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ABSTRACT 

Photocatalytic Water Reduction with 

Cyclometalated Transition Metal Complexes 

 

 

Dong Ryeol Whang 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

 

The global energetic and environmental context requires that alternative 

fuels, such as molecular hydrogen (H2), should be provided replacing fossil 

fuels, oil, coal and natural gas. With such objectives, there is a number of issues 

to be addressed. The most important one is that the source of energy should be 

renewable and eco-friendly. Renewable energies such as sunlight and wind are 

considered so far, however, they are intermittent and regional concentrated. In 

this context, converting those energies to another storable energy form is 

essential. 

H2 as a fuel has a number of merits compared to other sources of energy: i) 

high gravimetric energy density of 122 kJ/g, which is 2.7 times higher than 

gasoline (44.5 kJ/g) and 5.4 times higher than methanol (22.7 kJ/g), ii) clean 
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fuel without emissing CO2 or other carbon-based byproducts upon combustion, 

and iii) easier to store and transport than electricity.  

Currently the dominant technology for direct production of H2 is steam 

reforming (~96 %) which intrinsically have CO2 emission problem. In this 

regards, reducing of water into its constituent elements to produce H2 using 

limitless solar energy by photon-induced catalysis represents a promising 

solution.  

The critical issue on photocatalytic water reduction is to mimic highly-

efficient photosynthesis system in nature, which are facilitated by 

homogeneous catalysts. There have been great efforts to evaluate the so-called 

artificial photosynthesis system with molecular organometallic complexes as 

homogeneous photocatalysts. Homogeneous photocatalysis system comprising 

molecular catalysts is distinguished from heterogeneous system, and obviously 

possess an important issue to understand the catalytic process as a prerequisite 

for further improvement of photocatalytic water reduction system. 

In this regard, this work describes following four topics: i) investigate 

electronic and steric effect on Ir(III) photosensitizers photocatalytic activity, ii) 

developing robust Ir(III) photosensitizers with arylsilyl substituents for 

photocatalytic water reduction, iii) developing highly efficient electron 

reservoir Pt(II) water reduction catalyst for photocatalytic water reduction,  

and iv) developing tethered photosensitizer and water reduction catalyst with 

Ir-Pt bimetallic molecular device for efficient photocatalytic water reduction. 

Photochemical process of photocatalytic water reduction starts from the 



iii 

 

photoexcitation of a photosensitizer. In chapter II, a series of Ir(III) 

photosensitizers with different electronic and size effects on the N^N ligands. 

Structural integrity of the complexes were assured by introducing sulfone- or 

thioether-substituted N^N ligands. Systemic study on the substituent effect was 

carried out to investigate the structure-photocatalytic activity of the Ir(III) 

photosensitizers with the view to improve the photocatalytic activity of Ir(III) 

photosensitizers. 

In chapter III, a series of [Ir(III)(C^N)2(N^N)]+ complexes having 

bulky/protective arylsilyl substituent are reported with the aim of developing 

new photocatalytic water reduction systems with highly improved durability. 

Turnover number (TON) exceeding 17000 was achieved by using the Ir(III) 

photosensitizer in cooperation with triethylamine as a sacrificial reagent and 

colloidal Pt as a water reduction catalyst.  

Another issue on photocatalytic water reduction is to develop highly efficient 

molecular water reduction catalyst. In chapter IV, a water reduction catalyst 

with arylsilyl substituent is reported with high photocatalytic activity. 

Expanded -system of arylsilyl substituent renders an electron reservoir 

characteristic to the Pt(II) water reduction catalyst, thus gives robustness upon 

multi-electron reduction and high catalytic activity. TON upto 500000 was 

achieved by using the Pt(II) water reduction catalyst with N,N -́dimethylaniline 

as a sacrificial reagent and arylsilyl-substituted Ir(III) complex as a 

photosensitizer. 

