIV–O–O–

RuIV species 5, 7, 18, 24 and previous reports on related kinetic analysis. 18a, 23 The O2 evolved for 

C0 and C1 under [Cat.] = 25 M conditions approximated 70 mol after 25 min of reaction. 

On the other hand, C2 evolved ~140 mol O2 after 12 min reaction, because of the almost 

complete consumption of CAN as the one-electron oxidant. These results indicate the superior 

performance of C2 even at low CAN concentrations. Notably, remarkable changes in the OER 

rate before the complete consumption of CAN were observed for C1 and C2 under low [Cat.] 

conditions. In particular, at 25 M for C2 and below 50 M for C1, the OER rate decreased 

once within the initial 3 min reaction and then increased again (Fig. 18b and 18c for C1 and 

C2, respectively). This unique behavior was not observed for C0, indicating that the oxidation 

reaction of the cbz moieties in C1 and C2 are key to this unique behavior.  

Figure 18. Catalyst concentration dependence of the chemical OERs of (a) C0, (b) C1, and 

(c) C2. [CAN] = 120 mM, [Cat.] = 10 M (light blue), 25 M (purple), 50 M (brown), and 

100 M (orange) in pH = 1.0 HClO4 aq./TFE/acetonitrile (v/v/v = 3/2/1). 



75 

 

 

Figure 19. [Cat.] dependence of OER rate (= Evolved O2 amount / Time) (Estimated from TOFmax). 

Table 7. O2 evolution catalytic activity of each WOC.a 

Catalyst [Cat.] (M) [CAN] (mM) TOFi (s
-1)b TOFmax(s

-1)c 

C0 

100 120 0.84 5.6 

50 120 0.51 3.2 

25 120 0.46 1.3 

10 120 0.26 1.0 

50 90 0.28 3.7 

50 60 0.25 3.9 

C1 

100 120 1.7 4.2 

50 120 1.1 1.9 

25 120 1.0 1.0 

10 120 0.43 1.3 

50 90 3.0 7.3 

50 60 4.0 10 

C2 

100 120 6.0 11 

50 120 5.1 7.5 

25 120 5.5 7.5 

10 120 4.3 7.6 

50 90 4.0 8.4 

50 60 4.2 7.1 

a pH = 1.0 HClO4 aq./TFE/acetonitrile (v/v/v = 3/2/1).  

b Estimated from the values obtained for the initial 30 s after mixing. 

c Estimated from the values obtained for the 9 s which TOF value is highest.   
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To examine the effect of cbz oxidation, OER of C0 in the presence of two equivalents of 

unsubstituted carbazole was investigated (cbz-H, Fig. 20). Only a small amount of oxygen 

( ~5.5 mol) was produced in the initial 2 min of reaction, after which the OER was paused 

for 5 min. Subsequently, the OER restarted to generate O2 (~130 mol). The oxidation potential 

of cbz (1.4–1.5 V) in the above-mentioned electrochemical measurements was estimated to be 

more negative than that of the CeIV/III redox potential of CAN (1.70 V vs NHE). 28 This suggests 

that both the Ru centre and the cbz-py ligand can be oxidized by the excess amount of CAN, 

and thus, that the cbz-oxidized species can be involved in the catalytic OER.  

Figure 20. The chemical OER plots of C0 in the presence of 2 eq. of cbz-H with        

[Cat.] = 100 M and [CAN] = 120 mM. 

Because the oxidation of the cbz moieties in C1 and C2 is expected to occur more easily in the 

presence of a large excess of CAN, the CAN concentration dependence was next investigated 

with [Cat.] = 50 M (Fig. 21). No significant change in the TOFmax of C0 was observed by 

decreasing [CAN]; however, the value for C1 increased at least threefold when [CAN] was 

decreased from 120 mM to 90 or 60 mM (Table 7). Notably, this unique behavior, in which the 

OER rate changed before the complete consumption of CAN, was hardly observed at lower 

[CAN]. For C2, a decrease in the OER rate was observed after approximately 1 min when 

[CAN] equaled 120 mM but not with lower concentrations. This infers that the large excess of 

CAN oxidizes the cbz group(s) of C1 and C2, leading to a change in the OER mechanism.   
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Figure 21. Chemical OER plots of (a) C0 (b) C1 (c) C2(50 M) under [CAN] = 60-120 mM. [CAN] 

= 120 mM (bold lines), 90 mM (dashed lines) and 60 mM (dotted lines). Purple dashed lines in each 

panel show the calculated O2 amounts based on the amount of one-electron oxidant CAN. 
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Scheme 2 shows the possible OER mechanism of the cbz-modified catalysts, C1 and C2. The 

key step for the OER of C0 is the radical coupling reaction of two RuV=O species to form the 

RuIV–O–O–RuIV species. For C1 and C2, comprising cbz moieties, in the presence of a large 

excess of CAN, the oxidation of the cbz group(s) competes with the formation of the Ru IV-O-

O-RuIV species through radical coupling and the subsequent reaction to produce oxygen.  

 

Scheme 2. OER mechanism of C1 and C2 involving the oxidation of the cbz moiety. 
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Although the characterization of cbz-oxidized species was not succeeded, the formation of 

nitrocarbazole derivatives resulted from an oxidative nitration by CAN has been reported. 29 

In order to obtain more detail information about these oxidized species, mass spectroscopy 

measurements for the extracts of the OER-ceased reaction mixture with C1 (50 M) or C2 (25 

M) by CH2Cl2 were carried out (Fig. 22). On the MS spectra of them, the peak with Ru 

isotopic pattern was observed at m/z+ = 541.97 (C1) or 789.29 (C2). A dissociation of py 

ligands is reported to be main decomposition/deactivation pathway for Ru-bda series.5c 

Addtionally, considering the values of octanol-water partition coefficient, logPOW of the 

solvents for the reaction (Acetonitrile : -0.34 30, TFE : 0.36 31), TFE should be mainly 

distributed to organic layer on the extraction. Since these knowledge, decomposed C1 and C2 

can exist as [Ru(bda)(H2O)(TFE)(py-ligand)] species in the extract, assuming that Ru-bda 

backbone exists as [Ru(bda)(H2O)]+, similar as in acidic mixture. From these consideration, 

[Ru(bda)(H2O)(TFE)(py)]+H+ (m/z+ = 541.27) is the plausible species on C1. (Fig. 22a) On 

the other hand, the small peak was also observed at m/z+ = 307.13. Considering the m/z+ of the 

nitrated cbz-py + O + H+ (=307.30), this peak can be assigned as dissociated 4-(nitrocarbazolyl-

hydroxide or N-oxide) pyridine. (Fig. 22a, inset) Assuming carbazole moieties were converted 

to such oxidized species (cbz(ox)-py), the strongest peak observed for the extract from the C2 

reaction solution could be assigned to [Ru(bda)(H2O)(TFE)(cbz(ox)-py)]+Na+ (m/z+ = 790.60, 

Fig. 22b). If such the irreversible oxidation processes of the cbz moiety occurs, the radical 

coupling of [RuV=O]+ complexes to form RuIV–O–O–RuIV species can be suppressed by steric 

hindrance and/or electrostatic repulsion between the cbz-oxidized complexes cbz(ox)–

[RuV=O]+, resulting in a slower OER. Although the OER activity of the cbz-oxidized species 

was lower than that of the species without cbz oxidation, these results suggest that the cbz-

functionalization of the C0 molecular catalyst is a promising approach for the integration of 

the hole-mediator function near the WOC center.  
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Figure 22. MALDI-MS spectra of the extract from the reaction mixture after chemical OER 

of (a) C1 (CH2Cl2. soln.) and (b) C2 (sodium trifluoroacetate/CH2Cl2/MeOH soln.). 

Reaction mixture [C2] = 25 M, [C1] = 50 M, [CAN] = 120 mM, 

in pH = 1.0 HClO4 aq./TFE/acetonitrile (v/v/v = 3/2/1) stirred for 30 min was extracted by CH2Cl2 

and solvent was removed. Matrix : CHCA, reflection-positive mode. 

The spectrum without the extract was shown as black solid line. The insets are the magnification of 

the peaks assignable to a Ru-derived species and cbz (ox)-py.   
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3-3-5 Photochemical water oxidation 

Photochemical OER was conducted in the presence of [Ru(bpy)3]2+ (bpy = 2, 2'-bipyridine) as 

the PS and Na2S2O8 as the sacrificial oxidant. The estimated TOFmax and turnover number 

(TON) for 60 min of reaction are listed in Table 8. As shown in Fig. 23, the photochemical 

OER activities of C1 and C2 in the initial 10 min of reaction were higher than that of C0.  

Fig. 23. Photochemical OER plots of the complexes C0 (black), C1 (blue), and C2 (red) in borate 

buffer (10 mM, pH = 8.0) aq./TFE /acetonitrile (v/v/v = 3/2/1). [Cat.] = 10 M,  

[Ru(bpy)3]2+ = 200 M, [Na2S2O8] = 5 mM,  = 470 nm, 30 mWcm-2. 

Table 8. Photocatalytic O2 evolution activity of each WOC. a 

Catalyst TOFmax(min-1) b TON c 

C0 1.5 49 

C1 2.7 79 

C2 2.7 40 

a Borate buffer (10 mM, pH8.0) aq./TFE/acetonitrile (v/v/v = 3/2/1) [Cat.] = 10 M, 

[Ru(bpy)3]2+ = 200 M, [Na2S2O8] = 5 mM,  = 470 ± 10 nm, 30 mWcm-2. 

b Estimated from the values at 15–20 min (C0) and 3–8 min (others) after light irradiation.  

c Estimated from the values at 60 min after light irradiation. 
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Since no O2 evolution was detected in the absence of [Ru(bpy)3]2+ PS (Fig. 24), these 

photochemical OER reactions weren’t driven only by catalyst itself, such as a cbz-

photoexicited process.  

Figure 24. Photochemical OER plots of C2 (10 M) without [Ru(bpy)3]2+ in borate buffer (10 mM, 

pH = 8.0) aq./TFE /acetonitrile (v/v/v = 3/2/1). [Cat.] = 10 M, [Na2S2O8] = 5 mM,  

 = 470 nm, 30 mWcm-2. 

The TOFmax values of C1 and C2 were also 1.8 times higher than that of C0. These better 

catalytic activities are ascribed to the contribution of the electron-withdrawing cbz moiety, as 

discussed in § 3-3-2. The photochemical OER rate of C2 decreased after 10 min of irradiation, 

and the TON after 1 h of irradiation was less than that of C0. However, such a decrease in 

photochemical OER activity was not observed for C1, wherein the TON was approximately 

1.6 times higher than that of C0. Next the photochemical OER of C0 in the presence of two 

equivalents of cbz-H were examined in order to determine the contribution of the cbz moiety 

(Fig. 25). In contrast to the chemical OER (Fig. 6a), the addition of cbz-H hardly affected the 

photochemical OER of C0, suggesting that the oxidation of cbz does not significantly affect 

the photo-oxygenation reaction. Considering the redox potentials of [Ru(bpy)3]-type PSs 

(ground state RuIII/II, ~1.27 V and 3MLCT excited RuII*/I, ~0.96 V), 32 the Ru centers of C1 and 

C2 can be oxidized by these PS species, while the cbz moiety cannot be oxidized. However, in 

the photolysis using a [Ru(bpy)3]2+ PS and Na2S2O8 sacrificial oxidant, the sulfate radical, 

generated by the one-electron reduction of the persulfate anion was reported to be a sufficiently 

strong oxidant (>2.4 V vs NHE 33) to decompose the [Ru(bpy)3]2+ oxidatively. 34 The UV-vis 

absorption spectra after 1 h of photochemical OER were obtained to evaluate the stability of 

the [Ru(bpy)3]2+ photosensitizer (Fig. 26).  
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Figure 25. Photochemical OER plots of C0 (10 M) with cbz-H (20 M) adduct. 

Figure 26. UV-Vis absorption spectra of reaction mixture after 1 h photolysis (solid line, red : C2, 

blue : C1, black : C0 and no catalyst : gray. Diluted 10th fold.)and 20 M[Ru(bpy)3]2+ soln. (gray, 

dashed line, pH=8.0, bubbled for 30 min and stated in the dark for 1 h). 

The 1MLCT absorption band at ~450 nm decreased to almost half in the absence of a catalyst 

after 1 h of reaction, while the decrease in 1MLCT absorption was effectively suppressed in 

the order C0 < C1 < C2. Notably, in the reaction with C2, hardly any changes were observed 

in both the absorbance and width of the 1MLCT band after 1 h of photochemical OER, 

indicating the negligible decomposition of [Ru(bpy)3]2+ PS. In addition, the absorption peak at 

316 nm was assigned to the oxidative decomposed species of the Ru photosensitizer. 34a Thus, 
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the decreasing photochemical OER activity of C2 within 10 min of reaction should not be due 

to the decomposition of the [Ru(bpy)3]2+ PS. Considering that the cbz oxidation wave of C2 in 

the CV measurement decreased more rapidly by only a few potential sweeps than that of  C1 

(Fig. 7), the decreasing photochemical OER activity of C2 can be associated with the oxidative 

decomposition of the cbz moiety by sulfate radicals to form a less active species. This is also 

supported by the photochemical OER reaction in the presence of one-electron sacrificial 

oxidant [CoIIICl(NH3)5]2+ 35; the decrease of photochemical OER rate of C2 within 10 min 

irradiation was hardly observed and the evolved O2 amount of C2 after 60 min irradiation was 

comparable to that of C1 (Fig. 27). The TON values of C1 and C2 (9.1) are also higher than 

that of C0 (6.2) under this condition. 

Figure 27. Photochemical OER plots of complexes C0 (black), C1 (blue) and C2 (red) with CoIII 

oxidant in acetate buffer (40 mM, pH=5.0) aq. / TFE / acetonitrile (v/v/v = 3/2/1). [Cat.] = 10 M, 

[Ru(bpy)3]2+ = 200 M, [CoCl(NH3)5]2+ = 4 mM,  = 470 nm, 30 mWcm-2.  
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Finally, [Cat.] dependency of photochemical OER activity has been checked to investigate the 

reaction mechanism (Figure 28). As Figure 28d, linear correlation was observed between 

[Cat.]2 and OER rate for all the three cases. This result indicates that photochemical OER 

process is also a 2nd-order reaction similar as chemical OER (Fig.28d). In other words, 

mononuclear species dominantly drive the catalysis, not by -oxo dimer 26 or trimer species,36 

that catalyzes in the 1st-order reaction.    

Figure 28. Photochemical OER plots of (a) C0, (b) C1 and (c) C2 under [Cat] = 2.5-10 M, 

in borate buffer (10 mM, pH=8.0) aq. / TFE / acetonitrile (v/v/v = 3/2/1), [Ru(bpy)3]2+ = 200 

M, [Na2S2O8] = 5 mM,  = 470 nm, 30 mWcm-2. (d) Photochemical OER dependency on 

[Cat.] of C0 (black), C1 (blue) and C2 (red). 
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Scheme 3 shows the plausible OER mechanism of each catalyst. Four-electron oxidation of Ru 

center of the catalyst follows oxidation of Ru PS by sacrificial oxidant. The key step of OER 

is the radical coupling reaction of two RuV=O species similar as chemical OER on all the 

catalysts. On C2, oxidative decomposition would be also induced by sulfate radical produced 

by a reduction of persulfate oxidant. 