Photocatalytic water reducing molecular device comprising Ir-Pt bimetallic 
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complex was studied in Chapter V. The enhanced photocatalytic water 

reduction kinetics, as well as the robustness of Ir-Pt bimetallic complex are 

examined systematically in conjunction with a multi-component system as a 

control. 

 

 

 

Keywords : Ir(III) complex, Pt(II) complex, water reduction, photosensitizer, 

water reduction catalyst 
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CHAPTER I. 

 

INTRODUCTION 
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1. Photocatalytic water reduction 

 

In the context of ecological, as well as economic problems, converting 

limitless solar radiation into conveniently usable forms of energy is one of 

challenging issues for researchers. One candidate is to use photovoltaic cells to 

convert solar radiation directly to electrical energy. One alternative way is 

development of photocatalytic system that can split water into hydrogen and 

oxygen through so-called ‘artificial photosynthesis’. Since hydrogen has a high 

gravimetric energy density of 122 KJ/mol and clean combustion product of 

water, the artificial photosynthesis is a promising system to solve the energy 

problem. 

Whereas various strategies for solar hydrogen generation using coupled 

photovoltaic electrolysis or inorganic semiconductor-based 

photoelectrocatalytic systems are reported,1-6 molecular photocatalytic systems 

that mimic nature’s photosymthesis utilizing transition metal complexes is an 

important research target because they provide mechanistic insights that cannot 

be achieved with heterogeneous system. With molecular catalysts, precise 

details of molecular scale transformations are often more accessible and greater 

tunability of photophysical and electrochemical properties can be provided by 

chemical modifications of the molecules compared to heterogeneous system. In 

this regrad, a large number of molecular photocatalytic systems for hydrogen 

evolution have been developed in the past decades.7-22 Such systems usually 
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consist of a photosensitizer, sacrificial electron donor, electron shuttle such as 

methyl viologen (MV2+), and a water reduction catalyst such as colloidal Pt. 

Initiated by the pioneering work of the Bernhard group,23 enormous advances 

in cyclometalated Ir(III) photosensitizers have been made in pursuit of highly 

efficient visible light driven water reduction systems.24-38 

 

1) Compartmentalization of water splitting 

Splitting of water into hydrogen and oxygen possesses complicated reaction 

that involves four proton-coupled electron transfers as depicted in Scheme I-1a. 

Owing to the complexity of both powering and directing the multiple electron 

transfer during water splitting, researchers generally separate the overall water 

splitting reaction into the individual oxidation and reduction half reactions, 

replacing the other half reaction with appropriate sacrificial reagents as shown 

in Scheme I-1b. 

Typical sacrificial reductants for the hydrogen evolution are tertiary amines, 

such as triethylaimne (TEA), triethanolamine (TEOA), N,N -́dimethylaniline 

(DMA), 1,4-diazabicyclooctane (DABCO), and ethylenediamineteraacetic acid 

(EDTA), which decompose after one electron oxidtion, allowing for maximal 

cage escape yield by preventing back-electron transfer.39  

Generally chosen sacrificial oxidants are persulfates, Co(III) complexes, and 

Ce(IV) complexes, of which oxidative potentials are strong enough. However, 

there are very few examples of water oxidation system with high photocatalytic 
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efficiency.40  

 

 

Scheme I-1. a) Overall water splitting reaction separated into independent half 

reactions. b) Introduction of sacrificial reductant (Red) and oxidant (Ox), 

allowing independent study of water reduction and oxidation. 

 

2) Photochemical pathway for photocatalytic water 

reduction 

Photocatalytic water reduction starts with photon-induced charge separation. 

A molecular photosensitizer absorbs a photon to generate a vibrationally and 

electronically excited state, which quickly relaxes to the lowest-lying excited 

state, PS*. This excited state is then quenched by sacrificial reductant via 

electron transfer, if the PS* is sufficiently long-lived. Although the visible light 

driven photocatalysis using organic photosensitizer is relatively 

underdeveloped due to their short lifetime, many inorganic and organometallic 
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compounds with considerable absorption in the visible spectrum are developed. 