 

Scheme 3. Photochemical OER mechanism. 
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2-4 Conclusion 

It was synthesized that the [Ru(bda)(py)2]-type OER molecular catalysts C1 and C2, with one 

and two carbazole (cbz) group(s), respectively, as precursors of hole-mediators and 

investigated the effect of cbz functionalization on the photophysical and OER activity as 

compared to that of the unsubstituted C0. Theoretical calculations, spectroscopic and 

electrochemical measurements revealed the cbz moiety functions as electron-withdrawing 

groups that improve the OER activity in both chemical OER in the presence of CAN and 

photochemical OERs comprising a [Ru(bpy)3]2+ photosensitizer and Na2S2O8. Even at a low 

catalyst concentration (25 M), C2 completely consumed CAN to generate O2. In the chemical 

OER with a large excess of CAN, both C1 and C2 exhibited unique behavior, in which the 

OER activity changed during the reaction. This indicated competition between the oxidation 

of the cbz moiety and OER at the Ru center. In the photochemical OER, both C1 and C2 

exhibited high initial OER activities. A rapid deactivation behavior was observed for C2, while 

C1 showed higher OER activity and durability comparable to that of the unsubstituted C0. 

This suggested that the number of cbz groups in the catalyst molecule is key to this behavior.  
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P. Bojarová, J. Karban, Chem- Eur. J., 2021, 27, , 13040. 

32 C. R. Bock, J. A. Connor, A. R. Gutierrez, T. J. Meyer, D. G. Whitten, B. P. Sullivan and J. 

K. Nagle, J. Am. Chem. Soc., 1979, 101, 4815. 

33 D. M. Stanbury, Adv. Inorg. Chem., 1989, 33, 69. 

34 (a) U. S. Akhtar, E. L. Tae, Y. S. Chun, I. C. Hwang and K. B. Yoon, ACS Catal., 2016, 6, 

8361. (b) B. Limburg, E. Bouwman and S. Bonnet, ACS Catal., 2016, 6, 5273. 

35 N. Curtis, G. Lawrance, A. Sargeson, Aust. J. Chem. 1983, 36, 1327. 



90 

 

36 Y. Tsubonouchi, S. Lin, A. R. Parent, G. W. Brudvig, K. Sakai, Chem. Commun., 2016, 52, 

8018.   

 

 

  



91 

 

 

 

 

 

 

Chapter 4 

Photochemical Oxygen Evolution 

Reaction with Pyridyl-Anchor Modified  

Ru(II) Photosensitizers and  

Sensitizer-Loaded Nanoparticles 
  



92 

 

4-1. Introduction 

As mentioned in Chapter 1, several recent progresses toward supramolecular photocatalysts for water 

oxidation suggest that photocatalytic OER activity is improved by the coordination-bond assembly of 

a molecular PS and a WOC.1 However, to achieve high charge-separation efficiency, it remains unclear 

whether direct-bonding interactions between the PS and WOC are necessary or not. Therefore, in order 

to investigate the effect of direct coordination bonding between the PS and the WOC, two Ru(II)-

polypyridine complexes, [Ru(bpy)2(qpy)]2+ and [Ru(qpy)3]2+ (RuPy2 and RuPy6;  Scheme 1a, qpy = 

2,2'-4,4''-4',4'''-quaterpyridine), were selected as the PS for water oxidation in this work. 

Scheme 1. The molecular structures of (a) the Ru(II) photosensitizers and (b) CoFe-PBA WOC used 

in this study. 

 

Although RuPy6 has been reported by Hanan et al. to be a highly efficient PS for H2 production, 2, 3 

to the best of author’s knowledge, there is no report on the photocatalytic water-oxidation reaction 

driven by these pyridyl-functionalized [Ru(bpy)3]2+ analogues. In addition, highly positive Ru(III/II) 

redox potential was known because of the electron-withdrawing ability of pyridyl groups, 2-4 which is 

expected to be advantageous for water oxidation reaction.  
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Furthermore, the effect of RuPyn (n= 2, 6, Scheme 2.) immobilization on the surfaces of TiO2 

nanoparticles on the photocatalytic O2-evolution reaction was also interesting because several pyridyl-

anchor-modified dyes have been reported 3, 5. Sakai and Ozawa firstly demonstrated that that a 

[Ru(bpy)3]2+-type photosensitizer can be more stably immobilized on the surface of TiO2 using the 

pyridyl anchoring group (Scheme 2) compared to the widely used carboxylate or phosphonate-

anchoring group, because of its Lewis acid-base bonding manner avoids hydrolysis. 3a  

Scheme 2. Modification on TiO2 surface by a pyridyl anchor. 

 

The K2xCo(3−x)[Fe(CN)6]2·nH2O Prussian-blue analogue (hereafter CoFe-PBA, Scheme 1b) 6 was 

selected as the WOC, because the labile Co(II) sites on the surface of CoFe-PBA are expected to easily 

form coordination bonds with the pyridyl anchors of RuPyn. In this chapter, it was demonstrated that 

the pyridyl groups of the RuPyn photosensitizers suppress reactivity with the Na2S2O8 sacrificial 

electron acceptor, and that such a detrimental effect is overcome by the immobilization of RuPy2 on 

the surface of TiO2 nanoparticles.  

                                

  



94 

 

4-2 Materials and Methods 

4-2-1 Synthesis and Materials 

2,2'-4,4''-4',4'''-Quaterpyridine (qpy) 7, [Ru(bpy)2(qpy)](PF6)2 (RuPy2) 2a, [Ru(bpy)2(qpy)](PF6)2 

(RuPy6) 2b, and [Ru(bpy)3](SO4) 8 were synthesized as previously reported. TiO2 nanoparticles 

(SSP-M, ~ = 15 nm) were purchased from the Sakai Chemical Industry Co. Ltd. The CoFe-PBA 

water-oxidation catalyst, was synthesized by a previously reported method 6a.  

4-2-2 Preparation of RuPyn-immobilized TiO2 nanoparticles (RuPyn@TiO2) 

The TiO2-nanoparticle powder (120.4 mg) was dispersed in a solution of RuPyn (1.25 mM, 24 mL) 

in acetonitrile/toluene (2:3 v/v for RuPy2, and 11:9 v/v for RuPy6). The solution was stirred in the 

dark, overnight, at room temperature. The RuPyn-immobilized TiO2 nanoparticles obtained in this 

manner were isolated by ultracentrifugation (50000 rpm, 15 min), and the supernatant was removed. 

After washing twice with the reaction solvent, the isolated RuPyn@TiO2 was dried under vacuo. 

The amount of immobilized RuPyn on the TiO2 nanoparticles was determined by UV-vis absorption 

spectroscopy of the supernatant. 

4-2-3 Preparation of RuPyn-immobilized TiO2 electrodes. 

The TiO2-modified Fluorine-doped tin oxide (FTO) electrode (apparent area of TiO2 film is 1× 1 

cm2) was immersed in a solution of RuPyn (0.15 mM, 9 mL) in acetonitrile/toluene (2:3 v/v for 

RuPy2, and 11:9 v/v for RuPy6). The solution was stirred in the dark, overnight, at room 

temperature. After washing twice with the reaction solvent, the isolated RuPyn@TiO2 electrodes 

were dried under vacuo. 

4-2-4 Measurements 

UV−vis absorption spectra and diffuse-reflectance spectra were recorded on a Shimadzu UV-

2400PC spectrophotometer. The obtained reflectance spectra were converted to absorption spectra 

using the Kubelka-Munk function F(R∞). Luminescence spectra were recorded on a JASCO FP-6600 

spectrofluorometer at 298 K. Emission quantum yields (Φem) were measured using a Hamamatsu 

C9920-02 absolute photoluminescence quantum-yield-measurement system equipped with an 

integrating sphere apparatus and a 150-W continuous-wave xenon light source. Emission lifetime (τ) 

measurements were conducted using a Hamamatsu Photonics C4334 system equipped with a streak 

camera as the photodetector and a nitrogen laser as the excitation light source (λex = 470 nm for 

RuPy2 and 474 nm for RuPy6). Each sample solution was deoxygenated by bubbling with N2 for 30 

min at 298 K. Cyclic voltammetry (CV) was conducted using a Hokuto Denko HZ-3000 

electrochemical measurement system equipped with glassy carbon, Pt wire, and Ag/Ag+ electrodes 

as the working, counter, and reference electrodes, respectively. Ferrocene was used the internal 

standard. An acetonitrile solution containing 0.1 M of tetrabutylammonium hexafluorophosphate 
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(TBAPF6), as the supporting electrolyte, and 1.0 mM of the Ru(II) complex, was used in the CV 

experiments. RuPyn-immobilized TiO2-modified FTO electrode were prepared by literature 

method.34 All solutions were deaerated by bubbling N2 for 15 min prior to any measurement. IR 

spectra were recorded on a Jasco FT-IR 4100 spectrophotometer with KBr pellets. Zeta potential 

measurement and dynamic light scattering (DLS) analysis were conducted using an OTSUKA 

ELSZ-1000SCl analyzer. 

4-2-5 Calculation of the amount of immobilized Ru(II) complexes on the TiO2 

nanoparticles  

To estimate the amount of immobilized Ru(II) complexes on TiO2 nanoparticle, UV-Vis absorption 

spectra of each supernatant solution used for the immobilization reaction was measured (Figure 1 

shown below). The Ru(II) complex concentration used for the UV-Vis absorption spectral 

measurement (CA) is estimated by Equation (1-1) based on the Lambert-Beer law.  

     𝐴 = 𝐶A ∙𝑙∙𝜀    (1-1) 

A = absorbance, CA = concentration of the Ru(II) complex, l = cell path length (1 cm), ε = molar 

absorption coefficient The absorbance at the 1MLCT absorption band of each complex in each the 

solvent (RuPy6: 475 nm, RuPy2: 465 nm) and their corresponding molar absorption coefficients 

(RuPy2 : 1.7×104 M-1cm-1; RuPy6 : 2.6×104 M-1cm-1) enable us to estimate the concentration of the 

Ru(II) complex that was not immobilized in the reaction. Since a 125- fold diluted solution was 

used in each measurement, the concentration of the original supernatant solution (CB) is calculated 

by CB = CA × 125. The total volume of the supernatant solution is 24 mL. Thus, the amount of 

Ru(II) complexes in the supernatant solution (MS) is estimated by Equation (1-2). 

                     𝑀S = 𝐶B × 24 / 1000 (mol)   (1-2) 

Finally, the molar amount of the Ru(II) complex immobilized on the TiO2 surface (Mi) can be 

estimated by Equation (1-3).  

𝑀i = 𝑀0 − 𝑀S (mol)   (1-3) 

where M0 denotes the molar amount of the Ru(II) complex in the 1.25 mM Ru(II) solution used for 

the immobilization reaction. The results are summarized in Table 1.  
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Table 1. Absorbance of each supernatant solution and the calculated CB and Mi values. 

 

 

 

 

 

 

4-2-6 Calculation of the surface coverage of Ru(II) complexes per unit area of TiO2 

  Assuming that the TiO2 nanoparticles are spherical, the surface area on the TiO2 nanoparticle 

(Sm) was calculated by using Equation (1-4).  

𝑆𝑚 = 4 ∙ 𝜋 ∙ (
𝑎

2
× 10−7)

2

 (cm2 per one particle)    (1-4) 

a = Averaged particle diameter of TiO2 nanoparticle (15 nm) 

Since the calculated surface area (Sm) based on Equation (1-4) corresponds to only one TiO2 

nanoparticle, it is necessary to determine the number of TiO2 nanoparticles (Pt) contained in 120 mg 

to estimate the total surface area of TiO2 (St) used in the immobilization reaction of the Ru(II) 

complexes. The total volume of 120 mg of TiO2 nanoparticles (Vt) can be calculated using Equation 

(1-5) based on the density of TiO2 (anatase TiO2 = 3.90 g/cm3). 

𝑉𝑡 =
120 × 10−3 (g)

3.90 (g cm3⁄ )
 (cm3)              (1-5) 

The number of TiO2 nanoparticles (Pt) in 120 mg is also estimated using Equations (1-6) and (1-7) 

based on the volume of one TiO2 nanoparticle (Vm) and the total volume (Vt ). 

𝑉𝑚 =
4

3
∙ 𝜋 ∙ (

𝑎

2
× 10−7)

3

 (cm3 per one particle)   (1-6) 

𝑃𝑡 =
𝑉𝑡

𝑉𝑚
   (1-7) 

Then, the total surface area of 120 mg of TiO2 (St) can be estimated by Equation (1-8). 

𝑆𝑡 = 𝑆𝑚 × 𝑃𝑡 (cm2)    (1-8) 

The amount of immobilized Ru(II) complexes per unit area of TiO2 (Surface coverage: N) is 

estimated by Equation (1-9) based on the amount of immobilized Ru(II) complex (Mi) and the total 

 

RuPy2@TiO2 RuPy6@TiO2 

A 0.108 0.146 

CB (mM) 0.746 0.704 

Mi (μmol) 12.0 13.6 
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surface area of 120 mg of TiO2 (St). The estimated N and Mi values are summarized in Table 2 in the 

§ 4-3-1. 

𝑁 =  
𝑀𝑖

𝑆𝑡
 (mol cm2⁄ )   (1-9) 

4-2-7 Photochemical O2-evolution Reaction 

A phosphate-buffer-water/acetonitrile (2:1 v/v) solution (18 mM, pH = 7.2) containing the Ru(II) 

photosensitizer (100 μM of the Ru(II) complex) and the water-oxidation catalyst (1 mg CoFe−PBA) 

was placed, in the dark, in a Pyrex vial (~15 mL volume) with a small magnetic stirring bar and 

covered with a rubber septum. A Na2S2O8 solution (5, 10 mM) was injected into this mixed solution 

or dispersion by a syringe and the resultant solution (total 5 mL) was deoxygenated by bubbling with 

Ar gas for 30 min. A robust O2 sensor probe (Pyro Science, FireSting O2 oxygen meter) was fitted to 

the top of the septum to detect the oxygen concentration within the headspace of the vial. The vial 

was irradiated with a blue LED lamp (λ = 470 ± 10 nm; 210 mW; OptoDevice Lab. Ltd., OP6-

4710HP2) from underneath. The temperature was set to 293 K with a homemade aluminum water-

cooling jacket and a temperature circulator (EYELA CCA-1111). Turnover numbers (TONs) and 

turnover frequencies (TOFs) were determined from the amount of evolved O2; four photoredox 

cycles of the Ru(II) photosensitizer are required to oxidize one water molecule. The apparent 

quantum yield (ΦOx) was calculated using the following equation: 

ΦOx = Ne/Np = 4NO2 /Np      (2) 

where Ne is the number of reacted electrons, NO2 is the number of evolved O2 molecules, and Np is 

the number of incident photons. 
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4-3 Results and Discussion 

4-3-1 Fabrication and Characterization of RuPyn@TiO2 

As mentioned in § 4-1, the pyridyl group has been reported to be a useful organic anchor for 

immobilizing various functional molecules on TiO2 electrodes. In order to investigate the differences 

in the immobilization behavior of RuPy2 and RuPy6, the UV-vis absorption spectra of the 

supernatant solutions obtained following their immobilization reactions were measured (Figure 1 

and Table 2). The amounts of immobilized RuPyn on the TiO2 nanoparticles are summarized in 

Table 2 and are compared with that of the previously reported RuCP2 phosphonate-functionalized 

Ru(II) photosensitizer 9. The amounts of immobilized RuPy2 and RuPy6 are comparable with that of 

RuCP2, indicating that the pyridyl groups of RuPyn (n = 2, 6) act as effective anchors. It is 

interesting to note that the amount of immobilized RuPy6 was moderately higher than that of RuPy2 

in spite of its bulkier molecular structure. 2, 4 The slightly larger amount of immobilized RuPy6 over 

RuPy2 implies that uncoordinated pyridyl groups contribute to arranging the molecular orientations 

of the immobilized molecules so as to form a more tightly packed structure on the surface.  

Figure 1. UV-Vis absorption spectra of the stock and supernatant solutions of (a) RuPy2 and  

(b) RuPy6. These solutions were diluted 125 times by the solvent of each reaction. 

Table 2. Amounts of immobilized Ru(II) complexes on TiO2 nanoparticle surfaces. 

Complex 
Amount of immobilized Ru(II) complex 

(nmol/mg TiO2) 
Surface coverage (nmol/cm2) 

RuPy2 99.6  0.0971 

RuPy6 113  0.110  

RuCP2 a 116 0.113 

a Ref. 9. 
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4-3-2 Photochemical properties 

As shown in Figure 2a, characteristic 1MLCT absorptions were clearly observed at around 470 nm in 

the UV-vis diffuse reflectance spectra of the RuPyn-immobilized TiO2 nanoparticles (RuPyn@TiO2) 

similar to the absorption spectra of each RuPyn solution (Figure 2b and Table 3), indicating that the 

RuPyn photosensitizing molecules were successfully immobilized on the TiO2 surface. The slightly 

larger absorption band observed for RuPy6@TiO2 compared to RuPy2@TiO2 is ascribable to the 

larger molar absorption coefficient of the 1MLCT band of RuPy6 than that of RuPy2.  

Figure 2. (a) UV-vis diffuse reflectance spectra of RuPyn@TiO2 (n = 2, 6) in the solid state at room 

temperature. (b) UV-vis absorption spectra of RuPyn (n = 2 or 6) and [Ru(bpy)3]2+ (12.5 mM) in the 

phosphate buffer aq. (18 mM, pH = 7.2)/MeCN (2:1 v/v) at room temperature. 

Table 3. Photophysical properties of RuPyn and [Ru(bpy)3]2+  

in solution (298 K) and frozen glass (77 K) states. 
 

RuPy2 RuPy6 [Ru(bpy)3]2+ 

λabs (nm)a 470 474 452 

ε (M-1cm-1)a 2.2×104 3.6×104 1.7×104 

λem (nm at 298 K)a, b 671 654 622 

λem (nm at 77 K)b, c 617 618 585 

Φem
a, b (%) 6.8 18 9.6 

τem (ns)a, d 480 778 706 

a 12.5 μM, phosphate buffer water/acetonitrile (v/v = 2:1) solution (18 mM, pH = 7.2) 
b Excited by the light of each maximum absorption wavelength.  
c 12.5 μM MeOH/EtOH (v/v=1:1) solution and the results are shown in Figure 4. 
d Excited by the 470 nm light.  
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It is well known that the 3MLCT emission of the [Ru(bpy)3]2+ molecular photosensitizer is strongly 

quenched by immobilization on TiO2 10. In contrast, the each RuPyn clearly exhibited a 3MLCT 

emission band from the corresponding RuPyn@TiO2 nanoparticles (Figure 3), although the 

intensities of the emissions from RuPyn@TiO2 were weaker than those of their non-immobilized 

solution states, which is ascribable to excitation light scattering of the TiO2 nanoparticles. Indeed, 

the emission quantum yield of RuPy2@TiO2 was determined to be comparable ( = 0.07) to that 

observed in the solution state ( = 0.068, Table 3) 

Figure 3. Emission spectra of (a)RuPy2@TiO2 and (b) RuPy6@TiO2 in the dispersed solution (12. 5 

μM, water/acetonitrile (v/v = 2:1) solution). Dotted lines are the solution-state emission spectra of 

RuPyn in the same solvent and concentration.
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As shown in Figure 4, the 3MLCT emission wavelengths of RuPy2 and RuPy6 at both 298 and 77 K 

are red-shifted (> 30 nm) with respect to the emission of [Ru(bpy)3]2+. Such a tendency is possibly 

caused by the introduction of electron-withdrawing pyridyl ligands. In 298 K, RuPy2 showed 

emission with longer wavelength than the others. This behaviour is resembled reported wide p-

conjugated substituents12 and possibly caused by the larger S1-T1 energy gap by easier molecular 

distortion of heteloleptic complexes, suggested from larger Eabs-Eem (=1240/abs-1240/em) of RuPy2 

(0.79 eV) than that of [Ru(bpy)3]2+ (0.74 eV) and RuPy6 (0.72 eV). 

 

Figure 4.  Emission spectra of (a) [Ru(bpy)3]2+, (b) RuPy2 and (c) RuPy6 in the solution state. Solid 

and dotted lines show the spectra at 298 K (in MeCN/H2O =1:2) and  

77 K (in MeOH/EtOH =1:1), respectively.   
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4-3-3 Dispersion properties of RuPyn@TiO2 

The particle diameters of RuPyn@TiO2 estimated by the dynamic light scattering method were 

distributed from sub-micron to several tens micron range, different from pristine TiO2 (Figure 5). 

This result indicates that dispersibility of RuPyn@TiO2 were improved after immobilization, 

possibly due to the positive charge of PS molecules. 

Figure 5. Particle diameter distributions estimated by the dynamic light scattering method for (a) 

TiO2, (b) RuPy2@TiO2 and (c) RuPy6@TiO2 nanoparticles dispersed in water. 

 The immobilization of positively-charged RuPyn at the surface of TiO2 nanoparticle was also 

confirmed by the zeta potential measurements (Table 4); both RuPy2@TiO2 and RuPy6@TiO2 

exhibited positive zeta potential ranging from 11 to 28 mV, whereas the potential of non-modified 

TiO2 nanoparticle was negative (-27 mV) because OH- anions were thought to be coordinated to 

Ti(IV) ion at the TiO2 surface.10 The larger positive zeta potential of RuPy6@TiO2 than 

RuPy2@TiO2 is probably because the ratio of pyridyl-coordinated Ti(IV) sites to uncoordinated (or 

OH-coordinated) Ti(IV) sites is larger for RuPy6@TiO2 than RuPy2@TiO2 even in the comparable 

amount of the immobilized RuPyn dye on the TiO2 surface. 

Table 4. Zeta potentials of RuPyn@TiO2 dispersed in H2O/CH3CN mixed solvent (v/v = 1/2). 

 

  
 Zeta potential (mV) 

RuPy2@TiO2 +11.11 

RuPy6@TiO2 +27.69 

TiO2 -20.63 
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4-3-4 Electrochemical property 

The cyclic voltammograms of each complex were shown in Fig. 6. The more pyridyl groups were 

introduced, the more positive redox potential of Ru(III/II) (Eox) was observed. (Table 5) The Eox 

value positively shifted in the order of [Ru(bpy)3]2+ < RuPy2 < RuPy6. On the other hand, cyclic 

voltammetry experiments using the RuPyn immobilized TiO2/FTO working electrode exhibited 

similar redox behavior to that of each complex in the solution state, clearly indicating that the 

Ru(III)/Ru(II) redox potential were negligibly affected by the immobilization to the TiO2 surface 

probably due to the localization of the HOMO at the central Ru(II) ion (Figure 6). As a result, the 

excited electron in the 3MLCT state of RuPyn does not have sufficient negative potential (Table 5) 

to be injected to the conduction band of TiO2 (-0.59 V in pH 7.2 13) in neutral media.  

Figure 6. Cyclic voltammograms of RuPy2 and RuPy6 immobilized on the TiO2/FTO working 

electrode (blue and red solid lines) containing 0.1 M TBAPF6 as the supporting electrolyte and Pt 

coil, Ag/Ag+ as the counter and reference electrode, respectively. Blue, red and black dotted lines are 

the voltammograms of 1.0 mM RuPy2, RuPy6 and [Ru(bpy)3]2+ anhydrous CH3CN solution with the 

glassy carbon working electrode. 

Table 5. Photochemical and electrochemical properties of RuPyn and [Ru(bpy)3]2+. 
 

RuPy2 RuPy6 [Ru(bpy)3]2+ 

E00 (eV)a +2.01 +2.01 +2.11 

Eox (V vs NHE)b +1.66 +1.69 +1.53 

Eox* (V vs NHE)c -0.35 -0.32 -0.59 

a Estimated from em at 77 K (Table 3) with the formula that E00 = 1240/em 
b Estimated by CV measurements in CH3CN solution and the results are shown in Figure 6. 
c E*ox was estimated using the following equations E*

ox = Eox − E00, where E00 was 

approximated as em at 77 K.  
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4-3-5 Photochemical O2-evolution Reactions 

Although several groups have reported photocatalytic hydrogen-evolution reactions driven by 

pyridyl-functionalized Ru(II) photosensitizers, such as RuPy6, photocatalytic O2-evolution catalyzed 

by such a pyridyl-functionalized Ru(II) PS has not been reported. Photocatalytic O2-evolution 

experiments were performed in the presence of molecular RuPyn or the TiO2-immobilized 

photosensitizers, with Na2S2O8 as the sacrificial electron acceptor. The results are displayed in 

Figure 7, while TONs, TOFs, and ΦOx values are summarized in Table 6. Oxygen evolution was 

observed upon irradiation of each RuPyn-containing sample with light, and the TONs of these 

reactions after 60 min of irradiation were above unity. Hence, O2 was evolved through photocatalytic 

processes involving the RuPyn photosensitizers. However, as shown in Figure 7(a), the TONs and 

TOFs of RuPy2 and RuPy6 were less than half and a quarter of those of [Ru(bpy)3]2+, respectively, 

in the presence of 5 mM Na2S2O8 sacrificial electron acceptor. In contrast, it is noteworthy that both 

the TON and TOF of RuPy2 increased remarkably when immobilized on the surfaces of TiO2 

nanoparticles (RuPy2@TiO2), whereas such the improvement by immobilization was hardly 

observed for RuPy6@TiO2. Considering that both pyridyl groups of RuPy2 are coordinated to Ti4+ 

ions on the surfaces of the TiO2 nanoparticles, the uncoordinated pyridyl groups of RuPyn may 

suppress photoinduced charge separation between the photosensitizer, the sacrificial electron 

acceptor, and the water-oxidation catalyst. The photosensitizing efficiency of RuPyn dyes in 

homogeneous system was improved by increasing the concentration (10 mM) of Na2S2O8 sacrificial 

electron acceptor, indicating that the oxidative quenching of the photoexcited [RuPyn]* by S2O8
2- 

anion could be the rate determining step of photocatalytic O2 evolution reaction. In contrast, 

completely different behaviors were observed for the heterogeneous systems, RuPy2@TiO2 and 

RuPy6@TiO2 (see Figures 7(b) and 7(c)); the efficiency of RuPy2@TiO2 strongly depended on the 

S2O8
2- concentration whereas RuPy6@TiO2 exhibited negligible dependence on the S2O8

2- 

concentration. These remarkably different behaviors between RuPy2@TiO2 and RuPy6@TiO2 

indicate that the surface condition of the RuPyn immobilized TiO2 nanoparticle greatly influenced 

on the photocatalytic O2 evolution activity.  
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Figure 7. Photocatalytic O2-evolution reactions driven by (a) homogeneous photosensitizer 

[Ru(bpy)3]2+ (black), RuPy2 (blue) and RuPy6 (red) or (b) heterogeneous photosensitizer 

RuPy2@TiO2 and (c) RuPy6@TiO2 (red) (100 μM of the Ru(II) complex) with CoFe-PBA (1 mg) 

in Na2S2O8 sacrificial electron acceptor (2.5 to 20 mM) and 18 mM phosphate-buffer-

water/acetonitrile (2:1 v/v) solution (pH 7.2) under an atmosphere of Ar. 

A blue LED ( = 470  10 nm) was used as the light source. 

Table 6. Photocatalytic O2-evolution-reaction results. 

Photosensitizer [Na2S2O8] O2 (μmol) a TON a TOF (min-1) b ΦOx (%) a 

[Ru(bpy)3]2+ 5 mM 3.03 24.3 1.04 0.409 

RuPy2 
5 mM 1.17 9.32 0.400 0.157 

10 mM 2.69 21.6 0.339 0.362 

RuPy6 
5 mM 0.572 4.57 0.141 0.0771 

10 mM 1.38 11.1 0.597 0.186 

RuPy2@TiO2 

2.5 mM 1.47 11.8 0.299 0.198 

5 mM 2.78 22.3 0.611 0.375 

10 mM 1.59 12.7 0.249 0.214 

20 mM 1.13 9.02 0.128 0.152 

RuPy6@TiO2 

2.5 mM 0.693 5.54 0.126 0.0933 

5 mM 0.541 4.32 0.127 0.0729 

10 mM 0.651 5.20 0.136 0.0877 

20 mM 0.606 4.85 0.113 0.0817 

a After irradiation for 60 min. b After irradiation for 10 min. 
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To clarify the origin of the differences in the photosensitizing efficiencies of the three molecular 

photosensitizers, emission-quenching experiments using Na2S2O8 as a sacrificial electron acceptor 

was conducted. Stern-Volmer plots of RuPy6, RuPy2, and [Ru(bpy)3]2+ in the presence of various 

concentrations of Na2S2O8 are shown in Figure 8. The calculated Stern-Volmer constant (Ksv), 

emission lifetime (τem), and quenching rate constant (kq) of each complex are listed in Table 7. The 

quenching efficiencies of RuPy6, and RuPy2 by S2O8
2- were significantly lower than that of 

[Ru(bpy)3]2+ over the entire concentration range. The kq value decreased in the order: [Ru(bpy)3]2+ 

>> RuPy2 > RuPy6, suggesting that greater numbers of pyridyl-anchor-modified bpy ligands result 

in less-efficient quenching of the Ru(II) complex by S2O8
2-. Considering that [Ru(bpy)3]2+ has 

previously been reported to form an ion-pair intermediate with S2O8
2- during electron-transfer 14, the 

lower quenching efficiencies of RuPyn (n = 2, 6) compared to that of [Ru(bpy)3]2+ are ascribable to 

suppression of ion-pair formation by the sterically bulky pyridyl groups of the qpy ligand(s). 

Figure 8. Stern–Volmer plots of 100 μM solutions of [Ru(bpy)3]2+ (black closed circles), RuPy2 

(blue closed triangles), and RuPy6 (red closed triangles) in the presence of various concentrations of 

Na2S2O8 at room temperature. A 2:1 (v/v) mixture of H2O/CH3CN was used as the solvent during 

these experiments. 

Table 7. Stern-Volmer and quenching rate constants for [Ru(bpy)3]2+, RuPy2, and RuPy6. 