In oxidative quenching, PS* donates an electron to the water reduction ctalyst 

(WRC) to afford an oxidized ground state photosensitizer (PS+) as shown in 

Figure I-1a. The photosensitizer is then regenerated from the oxidized PS+ on 

reaction with a stoichiometric sacrificial reductant, most often a tertiary amine 

base such as triethylamine or triethanolamine. Alternatively, the PS* can be 

reductively quenched first by a variety of electron-rich donors, such as  

tertiary amines or stronger organometallic reductants, to afford PS- (Figure I-

1b). This formed PS- is generally a strong reductant that can transfer an electron 

to a variety of weak electron acceptors, particularly to the WRC, making the 

reductive quenching pathway more efficient for photocatalytic water reduction. 
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Figure I-1. Photochemical pathways for the photocatalytic water reduction. a) 

oxidative quenching pathway, in which the excited photosensitizer (PS*) 

donates an electron to the water reduction catalyst (WRC) to produce PS+ and 

b) reductive quenching pathway, in which the PS* accepts an electron from a 

sacrificial reductant (Red) to produce PS-.  

 

 

Figure I-2. Chemical structures of representative photosensitizers for 

photocatalytic water reduction reported by Eisenberg group (a) and Bernhard 

group (b). 
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Eisenberg group reported Pt(II) terpyridyl complexes as shown in Figure I-

2a, which are effective photosensitiers for water reduction in corporation with 

TEOA as a sacrificial reductant and methyl viologen as electron shuttle, and a 

colloidal platinum as WRC.41 Photocatalytic water reduction was reported to 

primarily result from oxidative quenching of PS* by methyl viologen, although 

reductive quenching by TEOA was also observed. By varying the electron 

shuttle, it was shown that the rate of hydrogen production is correlated to the 

reducing power of singly reduced electron shuttle, and therefore, electron 

transfer from the reduced electron shuttle to the platinum WRC is believed to 

be the rate determining step of the overall photochemical pathway.42  

Bernhard group synthesized a varity of Ir(III) photosensitizers with a general 

structure of [Ir(C^N)2(N^N)]+ (Figure I-2b), where C^N reoresents 

cyclometalating ligand and N^N represents neutral ancillary ligand.23-33 It was 

demonstrated that a reductive quenching mechanism is exclusively available 

for the Ir(III) photosensitizer. The reductive quenching mechanism of Ir(III) 

photosensitizers were observed through flash photolysis quenching 

experiments24 and further supported by quantum chemical calculations using 

density functional theory (DFT) methods.33  
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3) Benchmarking factors of photocatalytic water 

reduction 

The most advantageous merit of catalytic system is the catalyst’s ability to 

turn over, or perform the same reaction multiple times. The turnover number 

(TON) reflects a catalyst’s stability under the employed conditions, and thus 

describes the material’s robustness irrespective of rate or energetic efficiency. 

In photocatalytic cycles, light absorption and charge separation is essential. 

Overall operating efficiency of photocatalytic water reduction is therefore 

determined by the following parameters: i) a system’s molar absorptivity at the 

useful wavelength range (especially in visible spectrum), ii) photocatalytic 

quantum yield or the turnover frequency (TOF), and iii) the robustness or TON.  

The absorptivity of the photocatalytic water reduction system is expressed as 

the summation of photosensitizer’s absorption and catalyst’s absorption. Since 

the water reduction catalysts are weak electron acceptor in general cases, 

absorption of the catalysts often deteriorate the efficiency of the photochemical 

pathway. In this regards, enhancing molar absorptivity of the photosensitizers 

in visible energy region is crucial for developing highly-efficient photocatalytic 

water reduction system.  