Photosensitizer Ksv (mM-1) a kq (M-1s-1) b 

RuPy6 0.0552 7.10 ×10
7
 

RuPy2 0.0351 7.31×10
7
 

[Ru(bpy)3]2+ 0.168 2.38×10
8
 

a Estimated from the slope of the Stern–Volmer plot displayed in Figure 8. 

b Estimated using the equation: kq = KSV/τem; the τem of each complex is listed in Table 3.  
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In contrast, comparable emission quenching (I 0/I ~ 1.5) using CoFe-PBA was observed for all three 

molecular photosensitizers (Figure 9), whereas the adsorption of these RuPyn dyes to the surface of 

CoFe-PBA were confirmed by UV-Vis absorption spectral changes (Figure 10 and Table 7). These 

results suggest that the pyridyl groups of RuPyn hardly affect their reactivities with the CoFe-PBA 

catalyst at the photoexcited state. Hence, the lower photosensitizing efficiencies of the RuPyn (n = 2, 

6) molecular photosensitizers toward the water-oxidation reaction compared to [Ru(bpy)3]2+ are due 

to the poorer reactivity of the sacrificial electron-accepting S2O8
2- ion when sterically bulky pyridyl 

groups are present.  

Figure 9. The emission spectra of each Ru(II) photosensitizer in the presence (solid line) or absence 

(dotted line) of 1 mg CoFe-PBA. (In phosphate buffer H2O/CH3CN (v/v = 2:1) solution (18 mM, pH 

= 7.2), 12.5 μM). Each decrement of maximum emission intensity was (a) RuPy2 : 32%, (b) RuPy6 : 

33%, (c) [Ru(bpy)3]2+ : 29%, respectively.  
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Figure 10. UV-Vis absorption spectral change of 0.8 mM (a) RuPy2 and (b) RuPy6 in 18 mM 

phosphate buffer H2O/CH3CN (v/v = 2:1) solutions by the immobilization reaction with 10 mg of 

CoFe-PBA powder. Dotted lines show the spectra before addition of CoFe-PBA and the solid lines 

are the spectra of the supernatant solutions obtained by the ultracentrifugation of the reaction 

mixture of RuPyn solutions and CoFe-PBA (the reaction time was 1 day at room temperature). 

Table 7. Estimated adsorption amounts of RuPyn dyes on the CoFe-PBA catalyst. 
 

Abs. of before 

addition.a 

 

Abs of supernatant 

solution a 

Adsorption amount 

(nmol/mg) 

RuPy2 0.167 0.135 76 

RuPy6 0.269 0.180 131 

a abs = 470 nm for RuPy2 and 474 nm for RuPy6.  
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The immobilization of molecular photosensitizers onto the surfaces of TiO2 nanoparticles generally 

tends to suppress their reaction efficiencies with sacrificial reagents and catalysts because of the 

slower diffusions of larger nanoparticles compared to those of single molecules. Nevertheless, the 

photosensitization efficiency of the immobilized RuPy2@TiO2 was higher than that of its molecular 

equivalent, RuPy2 in the optimized condition (5 mM Na2S2O8 solution). This result suggests that the 

immobilization of RuPy2 onto the TiO2 nanoparticles provides benefits that compensate for slower 

nanoparticle diffusion, which is a plausible reason for the observed improvement in reactivity of the 

TiO2-immobilized RuPy2 with the sacrificial S2O8
2- acceptor. In contrast, such the enhancement by 

immobilization was hardly observed for RuPy6. As discussed above, the uncoordinated pyridyl 

anchoring groups of the RuPyn certainly suppress their reactivities with S2O8
2-, probably due to 

steric hindrance (Figure 8). In the case of RuPy2@TiO2, the bulky qpy ligands of the RuPy2 

coordinate to the Ti4+ ions on the surfaces of the TiO2 nanoparticles. Such a molecular arrangement 

of molecular RuPy2 on the surface may negate the detrimental effects associated with the bulkiness 

of the uncoordinated pyridyl groups of the qpy ligand, resulting in higher photosensitization 

efficiency of the heterogeneous RuPy2@TiO2 photosensitizer compared to that of homogeneous 

RuPy2. Indeed, the RuPy2@TiO2 emission was more effectively quenched by S2O8
2- than that of 

RuPy2 (Figure 11). 

Figure 11. Stern–Volmer plots of RuPy2 (closed triangle), or RuPy2@TiO2 (open triangle) in the 

presence of various concentrations of Na2S2O8 at room temperature. A mixture of H2O/CH3CN (v/v 

= 2:1) was used for these measurements. [RuPy2] = 12.5 M.  
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This assumption is also reasonable when considering the RuPy6@TiO2 results, that is, more than 

half of the pyridyl groups of RuPy6 remain uncoordinated in RuPy6@TiO2, and these groups face 

the outer edges of the RuPy6@TiO2 nanoparticles, resulting in low efficiency compared to that of 

RuPy6. In addition, the positively charged surface of RuPyn@TiO2 nanoparticle may promote the 

electron transfer quenching process by the S2O8
2- anionic sacrificial electron acceptor. In fact, the 

zeta potentials of both RuPyn@TiO2 was negatively shifted in the presence of S2O8
2- (Table 8).  

Note that the contribution of photoinduced interfacial electron transfer from RuPyn* to the TiO2 

nanoparticles would be negligible due to the lack of a Ru(III)/Ru(II)* redox potential (Scheme 3). 

Table 8. Zeta potentials of RuPyn@TiO2 dispersed in H2O/CH3CN mixed solvent (v/v = 1/2) 

with/without of Na2S2O8 sacrificial electron acceptor. 

 Zeta potential (mV) 
 

Without 

Na2S2O8 
1.1 eq Na2S2O8 5 mM Na2S2O8 10 mM Na2S2O8 

RuPy2@TiO2 11.11 10.13 8.89 -3.13 

RuPy6@TiO2 27.69 20.39 10.08 -4.06 

  

Scheme 3. Depicting a plausible electron-transfer mechanism for RuPyn@TiO2 (n = 2, 6) during the 

photocatalytic O2-evolution reaction. The redox potential of S2O8
2− and the conduction-band 

minimum of TiO2 are taken from the literature 13, 15. 

Although the photosensitizing efficiency of RuPy2@TiO2 decreased by increasing S2O8
2- 

concentration above 5 mM (Figure 2(b)), it would be due to the particle aggregation induced by the 

charge neutralization by surrounding S2O8
2- anions around the positively charged RuPy2@TiO2 

nanoparticles as suggested by zeta potential shift (Table 8) and particle diameter changes estimated 

by dynamic light scattering (DLS) method (Figure 12). Such the aggregation of nanoparticles should 
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suppress the reaction with both S2O8
2- sacrificial acceptor and the CoFe-PBA catalyst because of the 

slower diffusion of aggregated nanoparticles. On the other hand, the photosensitizing efficiency of 

RuPy6@TiO2 hardly depended on the S2O8
2- concentration. Although the reason isn’t well-revealed 

yet, the pyridyl groups at the outer surface of RuPy6@TiO2 might bind to the CoFe-PBA catalyst, 

resulting in the lower efficiency of photo-induced electron transfer reaction from the surface-

immobilized RuPy6* to S2O8
2- sacrificial acceptor.  

Figure 12. Particle diameter distributions of RuPy2@TiO2 in (a) 5 mM and (b) 10 mM Na2S2O8 

solution estimated by the dynamic light scattering method. 
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4-4 Conclusions 

In this study, we immobilized pyridyl-anchor-functionalized Ru(II) photosensitizers (RuPyn; n = 2, 

6) on the surfaces of TiO2 nanoparticles in order to investigate the effects of the pyridyl anchoring 

groups on the photocatalytic O2-evolution reaction driven by the CoFe-PBA Prussian blue analogue 

catalyst. Emission quenching experiments clearly indicate that the pyridyl groups of the RuPyn 

molecular photosensitizers suppress their reactivities with the S2O8
2- sacrificial electron acceptor, 

resulting in lower photocatalytic O2-evolution activities in the presence of the CoFe-PBA catalyst 

than that of the unmodified [Ru(bpy)3]2+ complex. A catalyst-adsorption ability was also observed, 

even though it didn’t provide positive effect on photocatalytic OER activity. Although the 3MLCT 

emission of the RuPyn photosensitizers were hardly quenched by immobilization on the TiO2 

nanoparticles under neutral condition, the RuPy2-loaded TiO2 nanoparticles (RuPy2@TiO2) 

exhibited higher photocatalytic O2-evolution activity under the same experimental condition than 

that of free RuPy2, while the immobilization of RuPy6 on the TiO2 nanoparticles hardly improved 

its activity. These contrasting results clearly indicate that the surfaces of the RuPyn@TiO2 

nanoparticles have a dominating influence over the photocatalytic O2-evolution reaction. (Scheme 4) 

On a more positive note, under the condition without a reaction process with sacrificial oxidant, for 

example on the photoelectrode with tuning of their redox potential or the kind of semiconductor, 

pyridyl anchor-modified sensitizers can become a more promising candidate.  

Scheme 4. Photochemical OER of RuPyn@TiO2. 
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Chapter 5 

Synthesis and Properties of 

 Pyridyl-anchor and Carbazole 

Modified Ru(II) Complexes  
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5-1 Introduction  

As discussed in Chapter 4, the pyridyl-anchor modified Ru(II) PSs were found to show a highly 

positive Ru(III/II) redox potential suitable for O2 evolution via hole-transfer (HM) moiety and 

their pyridyl anchors are valuable for a stable immobilization on TiO2-modified electrodes.1 

However, there are still a problem to apply for OER photoanodes, difficulty for a connection 

with catalysts, unlikely to carboxyl or phosphonate group, for which bridging-metal methods 

are applicable. This aspect restricts the application of pyridyl-anchor sensitizers only for co-

adsorption with catalysts.2 The solution for this problem is required for application of the 

pyridyl-anchor sensitizer for through-bond conjugated photo(electro)chemical OER devices, 

especially for a HM-integrated system.  

On the other hand, as discussed in Chapter 3, the introduction of carbazole (cbz) groups to 

the Ru-bda molecular water oxidation catalyst (WOC) can be a promising direction to improve 

the photochemical OER. In addition, the polymerization ability of cbz and following species, 

polycarbazole, can be utilized to construct a good hole-mediated connector.3 

From this viewpoint, cbz-electropolymerization is expected as a promising method to connect 

PSs and catalysts with introducing a mediator part. In this context, Ru(II) dyes having both 

pyridyl anchors and cbz hole-mediator precursors, SC2 and SC4 (Fig. 1), were synthesized and 

their photochemical property was evaluated to elucidate the effect of these functionalization. 

Although an introduction of cbz substituents to [Ru(bpy)3]2+ moiety has been already reported, 

4 co-introduction of other functional groups including pyridyl anchor has never been reported 

yet.  
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Figure 1. Molecular structures of the complexes RuPy2-C4, RuPy4-C2 and RuPy6.   
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5-2 Experimental 

5-2-1 Instruments and measurement 

Synthetic experiments with microwave irradiation were carried out by a Biotage Initiator+ with 

20 mL glass vials. 1H NMR spectra were recorded using a JEOL ECZ-400S spectrometer. 

MALDI-TOF MS measurements were carried out using a Bruker Autoflex Speed spectrometer, 

with α-cyano-4-hydroxycinnamic acid as the matrix. UV−vis absorption spectra were recorded 

on Hitachi U-3000 spectrophotometers. Luminescence spectra were recorded on a JASCO FP-

6600 spectrofluorometer at 298 K or 77 K. Emission quantum yields (Φem) were measured 

using a Hamamatsu C9920-02 absolute photoluminescence quantum-yield-measurement 

system equipped with an integrating sphere apparatus and a 150-W continuous-wave xenon 

light source. Emission lifetime (τ) measurements were conducted using a Hamamatsu 

Quantaurus Tau (λex = 280 nm). Each sample solution was deoxygenated by bubbling with N2 

for 30 min at 298 K. Electrochemical measurements (CV) were recorded using a HOKUTO 

DENKO HZ-3000 electrochemical measurement system equipped with glassy carbon, Pt wire, 

and Ag/Ag+ (in acetonitrile) or Ag/AgCl (in aq.) electrodes as the working, counter, and 

reference electrodes, respectively. 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 

or sodium perchlorate were used as the supporting electrolyte in the electrochemical 

measurements in acetonitrile or aqueous solution, respectively. Ferrocene was used as internal 

reference. All solutions were deaerated by N2 bubbling for 15 min before measurement.  

5-2-2 Franck–Condon Analysis of Emission Spectra 

Emission spectra under 77 K were fit by a two-mode Franck–Condon analysis, eq. 1. 5  

 

𝐼(𝜈̃) = ∑ ∑(
𝐸00 − 𝑣Mℏ𝜔M − 𝑣Lℏ𝜔L

𝐸00

∞

𝜈L=0

∞

𝜐M=0

)4 (
𝑆M

𝑣M

𝑣M!
) (

𝑆L
𝑣L

𝑣L!
) exp [−4𝑙𝑛2 (

𝜈̃ − 𝐸0 + 𝑣𝑀ℏ𝜔𝑀 + 𝑣𝐿ℏ𝜔𝐿

𝛥𝜈̃1/2

)

2

]    (1) 

I(𝜈̃) (cm–1) is the emission intensity at a given wavenumber relative to that of the 0→0 emission 

transition. E00 is the energy gap between the zeroth vibrational levels in the ground and emitting 

excited states, ħωM and ħωL are the quantum spacing for the averaged medium- and low-

frequency vibrational mode, respectively. SM and SL are the electron-vibrational coupling 

constant or S-factor 6 reflecting the extent of change along the normal coordinate of the average 

medium- and low-frequency modes. Δ𝜈̃1/2 is the full width at half-maximum (fwhm) for an 

individual vibronic line in the emission spectrum. The photon numbers of the emission 

spectrum were corrected to a wavenumber scale by using the eq. 2.7 

I(𝜈̃) = I(λ) × λ2                                  (2) 
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The parameters E00, ħωM or L, SM or L and Δ𝜈̃1/2 were optimized with a least-squares minimization 

routine by using a Generalized Reduced Gradient (GRG2) algorithm.8 The summation was 

carried out over 11 vibrational levels (𝜈M : 0 → 10). 

5-2-3 Single crystal X-ray diffraction measurement 

Single-crystal X-ray diffraction data were collected using a Rigaku XtaLAB Synergy 

diffractometer equipped with Cu Kα radiation (PhotonJet (Cu)). Each crystal was mounted on 

a MicroMount using paraffin oil. The crystal was then cooled using a N2-flow-type temperature 

controller. The diffraction data were processed using CrysAlisPRO software. 9 The structures 

were solved by direct methods using SHELXT 10 and refined by full-matrix least-squares 

refinement using SHELXL. 11 Non-hydrogen atoms were refined anisotropically, while the 

hydrogen atoms were refined using the riding model. All calculations were performed using 

the Olex2 software package. 12 The crystallographic data obtained for RuPy4-C2 are listed in 

Table 1.  

5-2-4 Theoretical calculation 

Calculations were performed using the Gaussian 09 software package.13 Geometry optimizations and 

TD-DFT calculation were performed in the ground state using the PBE0 functional 14 together with 

the LANL2DZ effective core potentials and associated basis set.15  Solvent (MeCN) was modelled 

by a conductor-like polarizable continuum model (cpcm)16, according to a reported method for 

pyridyl-modified Ru(II) complexes.17 Although the results of DFT and TD-DFT studies on RuPy6 

have been already reported, re-calculation of this complex was carried out to obtain information of 

its molecular orbital energy, which wasn’t reported. All orbitals are visualized by Gaussview 0.5 

software package. 18  
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5-2-5 Materials 

4,4'-dibromo-2,2'-bipyridine,19 2,2'-4,4''-4',4'''-quaterpyridine (qpy),20 

and [RuCl2(DMSO)4]21 were synthesized according to previously reported methods. 

[Ru(qpy)3]2+ (RuPy6) was obtained as a PF6 salt as reported.17 High-purity water was obtained 

by passing house-distilled water through a Millipore Milli-Q Simplicity® UV system. All other 

reagents and solvents were purchased from commercial sources and used as received unless 

otherwise noted. 

5-2-6 Synthesis 

Synthesis of 4,4'-di(9H-carbazol-9-yl)-2,2'-bipyridine (dcbzbpy) 

4,4'-di(9H-carbazol-9-yl)-2,2'-bipyridine was synthesized according to the literature method for 5,5'-

di(9H-carbazol-9-yl)-2,2'-bipyridine 22 with some modifications as follows; carbazole (2.22 g, 13.2 

mmol, 3 eq.), 5,5'-dibromo-2,2'-bipyridine (1.41 g, 4.5 mmol, 3 eq.), CuI (180 mg, .0.87 mmol), 

K2CO3 (3.66 g, 25.4 mmol), 18-crown-6 (99.8 mg, 0.3 mmol), and N,N'-dimethylpropyleneurea 

(DMPU) (0.6 mL) were charged in a schlenk tube and sealed under the Ar atmosphere. The reaction 

mixture was heated to 210 °C by mantle heater for 3 days. After cooling to room temperature, the 

obtained brownish-black solid was rigorously stirred in 2 M HCl aq. (20 mL). The precipitate was 

filtered, washed with ammonia aq. (28%) and water, and dissolved in dichloromethane. The organic 

solution was dried over MgSO4, and filtered. The solvent was evaporated under vacuum and then the 

obtained grey solid was recrystallized from dichloromethane/acetone. The resultant precipitates were 

washed with acetone. The brown powder was subject to silica-gel chromatography with 

dichloromethane/methanol (v/v = 9/1) as eluent, and after washing with acetone, dcbzbpy was 

obtained as off-white solid (119.5 mg, 4%). 1H NMR (Fig. 2, 400 MHz, CDCl3) δ = 8.82-8.80 (4H, 

m), 8.10 (4H, d), 7.62 (4H, d), 7.58 (2H, dd), 7.42 (4H, td), 7.30 (4H, t). 

 

Figure 2. The aromatic region of 1H NMR spectrum of dcbzbpy. 
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Synthesis of [Ru(dcbzbpy)(qpy)2](PF6)2 ( = RuPy4-C2(PF6)2).  

[RuCl2(DMSO)4] (58.8 mg, 121 mol, 1 eq.), qpy (74.9 mg, 241 mol, 2 eq.) and dcbzbpy 

(59.0 mg, 121 mol, 1 eq.) were dispersed in 20 mL of ethylene glycol, and this mixture was 

heated at 240°C by the microwave reactor for 1 h. After the solution was cooled to room 

temperature, 80 mL of H2O and 20 mL of aqueous saturated KPF6 solution were added to 

afford a dark-red precipitation, which was collected by celite filtration, washed with water 

and diethyl ether, and redissolved to acetonitrile. This crude product was purified by an 

alumina gel column chromatography with 0.1wt% KPF6 of acetone/MeOH (v/v = 95/5) as 

eluent. The second reddish-orange band was collected, and the solvent was removed by 

evaporation, which was recrystallized from acetone/diethyl ether, and dried in vacuo. Yield: 

49.0 mg (33 mol, 27%). 1H NMR (Fig. 3, 400 MHz, CD3CN) δ =  9.09 (4 H, dd, J = 1.7, 8.2 

Hz), 8.92 (2 H, d, J = 2.2 Hz), 8.83 (8 H, ddd, J = 1.6, 4.2, 9.6 Hz), 8.28 (2 H, d, J = 6.1 Hz), 

8.19 (4 H, d, J = 7.0 Hz), 8.03 (4 H, t, J = 5.2 Hz), 7.94-7.87 (10 H, m), 7.83-7.78 (8 H, m), 

7.50 (4 H, td, J = 1.3, 8.3 Hz), 7.38 (4 H, dd, J = 7.7 Hz). MALDI-TOF MS (positive mode, 

CH3CN) m/z+ = 1208.2 ([M]+), 1353.2([M](PF6)+). calcd. 1208.33 ([M]+),1353.30([M](PF6)+). 

Single crystals were obtained by the natural-evaporation method with acetonitrile/toluene 

(v/v = 1/1). The ORTEP figure and crystallographic data were attached in Fig. 4 and Table. 1, 

respectively. 

Figure 3. The aromatic region of 1H NMR spectrum of [RuPy4-C2](PF6)2. 

(400 MHz, CD3CN) 
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Figure 4. ORTEP drawing of RuPy4-C2. Thermal ellipsoids are shown at the 50% probability level. 

All counter anions, solvent molecules and hydrogen atoms are omitted for clarity.  

Color chart: grey: C, purple: N, red: O, green: Ru. 

Table 1. Crystallographic parameters of RuPy4-C2 (PF
6
)

2
・4MeCN・1 acetone.  

Complex [RuPy4-C2](PF
6
)

2
・4MeCN・1 acetone  

T / K 93 

Formula C
82

H
62

F
12

N
16

P
2
Ru 

Formula weight 1662.48 

Crystal system Monoclinic 

Space group C2/c 

a / Å 19.8262(3) 

b / Å 19.0188(2) 

c / Å 24.1535(3) 

a / deg. 90 

b / deg. 113.795(2) 

g / deg. 90 

V / Å
3
 8333.4(2) 

Z 4 

D
cal

 / g×cm
-3

 1.325 

Reflections collected 29635 

Unique reflections 8478 

GOF 1.075 

R
int

 0.0344 

R (I > 2.00s(I)) 0.0486 

R
w 

a
 0.1420 

a Rw = [(w(Fo
2 – Fc

2)2)/Σw(Fo
2)2] 1/2.  
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Synthesis of [Ru(dcbzbpy)2(qpy)](PF6)2 ( = RuPy2-C4 (PF6)2).  

[RuCl2(DMSO)4] (58.4 mg, 120 mol, 1 eq.), qpy (37.5 mg, 121 mol, 1 eq.) and dcbzbpy 

(117.3 mg, 240 mol, 2 eq.) were dispersed in 20 mL of ethylene glycol, and this mixture 

was heated at 240°C by the microwave reactor for 1 h. After the solution was cooled to room 

temperature, 80 mL of H2O and 20 mL of aqueous saturated KPF6 solution were added to 

afford a dark-red powder, which was collected by celite filtration, washed with water and 

diethyl ether, and redissolved to acetonitrile. This crude product was purified by an alumina 

gel column chromatography with 0.1wt% KPF6 of acetone/MeOH (v/v = 99/1) as eluent. The 

second reddish-orange band was collected and then the solvent was removed by evaporation. 

The resultant solid was recrystallized from acetone/diethyl ether and dried in vacuo. Yield: 

48.3 mg (29 mol, 24%). 1H NMR (Fig. 5, 400 MHz, CD3CN) δ = 9.11 (2 H, s), 8.97 (4 H, dd), 

8.85 (4 H, dd), 8.34 (4 H, dd), 8.21 (8 H, t), 8.10 (2 H, d), 7.97-7.92 (8 H,m), 7.83-7.78 (10 H, m), 

7.50 (8 H, dd), 7.38 (8 H, dd). MALDI-TOF MS (positive mode, CH3CN) m/z+ = 1384.4 ([M]+), 

1529.3([M](PF6)+). calcd. 1384.55 ([M]+), 1529.52([M](PF6)+).  

 

 Figure 5. The aromatic region of 1H NMR spectrum of [RuPy2-C4](PF6)2. 

(400 MHz, CD3CN) 
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5-3 Results and discussion 

5-3-1 Photophysical property 

UV-Vis absorption and emission spectra of RuPy2-C4, RuPy4-C2 and RuPy6 in acetonitrile at 298 

K are shown in Fig. 6. Photophysical properties are summarized in Table 2. The broad absorption 

bands assignable to 1MLCT-based transition to qpy or dcbzbpy ligand were observed around 425-

600 nm and 320-400 nm. The intense absorption bands at shorter wavelength below 310 nm are 

basically assigned to the 1LC absorption of qpy ligand (310 nm) and the dcbzbpy ligand (286 nm). 

The wavelength of MLCT absorption band at around 480 nm (abs) was shifted to the lower energy 

by increasing the number of cbz groups. This longer wavelength shift should be caused by cbz 

functionalization to the bpy ligand (vide infra, § 5-3-2). The absorption coefficient  of each 

complex in visible region above 400 nm were similar, and the MLCT absorption edge was found to 

be close to 600 nm, suggesting that RuPy4-C2 and RuPy2-C4 are good visible-light absorber as 

RuPy6.  

Figure 6. UV-Vis absorption spectra (solid line, 10 M) and emission spectra (dashed line, ex = 

482 nm on RuPy2-C4 and 480 nm on RuPy4-C2) of RuPy4-C2 (green) and RuPy2-C4 (purple) and 

RuPy6 (red). (CH3CN, 298 K) 

 Table 2. Photophysical properties of Ru complexes.  

 abs (nm) a, b   (×104 M-1 cm-1) @abs
 b em, 298 K (nm) a, b em, 77 K 

a, c (nm) 

RuPy2-C4 484 (2.56) 2.70 664 (1.87) 629 (1.97) 

RuPy4-C2 480 (2.58) 2.55 648 (1.91) 626 (1.98) 

RuPy6 473 (2.62)  2.71  643 (1.93) 617 (2.01) 

a Absorption energy (Eabs or Eem, = 1240 / ) are noted in parentheses. 

b In MeCN, 298 K.  

c In MeOH/EtOH (v/v = 1/1), 77 K. 
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All the three complexes showed the broad emission band without vibronic structure in acetonitrile at 

298 K, suggesting the 3MLCT phosphorescence as well observed for Ru(II) polypyridyl complexes. 

This emission band (em, 298 K) was also red-shifted by increasing the number of cbz group. Similar 

red-shift behaviours are often reported in similar Ru(II) heteroleptic complexes with bulky 

substituents. 17b, 23 To get deeper insight on the emission property, emission spectra of these 

complexes at 77 K were measured (Fig. 7). All the three emission spectra were evaluated by Franck-

Condon analysis (Fig. 8). The estimated parameters are listed in Table 3. At 77 K, all the complexes 

exhibited the spectra with vibronic structure. The wavelength of emission maximum (em, 77 K) were 

located at the shorter wavelength than that at 298 K. The E00 values estimated by Franck-Condon 

analysis were also lower-energy shifted by the increasing number of cbz groups as em, 298 K. On the 

other hand, the values of Eabs - Eem, 293 K, reflected the excited singlet-triplet splitting energy, shows a 

comparable value in each complex (0.67-0.69 eV), suggested that small contribution by the 

difference of singlet-triplet splitting. Therefore, these spectral shifts observed in both the absorption 

and emission spectra can be due to the effect to HOMO by mixing cbz (), same as the absorption 

behavior (vide infra § 5-3-2). The weaker solvation induced by the bulky functional group was 

another possible origin of the redshift of MLCT transition. However, in RuPy6-x-CX series, Δ𝜈̃1/2, 

which reflected the solvation structural change, was increased by modification of cbz, in order of 

RuPy2-C4 > RuPy4-C2 > RuPy6, so that the solvation effect can hardly influence on this redshift, 

similar to reported Ru(II) heteroleptic complexes with bulky substituents. 23 

Figure 7. Emission (solid line ex = 470 nm on RuPy6 480 nm on RuPy4-C2 and RuPy2-C4) and 

excitation spectra (dashed line, em = 617 (RuPy6), 630 (RuPy4-C2) and 631 nm (RuPy2-C4)) of  

RuPy2-C4 (green) and RuPy4-C2 (purple) and RuPy6 (red). (MeOH/EtOH (v/v = 1/1), 77 K)  
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Figure. 8. Corrected emission spectra (solid lines) and theoretical fits (black dashed lines). 

 

Table 3. Photophysical properties of Ru complexes (MeOH/EtOH (v/v = 1/1), 77 K). 

 E00
 Δ𝜈̃1/2  ħωM  SM ħωL  SL 

 (eV) (103 cm-1) (cm-1) (cm-1)  (cm-1)  

RuPy2-C4 1.97 15.9 944 1399 0.69 686 0.48 

RuPy4-C2 1.98 16.0 843 1338 0.50 675 0.37 

RuPy6 2.01 16.2 819 1420 0.70 713 0.42 
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Emission decay curves and quantum yields of RuPy4-C2 and RuPy2-C4 were evaluated. Estimated 

emission quantum yield (em), emission lifetime ( ), radiative and nonradiative constants (kr and 

knr) are listed in Table 4. Both RuPy4-C2 and RuPy2-C4 exhibited comparable em to that of RuPy6. 

The lifetimes of both RuPy4-C2 and RuPy2-C4 were estimated to be about 1 s that is long enough 

for photoredox sensitization (Fig. 9). Such a long emission lifetime can be caused by the prolonged 

-system suppress the 3MC activation. 17, 23 The  values of RuPy4-C2 and RuPy2-C4 were slightly 

shorter than RuPy6. As a result, the kr and knr values of RuPy4-C2 and RuPy2-C4 were larger than 

those of RuPy6. The larger kr of RuPyX-CY is possibly due to the -extension by cbz 

functionalization. Increasing knr by increasing the number of cbz group is plausibly explained by 

Energy-gap law, because the linear correlation with ln(knr) and E00 was found as shown in Fig. 10. 

Figure 9. Emssion decay curves of [SC2] (purple) and [SC4] (green).  

(1 M, CH3CN, 298 K, ex = 280 nm) 

Table 4. Luminescence data of Ru complexes (CH3CN, 298 K). 

a Ref. 17a. b Estimated from the data in ref. 17a. 

Complex  em  (s) kr (s
-1) knr (s

-1) 

RuPy2-C4 0.21 1.05 2.00×10
5
 7.52×10

5
 

RuPy4-C2 0.24 1.15 2.09×10
5
 6.61×10

5
 

RuPy6  0.23 a  1.78 a  1.29×10
5 b

  4.32×10
5 b
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 Figure 10. Energy gap plot of three complexes.  

(E00 values were estimated from the Franck-Condon analysis of emission spectra at 77 K.)  
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5-3-2 Theoretical calculation 

DFT calculation was carried out to reveal the photophysical properties of RuPy2-C4 and RuPy4-

C2. Molecular-orbital energy diagrams and molecular orbital contours are shown in Figures 11-14. 

As shown in Fig.11, the more cbz substituents were introduced the more HOMO and LUMO are 

destabilized. HOMO and most of HOMO-x (x < 4) of RuPy2-C4 and RuPy4-C2 are delocalized not 

only on the metal center as RuPy6 but also on the cbz moieties. The destabilization of HOMO level 

will be caused by decreasing electron density of Ru center by modifying cbz. HOMO-1 and HOMO-

2 energy values of each complex were 2.7-2.9 eV, and the orbitals localized on qpy ligand(s) was 

relatively stabilized in comparison with those on dcbzbpy (Fig. 11b). The LUMO of each complex is 

mainly localized on qpy ligands (80%), even though a couple of ligands were substituted to dcbzbpy. 

However, by increasing number of introduced dcbzbpy, the population on qpy (100% > 88% > 81%) 

was decreased and LUMO was slightly destabilized. (~1.0 eV, Fig. 11). This tendency should result 

from the weaker electron-withdrawing ability of cbz than pyridyl groups. The populations of HOMO 

and LUMO implies that the lowest-energy transition of RuPy2-C4 and RuPy4-C2 at the visible 

region may have the metal-mixed ligand-to-ligand charge transfer (1MMLLCT) character from the 

mixed MO composed of the Ru(d) and cbz() orbitals. 

The remarkable destabilization of HOMO can be a main reason of the red-shifted absorption and 

emission wavelength for RuPy2-C4 and RuPy4-C2. In fact, the HOMO-LUMO energy gap 

decreased in the following order, RuPy6 (3.53 eV) > RuPy4-C2 (3.34 eV) > RuPy2-C4 (3.31 eV), 

similar order to the trends found for experimental Eabs and Eem (Table 2).   
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Figure 11. (a) Schematic molecular orbital energy diagrams of Ru(II) complexes in the 

ground state in acetonitrile. (b) HOMO, LUMO, LUMO+1 and LUMO+2 of each complex 

combined with energy (eV) and composition of orbitals (Ru/cbz/bpydcbzbpy/qpy, %). 
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TD-DFT calculation in acetonitrile was also investigated. The simulation spectra and the lists 

of major transitions are shown in Fig. 15 and Tables 5-7, respectively. The simulated absorption 

spectra were qualitatively agreed to the experimental ones with two absorption bands around 

425-600 nm and 320-400 nm. As the list of main transitions shown in Tables 5-7, these two 

bands of RuPy6 are assigned to the 1MLCT transition from the Ru (d) orbital to the * orbital 

of bpy moieties of qpy ligand (bpyqpy) and to * orbital delocalizing in the whole qpy ligand 

including the terminal pyridyl groups, respectively (Table 5 and Fig. 12). In contrast, these 

absorption bands of RuPy4-C2 could be assigned to the charge-transfer transitions from the 

Ru(d) orbital effectively mixed with the  orbital of cbz moiety to mainly the * orbital of qpy 

ligand, that is 1MMLLCT transition (see Table 6 and Fig. 13). The similar trend was found for 

the RuPy2-C4 (Table 7 and Fig.14), and the larger contribution of the transition to dcbzbpy * 

orbital was observed. In addition, on the simulated absorption spectra, (Fig. 15) the peak 

corresponding on the lowest-energy absorption bands are red-shifted by increasing number of 

cbz parts with similar oscillator strength f, similar as the experimental ones. These results also 

suggest that mixing of cbz() can only contribute to on the redshift of abs but not on the 

increasing molar absorptivity in the transitions corresponded to the visible absorption band.   
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 LUMO+5 LUMO+6  

 -2.283, (0/100) -2.240, (2/98)  

 

 
 

 

LUMO+1 LUMO+2 LUMO+3 LUMO+4 

-2.897, (6/94) -2.895, (6/94)  -2.309, (1/99) -2.296, (1/99) 

  

 

 

  

 LUMO HOMO  

   -3.044, (0/100)  -6.572, (75/25)   

 

 

 

  

 HOMO-1 HOMO-2  

  -6.715, (71/29)  -6.719, (71/29)  

Figure 12. Selected molecular orbitals for the ground state of RuPy6 (Isovalue = 0.02) 

combined with energy (eV) and composition of orbitals (Ru/qpy, %).   
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Table 5. Wavelength, oscillator strength (f), and contributions of 

major transitions (f > 0.05) of RuPy6. 
 (nm) f Major contributions (%) Assignment 

452.05 0.0516 HOMO-1 ->LUMO 88 MLCT : Ru(d) -> bpyqpy(*) 

451.12 0.0553 
HOMO-2 ->LUMO 87 

MLCT : Ru(d) -> bpyqpy(*) 
HOMO-2 ->LUMO+2 8 

434.08 0.308 

HOMO-2 ->LUMO 10 

MLCT : Ru(d) -> bpyqpy(*) HOMO-2 ->LUMO+2 44 

HOMO-1 ->LUMO+1 42 

433.95 0.3108 

HOMO-2 ->LUMO+1 43 

MLCT : Ru(d) -> bpyqpy(*) HOMO-1 ->LUMO 10 

HOMO-1 ->LUMO+2 44 

357.44 0.1305 HOMO ->LUMO+3 94 MLCT : Ru(d) -> qpy(*) 

357.11 0.1347 HOMO ->LUMO+4 93 MLCT : Ru(d) -> qpy(*) 

345.34 0.0809 
HOMO-2 ->LUMO+5 18 

MLCT : Ru(d) -> bpyqpy(*) 
HOMO-1 ->LUMO+6 79 

345.28 0.1503 
HOMO-2 ->LUMO+6 45 

MLCT : Ru(d) -> qpy(*) 
HOMO-1 ->LUMO+5 45 

344.5 0.108 
HOMO-2 ->LUMO+5 72 

MLCT : Ru(d) -> qpy(*) 
HOMO-1 ->LUMO+6 18 

340.68 0.214 
HOMO-2 ->LUMO+3 66 

MLCT : Ru(d) -> qpy(*) 
HOMO-1 ->LUMO+4 27 

aMinor contributions (< 5%) are omitted. 
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LUMO+5 LUMO+6 LUMO+7 LUMO+8 

-2.240, (0/2/15/82) -2.013, (1/0/3/95) -1.846, (2/13/69/17) -1.754, (1/22/72/5) 

 

 

 

 

LUMO+1 LUMO+2 LUMO+3 LUMO+4 

-2.886, (7/0/1/91) -2.764, (5/9/77/9) -2.308, (5/0/1/99)  -2.295, (2/0/1/97) 

  

 

 

  

 LUMO HOMO  

   -3.000, (1/1/9/88) -6.341, (25/58/11/6)   

 

      

HOMO-1 HOMO-2 HOMO-3 HOMO-4 

-6.353, (30/51/11/6)  -6.615, (63/11/8/18)  -6.743, (37/46/4/13)  -6.746, (24/65/3/8) 

  

 

 

  

 HOMO-5 HOMO-6  

   -6.757, (0/99/0/0)  -6.872, (50/26/9/15)   

Figure 13. Selected molecular orbitals for the ground state of RuPy4-C2 (Isovalue = 0.02) 

combined with energy (eV) and composition of orbitals (Ru/cbz/bpydcbzbpy/qpy, %).   
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Table 6. Wavelength, oscillator strength (f), and contributions of 

major transitions (f > 0.05) of RuPy4-C2. 
 (nm) f Major contributions (%) Assignment 

473.47 0.0794 
HOMO-6 ->LUMO 20 

MMLLCT : Ru(d)+cbz() -> qpy(*) 
HOMO ->LUMO 75 

449.48 0.2485 

HOMO-4 ->LUMO 10 

MLCT : Ru(d) -> qpy(*) 

MMLLCT : Ru(d)+cbz() -> qpy(*) 

HOMO-3 ->LUMO 17 

HOMO-2 ->LUMO 48 

HOMO-1 ->LUMO 7 

HOMO ->LUMO+1 9 

446.84 0.3525 

HOMO-6 ->LUMO+2 6 

MMLLCT :  

Ru(d)+cbz() -> bpydcbzbpy (*) 

HOMO-3 ->LUMO+1 7 

HOMO-2 ->LUMO+1 18 

HOMO ->LUMO+2 59 

435.59 0.0722 

HOMO-4 ->LUMO+2 10 
MLCT : Ru(d) -> bpydcbzbpy(*) 

MMLLCT :  

Ru(d)+cbz() -> bpydcbzbpy(*) 

HOMO-3 ->LUMO+2 17 

HOMO-2 ->LUMO+2 52 

HOMO-1 ->LUMO+2 12 

404.34 0.0809 

HOMO-4 ->LUMO 13 

MMLLCT : Ru(d)+cbz() -> bpy(*) 

HOMO-4 ->LUMO+2 11 

HOMO-3 ->LUMO 21 

HOMO-3 ->LUMO+2 18 

HOMO-2 ->LUMO 8 

HOMO-1 ->LUMO 14 

HOMO-1 ->LUMO+2 8 
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368.23 0.0662 
HOMO-2 ->LUMO+5 19 

MMLLCT : Ru(d)+cbz() -> bpyqpy(*) 
HOMO-1 ->LUMO+5 65 

365.57 0.0964 
HOMO-2 ->LUMO+3 19 

MMLLCT : Ru(d)+cbz() -> qpy(*) 
HOMO-1 ->LUMO+3 63 

361.27 0.1148 
HOMO-6 ->LUMO+5 10 

MMLLCT : Ru(d)+cbz() -> bpyqpy(*) 
HOMO ->LUMO+5 71 

359.9 0.142 

HOMO-6 ->LUMO+4 12 

MMLLCT : Ru(d)+cbz() -> bpy(*) HOMO ->LUMO+3 8 

HOMO ->LUMO+4 63 

345.81 0.1584 

HOMO-4 ->LUMO+3 8 

MLCT : Ru(d)+cbz() -> qpy(*) 
HOMO-3 ->LUMO+3 14 

HOMO-2 ->LUMO+3 55 

HOMO-2 ->LUMO+5 9 

345.43 0.2314 

HOMO-3 ->LUMO+4 9 

MMLLCT : Ru(d)+cbz() -> bpy(*) 

HOMO-2 ->LUMO+4 44 

HOMO-2 ->LUMO+6 6 

HOMO-1 ->LUMO+6 9 

HOMO-1 ->LUMO+8 7 

HOMO ->LUMO+7 6 

aMinor contributions (< 5%) are omitted. 
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LUMO+1 LUMO+2 LUMO+3 LUMO+4 

-2.785, (4/10/76/11),  -2.290, (5/11/83/1) -2.189, (1/0/2/96) -1.915, (0/5/30/65) 

  

 

 

  

 LUMO HOMO  

   -2.948, (3/2/14/81)  -6.257, (37/43/15/5)   

 

 

 
 

HOMO-1 HOMO-2 HOMO-3 HOMO-4 

 -6.299, (41/37/18/4)  -6.362, (32/47/15/6)  -6.470, (0/85/14/0)  -6.705, (36/47/11/5) 

  

 

 

  

 HOMO-9 HOMO-10  

   -6.793, (36/45/11/8)  -6.928, (43/38/14/5)   

Figure 14. Selected molecular orbitals for the ground state of RuPy2-C4 (Isovalue = 0.02) 

combined with energy (eV) and composition of orbitals (Ru/cbz/bpydcbzbpy/qpy, %).   



138 

 

Table 7. Wavelength, oscillator strength (f), and contributions of 

major transitions (f > 0.05) of RuPy2-C4. 

aMinor contributions (< 5%) are omitted.  

 (nm) f Major contributions (%) Assignment 

465.34 0.2509 

HOMO-10 -> LUMO+1 10 

MMLLCT : Ru(d)+cbz() ->bpydcbzbpy(*) HOMO-1 -> LUMO+1 32 

HOMO -> LUMO+1 42 

460.18 0.2476 

HOMO-9 -> LUMO 20 

MMLLCT : Ru(d)+cbz() -> qpy(*) HOMO-2 -> LUMO 65 

HOMO -> LUMO+2 6 

448.53 0.0802 

HOMO-10 -> LUMO+2 7 

MMLLCT : 

Ru(d)+cbz() -> bpydcbzbpy(*) 

HOMO-9 -> LUMO+1 16 

HOMO-2 -> LUMO+1 27 

HOMO-1 -> LUMO+2 11 

HOMO -> LUMO+2 34 

446.78 0.2104 
HOMO-9 -> LUMO+2 23 MMLLCT :  

Ru(d)+cbz() -> bpydcbzbpy(*) HOMO-2 -> LUMO+2 67 

408.95 0.0586 

HOMO-4 -> LUMO+2 10 

LLCT : cbz() -> bpy(*) HOMO-3 -> LUMO 46 

HOMO-3 -> LUMO+1 32 

402.84 0.0858 

HOMO-4 -> LUMO 26 

MMLLCT : Ru(d)+cbz() -> bpy(*) HOMO-4 -> LUMO+1 20 

HOMO-3 -> LUMO+2 33 

372.28 0.0847 

HOMO-10 -> LUMO 9 

MMLLCT : Ru(d)+cbz() -> bpy(*) 
HOMO-4 -> LUMO+4 10 

HOMO-1 -> LUMO+4 34 

HOMO -> LUMO+4 34 

365.57 0.1215 

HOMO-10 -> LUMO+4 6 

MMLLCT : Ru(d)+cbz() -> bpy(*) HOMO-1 -> LUMO+4 34 

HOMO -> LUMO+4 40 

361.68 0.1983 
HOMO-9 -> LUMO+1 17 MMLLCT :  

Ru(d)+cbz() -> bpydcbzbpy(*)+qpy(*) HOMO-1 -> LUMO+3 44 

357.55 0.0838 
HOMO-9 -> LUMO+3 17 

MMLLCT : Ru(d)+cbz() -> qpy(*) 
HOMO-2 -> LUMO+3 68 
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Figure 15 (a) Comparison with experimental spectra in acetonitrile (upper, dotted line) and simulated 

absorption spectra in acetonitrile by TD-DFT calculations (bottom, solid line, nstate =20) and (b) the 

bar chart of oscillator strength of RuPy4-C2 (green) and RuPy2-C4 (purple) and RuPy6 (red).  
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5-3-3 Electrochemical property 

Considering the lower electron-withdrawing ability of cbz groups than pyridyl groups 24, 25 and 

destabilization of HOMO as suggested by DFT calculations (§ 5-3-2), the redox potential of 

Ru(III/II) on RuPy4-C2 and RuPy2-C4 was suggested to appear at more negative region than that of 

RuPy6. Unfortunately, the quantitative estimation of Ru(III/II) redox potential of these complexes  

from the cyclic voltammograms was difficult, because of the overlap with the one-oxidation and 

two-reduction redox waves of cbz, characteristic behavior on producing bicarbazole. 26 (Fig. 16) 

However, the anodic peak observed at ~1.6 V, slightly lower than that of RuPy6 (1.72 V), on RuPy2-

C4 was plausibly assigned as the Ru(III/II) oxidation wave. The positive shift of oxidation wave on 

RuPy2-C4 was more obviously observed, possibly because the larger number of cbz groups reduce 

the stabilization of cbz radical by the electron deficiency Ru(III). Additionally, the redox peaks 

assigned as polycarbazole derivatives became more intense by the repeated cycles of CV (Fig.17). 

On RuPy2-C4, the redox waves of cbz were observed more clearly and the polymerization peaks 

were more obvious than RuPy4-C2, plausibly because of the larger number of modified cbz. These 

results suggest the polymerization ability and an applicability for the electropolymerization with 

WOC of RuPy4-C2 and RuPy2-C4.   
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Figure 16. The first scan in cyclic voltammograms of RuPy4-C2 (green), RuPy2-C4 (purple) and 

RuPy6 (red) in acetonitrile containing 0.1 M TBAPF6. Scan rate: 100 mVs-1. 

Figure 17. Repeated cyclic voltammograms of (a) RuPy2-C4 and (b) RuPy4-C2.  
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Assuming the Ru(III/II) redox potential of RuPy2-C4 and RuPy4-C2 are similar to that of 

RuPy6, the redox potential in excited state Ru(III/II*) of them are to be ~-0.3 V vs NHE, and 

it is apparently difficult to use them as sensitizers on TiO2 electrodes. However, under a pure-

aqueous condition, Ru(III/II) redox potential tends to shift negatively. 27 In the same way, as  

shown in Fig. 18, a cyclic voltammogram of RuPy6-modified TiO2 electrode in the aqueous 

solution (pH=5), a reversible redox couple was observed at 1.45 V vs NHE, assigned as 

Ru(III/II) redox of RuPy6, 0.24 V shifted to negative side. Similar tendency was shown in 

that of RuPy2-C4-modified one, with slightly negative shift of anodic peaktop from RuPy6. 

(1.56 V→1.55 V) Considering the conduction-band edge of TiO2 increases > -0.5 V in an 

acidic condition, 28 these complexes can inject electrons to a conduction-band of TiO2 under 

acidic media. An application of the semiconductors with more positive conduction-band 

edge, such as ZnO, 29 can also be promising.   

Figure 18. Cyclic voltammograms of RuPy6 or RuPy2-C4-modified TiO2/FTO electrode 

under pH =5.0 acetate buffer (0.1 M). Scan rate : 100 mVs-1. 
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5-4 Conclusion 

In this chapter, newly synthesized luminescent Ru(II) complexes having both the cbz hole-

mediating precursors and the pyridyl anchors, RuPy2-C4 and RuPy4-C2 were characterized 

aiming to apply for polycarbazole-integrated water oxidation photoanodes. Obtained two 

complexes exhibited high molar absorptivity in visible region, long excitation lifetime and 

high kr based on cbz-mixed CT transition. Furthermore, positive redox potential close to cbz 

oxidation was implied. In addition, these complexes were suggested to be electropolymerized 

in the CV measurement. However, in order to develop the desirable cbz-functionalized 

photoanodes, polymerization, further investigation with above-mentioned chromophores-

modified semiconductor electrodes and WOCs discussed in Chapter 3. 

 Author hopes an intensive studies on HM polymer-conjugated photoanodes.  
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Chapter 6 

General Conclusion  
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In this thesis, the hole-transporter (HT) functionalized photochemical oxygen-evolution reaction 

(OER) system was focused aiming to integrate water oxidation catalyst (WOC), HT, and 

photosensitizer (PS).   

In chapter 1, the background and the purpose of this thesis were described. The progress of 

light-driven OER systems as the half-reaction of artificial photosynthesis, various methods of 

WOC and PS for efficient electron transfer, and utilization of HT materials to suppress a charge 

recombination were briefly reviewed. The outline of this thesis about the integrations of WOC, 

PS and HT was summarized. 

In chapter 2, stepwise growths of K2xCoIII
(3-x)[FeII(CN)6]2・nH2O (CoFe-PBA) WOC and 

K2CdII[RuII(CN)6] (CdRu-PWA) HT on a Ru(II) dye-immobilized TiO2 electrode were 

investigated to utilize HT with high redox potential to conjugate WOC and PS. Obtained 

photoanodes BxWyRu exhibited electrochemical OER behavior and lower catalytic activity was 

shown on CdRu-PWA-loaded anodes than non-loaded one possibly due to the lower amount of 

WOC and insulation by CdRu-PWA layer. On the other hand, the comparable photocurrents 

assignable to OER were observed on B3Ru and B3WRu, suggesting the effectiveness of PWA 

as a HT layer. However, their low photoelectrocatalytic activities indicate that further progress 

is necessary to overcome the insulating nature. 

In chapter 3, novel Ru(II) complexes WOCs, modified 1 or 2 eq. of carbazole(cbz)-HT 

precursor to Ru-bipyridine dicarboxylato complex WOC backbone (denoted as C1 or C2) were 

synthesized. The introduction of electron-withdrawing cbz groups was found to improve the 

OER catalytic ability plausibly due to stabilize the -peroxo Ru(IV)-O-O-Ru(IV) species. 

Furthermore, multi-step OER behavior involving the cbz oxidation was observed in chemical 

OER by Ce(IV) strong oxidant. From this study, the efficacy for the homogeneous OER 

catalysis of cbz-functionalization to a molecular WOC was indicated and the origin of unique 

OER behavior was elucidated. 

In chapter 4, an application of pyridyl-anchor modified Ru(II) complexes as the PS for OER 

were investigated with the attention to their positive Ru(III/II) redox potential and WOC-

capturing ability. RuPy2 and RuPy6, [Ru(bpy)3]2+ derivatives having two or six pyridyl anchors 

acted as sensitizers for photocatalytic OER in the presence of Na2S2O8 sacrificial oxidant. 

Although these complexes were found to be adsorbed on the surface of CoFe-PBA WOC, 

photochemical OER activity decreased by increasing the number of pyridyl anchors, because 

the reactivity with sacrificial oxidant was suppressed by the bulky pyridyl group. The photo-

induced electron injection from these surface-immobilized RuPyn sensitizer to the conduction 

band of TiO2 nanoparticle was hardly observed. Nevertheless, the reactivity with sacrificial 

oxidant and photochemical OER activity were improved by the immobilization of RuPy2 on 

TiO2 surface, probably because the detrimental effect of bulky pyridyl groups was cancelled by 
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immobilization. These results indicates the applicability of the Ru(II) sensitizers with pyridyl 

strong-electron withdrawing anchors for photochemical OER system. This work also suggests 

that the orientation of PS molecules on the surface of nanoparticles can contribute on the 

photochemical OER activity.  

In chapter 5, novel cationic Ru(II) chromophores bearing both cbz HT-precursors and pyridyl 

anchors, RuPy2-C4 and RuPy4-C2 were synthesized aiming to apply PSs with pyridyl-anchor 

for HT-integrated photoanodes. The absorption and emission of these complexes can be 

assigned as metal-mixed ligand-to-ligand charge transfer (MMLLCT) transitions from the Ru 

(d) mixed with cbz() moiety to the bpy ligands (*), and the introduction of cbz leads to 

destabilization of HOMO and redshift of absorption or emission wavelength. Additionally they 

exhibited strong visible absorption, long emission lifetime and higher kr values suitable for PS 

on OER. Polymerization ability of these complexes were also suggested. These results implied 

the possibility to application on the WOC-PS integration via polycarbazole HT.  

Among these results, suppressing the electron-insulation should be cared for HT-integrated 

photochemical OER system. In this context, cbz derivatives can be a promising materials. 

Through the elucidation of cbz-introduction to Ru(II) complex chromophores and catalysts, 

efficacy of hole-donating nature of cbz HT-precursors for molecular-based photocatalytic OER 

was suggested. Additionally, electron-withdrawing pyridyl groups were proposed as promising 

anchors for OER systems combined HT. Although the construction of hole-mediator integrated 

efficient OER photoanodes with proper potential gradient is in progress yet, the knowledges 

gained from these studies will provide a fundamental knowledge to investigate HT-integrated 

photochemical OER system. 
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Table 1. Cartesian coordinates for optimized ground state structure of C2 by theoretical 

calculation. 

Number X Y Z 

Ru 0.000061  -0.000440  0.315213  

O 0.050653  1.958639  -0.726056  

O -0.050276  -1.959276  -0.726525  

O -0.066289  -4.202909  -0.196918  

O 0.067024  4.202133  -0.195847  

N -0.027556  -1.281512  1.818198  

N 0.027394  1.280226  1.818520  

N -6.221939  0.031257  -0.873248  

N -2.105788  0.074997  0.081314  

N 6.221931  -0.030562  -0.873283  

N 2.105860  -0.075698  0.081543  

C -0.040244  -2.615523  1.586483  

C -0.005840  -0.737964  3.086641  

C 0.005397  0.736368  3.086819  

C -4.848987  0.046395  -0.556662  

C -0.001824  1.606637  4.184153  

C 0.040174  2.614303  1.587149  

C -0.012670  -2.993477  3.964694  

C -0.033105  -3.506781  2.657274  

C 3.933527  -0.797856  -1.313812  

C 0.032795  3.505292  2.658154  

C 2.987476  0.653816  0.813089  

C 4.347959  0.688419  0.533028  

C 0.001125  -1.608507  4.183757  

C 0.012029  2.991660  3.965445  

C -0.057914  -2.989122  0.109111  

C 7.047382  1.120636  -0.930588  

C 7.016863  -1.163915  -1.179771  

C -7.016605  1.164947  -1.179214  

C 4.849009  -0.046199  -0.556559  

C -7.047658  -1.119724  -0.931153  

C 2.586707  -0.796829  -0.970629  

C 6.716379  2.470043  -0.769250  
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C 0.058293  2.988284  0.109894  

C 8.347706  -0.729702  -1.423572  

C -4.348019  -0.688916  0.532511  

C 8.365838  0.715086  -1.271256  

C -9.372637  -1.676987  -1.416092  

C -9.054738  -3.024038  -1.232116  

C -8.365991  -0.713710  -1.271729  

C -9.339626  1.672843  -1.724978  

C -8.347521  0.731150  -1.423349  

C -3.933384  0.798199  -1.313604  

C 9.372277  1.678663  -1.415075  

C -6.716975  -2.469279  -0.770422  

C -2.987526  -0.654736  0.812519  

C -6.674779  2.521043  -1.200638  

C 6.675332  -2.520073  -1.201957  

C 9.340038  -1.671018  -1.725628  

C -7.682026  3.442273  -1.503978  

C 7.737575  3.413477  -0.918475  

C -7.738374  -3.412413  -0.920186  

C -9.000010  3.026338  -1.769908  

C 9.054057  3.025551  -1.230481  

C -2.586537  0.796714  -0.970502  

C 7.682802  -3.440921  -1.505708  

C 9.000719  -3.024563  -1.771312  

H -0.019109  1.212669  5.193824  

H -0.005847  -3.669093  4.812626  

H -0.042813  -4.569293  2.447706  

H 4.261220  -1.358065  -2.179615  

H 0.042602  4.567859  2.448867  

H 2.581329  1.217066  1.641143  

H 5.013007  1.263102  1.164321  

H 0.018196  -1.214793  5.193529  

H 0.004989  3.667063  4.813545  

H 1.848274  -1.369999  -1.517366  

H 5.703347  2.788115  -0.555354  

H -5.013164  -1.263815  1.163513  
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H -10.383820  -1.380853  -1.676552  

H -9.824705  -3.780441  -1.340927  

H -10.359785  1.354756  -1.914972  

H -4.260995  1.358899  -2.179122  

H 10.383546  1.382883  -1.675607  

H -5.704036  -2.787687  -0.556593  

H -2.581430  -1.218497  1.640252  

H -5.669712  2.860753  -0.982778  

H 5.670330  -2.860121  -0.984328  

H 10.360142  -1.352602  -1.915371  

H -7.438370  4.499260  -1.531060  

H 7.503934  4.466235  -0.798319  

H -7.504980  -4.465283  -0.800521  

H -9.757881  3.765966  -2.005246  

H 9.823861  3.782183  -1.338860  

H -1.847971  1.369990  -1.516996  

H 7.439374  -4.497945  -1.533372  

H 9.758766  -3.763904  -2.006994  
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Table 2. Cartesian coordinates for optimized ground state structure of C1 by theoretical 

calculation. 

Number X Y Z 

Ru -1.957772  -0.026687  -0.481986  

O -1.641020  1.887456  -1.559343  

O -1.761900  -2.028984  -1.420635  

O -1.911372  -4.248076  -0.813927  

O -1.741393  4.151445  -1.134574  

N -2.354983  -1.243653  1.022478  

N -2.292464  1.315889  0.927792  

N -3.946363  0.031989  -1.213884  

N 4.369148  -0.033640  -0.160786  

N 0.143879  -0.096328  -0.199775  

C -2.317913  -2.586162  0.851382  

C -2.640538  -0.647323  2.233961  

C -2.624484  0.825731  2.174292  

C -6.452542  -0.015541  -2.462625  

C -2.896265  1.740990  3.198991  

C -2.219166  2.639195  0.650234  

C -2.871307  -2.863769  3.178749  

C -2.575991  -3.431511  1.928331  

C 2.251862  -0.873358  -1.073118  

C -2.484827  3.574176  1.648363  

C 0.825890  0.695065  0.668074  

C 2.213834  0.736415  0.714952  

C -2.904623  -1.470695  3.335713  

C -2.825389  3.115681  2.931826  

C -1.976375  -3.022396  -0.568320  

C 5.179164  1.128243  -0.098996  

C 5.219613  -1.167341  -0.199864  

C 2.960432  -0.057075  -0.174309  

C 0.862031  -0.874959  -1.057758  

C 4.812568  2.478105  -0.106691  

C -1.834991  2.951101  -0.791714  

C 6.568363  -0.722295  -0.155400  

C -6.250985  -0.668276  -1.242328  
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C 6.542796  0.729270  -0.096887  

C -5.377573  0.664787  -3.043003  

C 7.549892  1.702356  -0.064815  

C -4.991108  -0.626425  -0.648710  

C 4.899518  -2.528886  -0.212317  

C 7.608512  -1.660467  -0.156914  

C 5.835418  3.430991  -0.075683  

C 7.190417  3.051404  -0.047298  

C -4.141157  0.674975  -2.399275  

C 5.954693  -3.446367  -0.212750  

C 7.296044  -3.020858  -0.191629  

H -3.159903  1.389156  4.189815  

H -3.074004  -3.503056  4.030641  

H -2.540124  -4.501876  1.767165  

H 2.776041  -1.481229  -1.798742  

H -2.420316  4.626966  1.402578  

H 0.234094  1.304037  1.336384  

H 2.709137  1.362914  1.445142  

H -3.131612  -1.034357  4.301706  

H -3.036707  3.825939  3.723278  

H 0.274850  -1.492439  -1.726221  

H 3.775907  2.788623  -0.154172  

H -7.053271  -1.210022  -0.755255  

H -5.486429  1.186172  -3.986443  

H 8.595537  1.411360  -0.063051  

H -4.795910  -1.132314  0.286195  

H 3.873145  -2.874834  -0.212681  

H 8.643149  -1.334005  -0.125137  

H 5.574438  4.484178  -0.081557  

H 7.960255  3.815315  -0.022621  

H -3.280225  1.204380  -2.787483  

H 5.729863  -4.507774  -0.227258  

H 8.091930  -3.757991  -0.196073  

H -7.421785  -0.038111  -2.948555  

 

  



157 

 

Table 3. Cartesian coordinates for optimized ground state structure of C0 by theoretical 

calculation. 

Number X Y Z 

Ru -0.000018  -0.000029  -0.550067  

O -0.067786  -1.955754  -1.593609  

O 0.067924  1.955808  -1.593558  

O 0.101806  4.199647  -1.065226  

O -0.101787  -4.199617  -1.065373  

N 0.036983  1.280483  0.952451  

N -0.037057  -1.280525  0.952423  

N 2.107201  -0.096437  -0.776662  

N -2.107194  0.096411  -0.776656  

C 0.061533  2.613920  0.719336  

C 0.011060  0.737281  2.220933  

C -0.011164  -0.737358  2.220914  

C 4.841457  -0.107830  -1.382608  

C -0.011456  -1.608581  3.317527  

C -0.061542  -2.613966  0.719266  

C 0.037006  2.993204  3.097378  

C 0.062079  3.505755  1.789713  

C -3.931686  0.820776  -2.169809  

C -0.062058  -3.505823  1.789615  

C -2.991028  -0.593965  -0.010759  

C -4.357439  -0.607968  -0.283242  

C 0.011386  1.608470  3.317567  

C -0.037011  -2.993304  3.097301  

C 0.083175  2.986156  -0.758829  

C -4.841420  0.107981  -1.382708  

C -2.576206  0.800283  -1.844963  

C -0.083135  -2.986155  -0.758904  

C 4.357395  0.608021  -0.283103  

C 3.931785  -0.820563  -2.169821  

C 2.990983  0.593940  -0.010680  

C 2.576281  -0.800150  -1.845035  

H 0.008727  -1.215718  4.327614  

H 0.036031  3.669400  3.944920  
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H 0.081316  4.568013  1.579532  

H -4.260184  1.390782  -3.030629  

H -0.081273  -4.568082  1.579429  

H -2.580906  -1.148299  0.821471  

H -5.023528  -1.177017  0.354636  

H -0.008816  1.215587  4.327647  

H -0.035997  -3.669529  3.944820  

H -1.829199  1.351263  -2.402523  

H 5.023436  1.177069  0.354828  

H 4.260319  -1.390472  -3.030692  

H 2.580775  1.148234  0.821535  

H 1.829306  -1.351106  -2.402676  

H 5.899629  -0.108388  -1.620034  

H -5.899579  0.108606  -1.620193  
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Table 4. Cartesian coordinates for optimized ground state structure of RuPy2-C4 by theoretical 

calculation. 

     

Atom X Y Z 

Ru 0.095453  0.852266  -0.017372  

N 0.740432  -0.755712  -1.147533  

N 0.891711  2.329050  -1.220208  

N -0.885940  -0.485647  1.218309  

N -0.346673  2.545150  1.077610  

N 1.991986  0.547580  0.750438  

N -1.823904  0.923029  -0.783203  

N 3.640623  7.788970  -4.902507  

N -1.776187  8.711192  4.374988  

N -3.147451  -3.225704  3.488277  

N -5.841766  0.888843  -2.060874  

N 2.311712  -4.073191  -3.220259  

N 5.930290  -0.257059  2.019357  

C 1.784281  -2.972242  -2.526910  

C 2.001179  -1.216186  -0.869832  

C 2.537001  -2.319159  -1.536679  

C 0.490580  -2.489998  -2.802391  

C -1.311737  3.749639  2.926073  

C -0.909737  4.983680  2.379544  

C 2.711237  -0.471930  0.182709  

C 1.973879  4.489210  -2.675259  

C 4.619426  0.014719  1.596636  

C 4.019707  -0.749023  0.581285  

C -2.217466  -0.676482  0.955259  

C 1.302024  4.693823  -1.458478  

C -0.315239  -1.194710  2.223084  

C -2.748794  0.131011  -0.154268  

C -1.205248  6.263389  3.063005  

C 0.054207  3.735022  0.527191  

C -1.017671  2.566389  2.255166  

C 3.868909  1.056770  2.173721  

C 0.771414  3.611544  -0.751050  
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C 3.032677  6.773254  -2.787290  

C 0.009563  -1.394936  -2.093772  

C -4.085730  0.114610  -0.553320  

C 1.538161  2.122730  -2.393569  

C 2.082526  3.164071  -3.139314  

C -0.216909  4.952472  1.157610  

C 2.544785  5.622829  -3.437559  

C -1.023798  -2.108797  2.994762  

C -2.231283  1.699017  -1.817701  

C -2.986531  -1.571242  1.700520  

C 2.575226  1.291825  1.722008  

C -2.392852  -2.311325  2.736546  

C 3.566037  7.818528  -3.550489  

C -3.544554  1.715154  -2.273871  

C -0.345745  7.373205  2.947013  

C -4.504847  0.907902  -1.634368  

C -0.666404  8.562032  3.613033  

C -2.358633  6.416166  3.856902  

C 2.623356  5.589712  -4.843459  

C -2.601671  7.643081  4.485375  

C 3.170887  6.682272  -5.526162  

C -4.083636  -4.153329  2.970522  

C -4.431863  -4.430607  1.641893  

C -4.633793  -4.892000  4.051357  

C -5.372688  -5.444242  1.412737  

C -5.574195  -5.903483  3.802306  

C -5.946070  -6.170687  2.478925  

C -3.105824  -3.374944  4.895639  

C -2.382791  -2.651725  5.853227  

C -4.019802  -4.395116  5.269876  

C -2.567278  -2.990161  7.201002  

C -4.190969  -4.720225  6.624306  

C -3.455488  -4.017641  7.586818  

C -6.648090  -0.265894  -2.212726  

C -7.931857  0.135672  -2.667836  

C -6.322308  -1.618105  -2.042339  
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C -8.917763  -0.829048  -2.925933  

C -7.319920  -2.567315  -2.304647  

C -8.607840  -2.181282  -2.735170  

C -6.615344  2.020457  -2.416262  

C -6.285406  3.381363  -2.374900  

C -7.912981  1.582392  -2.790707  

C -7.273086  4.302851  -2.749658  

C -8.889038  2.519603  -3.162552  

C -8.560430  3.880711  -3.147153  

C 3.617859  -4.166254  -3.758622  

C 1.622921  -5.274312  -3.514413  

C 4.649267  -3.218314  -3.779183  

C 3.754984  -5.427141  -4.397408  

C 0.334142  -5.681200  -3.145695  

C 2.494973  -6.131152  -4.236726  

C 5.841952  -3.567300  -4.427875  

C 4.956689  -5.758623  -5.042005  

C -0.083405  -6.959078  -3.542618  

C 2.059162  -7.407321  -4.625450  

C 6.000984  -4.825663  -5.048222  

C 0.764164  -7.813736  -4.280800  

C 6.472754  -1.541156  2.268040  

C 6.938148  0.706362  2.265767  

C 5.857281  -2.799142  2.224030  

C 7.825212  -1.390358  2.673623  

C 6.906547  2.098033  2.107336  

C 8.121379  0.031233  2.666591  

C 6.633363  -3.916493  2.561959  

C 8.586559  -2.520836  3.007989  

C 8.079007  2.812539  2.389957  

C 9.285631  0.763640  2.945413  

C 7.986358  -3.784359  2.943219  

C 9.256407  2.157272  2.811718  

H 3.516222  -2.697417  -1.274489  

H -0.123538  -2.934383  -3.575274  

H -1.831666  3.695020  3.875077  
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H 4.589974  -1.526726  0.091212  

H 1.179291  5.699126  -1.076146  

H 0.738551  -1.027637  2.399393  

H -1.310147  1.610036  2.666382  

H 4.266655  1.657282  2.981714  

H 3.027562  6.857904  -1.705969  

H -0.975999  -0.998628  -2.296726  

H -4.810275  -0.482180  -0.015958  

H 1.616817  1.098698  -2.732102  

H 2.604950  2.929406  -4.059123  

H 0.088150  5.879560  0.689330  

H -0.504589  -2.673754  3.758380  

H -1.475011  2.302673  -2.300899  

H -4.044842  -1.679524  1.504559  

H 1.975414  2.080019  2.156513  

H 3.951965  8.709846  -3.066335  

H -3.800253  2.322816  -3.132466  

H 0.572775  7.319982  2.372877  

H -0.012867  9.425392  3.539856  

H -3.075461  5.610753  3.972691  

H 2.246599  4.745531  -5.410561  

H -3.488503  7.780786  5.095597  

H 3.233660  6.676828  -6.609598  

H -3.989880  -3.903584  0.803833  

H -5.660354  -5.676071  0.391478  

H -6.001695  -6.475057  4.620683  

H -6.673345  -6.948184  2.266794  

H -1.709603  -1.845625  5.584316  

H -2.016562  -2.445419  7.962055  

H -4.886816  -5.498593  6.922899  

H -3.573231  -4.256127  8.639289  

H -5.335123  -1.943790  -1.734511  

H -9.902902  -0.533556  -3.274406  

H -7.091532  -3.621423  -2.177680  

H -9.358262  -2.941690  -2.927742  

H -5.311617  3.732581  -2.053340  
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H -7.040714  5.363404  -2.728363  

H -9.884862  2.196403  -3.450780  

H -9.301681  4.620399  -3.433233  

H 4.544652  -2.237862  -3.328300  

H -0.327498  -5.050837  -2.562517  

H 6.657040  -2.850301  -4.455594  

H 5.073855  -6.719404  -5.534325  

H -1.078963  -7.297306  -3.271081  

H 2.716401  -8.072448  -5.177552  

H 6.938402  -5.064983  -5.540566  

H 0.408846  -8.796746  -4.573944  

H 4.814421  -2.925887  1.955986  

H 6.021420  2.622961  1.766488  

H 6.179463  -4.902563  2.533124  

H 9.621867  -2.418434  3.319070  

H 8.078981  3.892586  2.277197  

H 10.196732  0.259101  3.252901  

H 8.560046  -4.670404  3.196677  

H 10.146752  2.740770  3.024536  
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Table 5. Cartesian coordinates for optimized ground state structure of RuPy4-C2 by theoretical 

calculation. 

Number X Y Z 

Ru 0.991923  -0.069421  -0.040775  

N 0.995418  -1.432638  -1.590668  

N 2.516074  1.120318  -0.766138  

N -0.642479  -1.054572  0.760193  

N 1.212445  1.291711  1.498992  

N 2.420774  -1.410434  0.607014  

N -0.572751  1.090505  -0.745481  

N 7.835516  5.445609  -2.746934  

N 2.209335  6.377306  6.405773  

N 1.328630  -6.486368  -6.618736  

N 7.335573  -6.288234  2.328182  

N -4.170498  -2.851089  2.209071  

N -3.965431  3.292196  -1.936217  

C 1.128770  -3.432395  -3.575496  

C 1.857951  -2.489296  -1.454703  

C 1.938522  -3.488299  -2.428569  

C 0.249390  -2.338662  -3.693008  

C 0.647463  2.290515  3.616155  

C 1.612877  3.300142  3.438974  

C 2.669213  -2.468679  -0.228126  

C 4.616806  2.832356  -1.548405  

C 4.365069  -3.337083  1.284259  

C 3.629139  -3.432866  0.091111  

C 1.198616  -4.481291  -4.618200  

C -1.868253  -0.511562  0.475783  

C 3.948517  3.009919  -0.325312  

C -0.590953  -2.181045  1.512788  

C -1.827918  0.702585  -0.355018  

C 1.820258  4.356143  4.455824  

C 2.161176  2.262580  1.307579  

C 0.476716  1.316324  2.637008  

C 4.095995  -2.239266  2.124544  

C 2.910331  2.151421  0.046590  
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C 6.570997  4.328182  -1.007048  

C 0.209968  -1.371138  -2.693369  

C -2.962468  1.423289  -0.729639  

C 3.155227  0.941885  -1.947945  

C 4.194392  1.767311  -2.367103  

C 2.371648  3.266136  2.257016  

C 5.721157  3.729550  -1.957619  

C -1.729108  -2.807383  2.007970  

C 1.522923  -5.814181  -4.298115  

C -0.447248  2.198130  -1.517021  

C -3.047150  -1.084273  0.954697  

C 5.383251  -4.350789  1.641538  

C 0.940023  -4.183434  -5.970412  

C 3.130187  -1.306925  1.757188  

C -2.993949  -2.254884  1.729803  

C 7.602731  5.168408  -1.441854  

C -1.538658  2.950975  -1.935820  

C 3.083814  4.945484  4.656339  

C 5.247388  -5.696759  1.249269  

C 1.016695  -5.204471  -6.924949  

C -2.833152  2.564634  -1.538710  

C 1.575080  -6.771698  -5.317929  

C 3.230327  5.939701  5.630931  

C 6.235564  -6.619876  1.611105  

C 6.525158  -4.004815  2.389923  

C 0.758013  4.808621  5.262530  

C 5.963502  4.014861  -3.315422  

C 7.464403  -4.993746  2.705090  

C 0.995101  5.809459  6.212002  

C 7.017944  4.868772  -3.659721  

C -5.364792  -3.041872  1.471681  

C -5.647001  -2.757327  0.128850  

C -6.316828  -3.679725  2.310246  

C -6.918914  -3.093362  -0.355287  

C -7.584847  -4.009117  1.807688  

C -7.883484  -3.706401  0.473451  
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C -4.367152  -3.365025  3.513855  

C -3.508056  -3.356781  4.620427  

C -5.687820  -3.878539  3.603771  

C -3.984773  -3.904432  5.819600  

C -6.147517  -4.423265  4.812598  

C -5.287396  -4.439925  5.917448  

C -5.188673  2.741079  -2.390393  

C -6.081960  3.804516  -2.686167  

C -5.542356  1.404135  -2.616043  

C -7.364516  3.525093  -3.182511  

C -6.827516  1.144441  -3.111894  

C -7.735181  2.190225  -3.386647  

C -4.084491  4.703279  -1.942785  

C -3.172627  5.682622  -1.528057  

C -5.385212  5.045635  -2.397986  

C -3.575058  7.023065  -1.607732  

C -5.770125  6.393148  -2.471431  

C -4.856495  7.379853  -2.080840  

H 2.643938  -4.300704  -2.308596  

H -0.420461  -2.241108  -4.538993  

H 0.041380  2.239791  4.512844  

H 3.823139  -4.246844  -0.595794  

H 4.227184  3.829372  0.325098  

H 0.390320  -2.590219  1.710863  

H -0.253958  0.529099  2.762085  

H 4.611264  -2.112543  3.069267  

H 6.460313  4.133175  0.054122  

H -0.460575  -0.525911  -2.766094  

H -3.941165  1.127029  -0.376964  

H 2.821421  0.117139  -2.562592  

H 4.676895  1.557046  -3.314183  

H 3.108819  4.036316  2.069550  

H -1.626230  -3.726225  2.570974  

H 1.709146  -6.121986  -3.274911  

H 0.554937  2.468512  -1.820840  

H -4.002656  -0.616913  0.758710  
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H 0.705894  -3.174734  -6.292702  

H 2.903364  -0.462744  2.394157  

H 8.270624  5.633909  -0.724186  

H -1.378150  3.801121  -2.586396  

H 3.952917  4.629299  4.089744  

H 4.381264  -6.039985  0.693988  

H 0.826627  -4.992040  -7.972136  

H 1.817711  -7.804482  -5.089102  

H 4.197480  6.400975  5.803210  

H 6.145061  -7.662170  1.322556  

H 6.704434  -2.983339  2.707047  

H -0.245971  4.414983  5.148101  

H 5.335838  3.605777  -4.099462  

H 8.353641  -4.744473  3.275141  

H 0.187231  6.174625  6.837929  

H 7.215600  5.104806  -4.700437  

H -4.917963  -2.307546  -0.535821  

H -7.161805  -2.880400  -1.392155  

H -8.320770  -4.496970  2.439859  

H -8.859828  -3.951879  0.067407  

H -2.510808  -2.934036  4.577512  

H -3.336628  -3.911500  6.690835  

H -7.155635  -4.818731  4.893184  

H -5.624609  -4.858575  6.860546  

H -4.857209  0.583396  -2.436225  

H -8.056644  4.329975  -3.411151  

H -7.125620  0.115783  -3.291977  

H -8.723910  1.954609  -3.767829  

H -2.190399  5.434640  -1.142380  

H -2.884868  7.800670  -1.294398  

H -6.761815  6.667385  -2.818621  

H -5.135548  8.427664  -2.132121  
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