The most fundamental measure of a performance of the catalyst is its ability 

how quickly the catalytic reactions cycle. This quantity is expressed in terms of 

a TOF of the system, number of cycles achievable per unit time. While, in the 

light-driven photocatalytic system, the activity of the system is constrained by 
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the incoming flux of photons. Consequently, the TOF should be normalized by 

the number of photons absorbed by the sample per unit time to give the quantum 

yield.  

The monetary expense of a photocatalytic operation is related to the catalytic 

stability of photocatalytic water reduction system. The endurance is typically 

measured in terms of TON, the average number of times that a photocatalytic 

component cycles prior to system collapse. For hydrogen generation, TON is 

usually measured by the electrons that are passed to hydrogen, rather than the 

number of hydrogen molecules evolved. That is, TON is twice the number of 

hydrogen molecules that are generated per catalyst or photosensitizer molecule. 

Great emphasis has been made on the development of photosensitizers and 

catalysts with high stability (TON) and high catalysis efficiency (TOF). 

Considering these factors, developing a highly efficient photocatalytic water 

reduction system becomes complicated to accomplish those benchmarking 

factors simultaneously. 
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4) Distinguishing homogeneous and heterogeneous water 

reduction 

It is important to distinguish whether a catalyst operates by a homogeneous 

or a heterogeneous mechanism. Obviously this is an important issue if one 

wnats to understand the photochemical processes of the catalysis. 

Heterogeneous catalysts for water reduction have been known long befor 

their homogeneous analogues. It is no doubt that the inorganic semiconductor 

microcrystals for heterogeneous water reduction have strong points due to their 

robustness and high photocatalytic activity compared to the organometallic 

catalysis systems. Howeer, heterogeneous systems depend on many 

uncontrollable parameters such as particle size, shape which gives different 

catalyst’s physical properties, catalytic activity, selectivity, and stability.  

Homogeneous photocatalytic water reduction systems with organometallic 

complexes have advantages because the photochemical reaction mechanisms 

can be easily examined by various spectroscopic methods and exhibits high 

atom efficiency compared with inorganic semiconductor microcrystals which 

only the surface molecules participate in the catalytic reaction. Thus, the 

development of efficient homogeneous photocatalytic water reduction systems 

is of considerable importance in terms of scientific advance and realizing 

artificial photosymthesis. 
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2. Ionic transition metal complexes (iTMCs) 

 

Transition metal complex (TMC) is defined as a molecule consisting of a 

transition metal ion and surrounding array of ligands. TMCs are being explored 

for a various optoelectronic and photocatalytic applications, including organic 

light emitting diodes (OLEDs), photovoltaic devices, and photocatalysis. 

TMCs have their effectiveness that we can easily control their photophysical 

and electrochemical properties through a deliberate selection of core metal 

and/or ligand structure modifications.  

Among them, ionic transition metal complexes (iTMCs) have been widely 

investigated for their use in electrochemical applications such as photocatalysis, 

photosensitization, and light emitting electrochemical cells (LECs). The earlier 

studies on the iTMCs derive from cyclometalated Ru(II) complexes (e.g., 

[Ru(bpy)3]2+) for their attractive photophysical properties such as visible light 

absorption and long excited state lifetime.43-47 However, the potential for color 

tuning of Ru(II) complexes to higher energies is limited due to their weak 

ligand-field splitting.48 By employing a more stable third-row transition metals, 

such as Re(I), Os(II), Pt(II), or Ir(III), higher emission energies are attainable, 

likely owing to increased ligand field stabilization energy (LFSE). Among them, 

Ir(III) complexes are particularly attractive and thus have been the focus of 

extensive investigation because of their high photoluminescence efficiencies at 

room temperature, good photo- and thermal-stabilities, relatively short 
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phosphorescence lifetime (~s range) compared to other transition metal 

complexes, and versatile emission color tuning through ligand structure 

control.29-58 

 

 

1) Electronic transition in transition metal complexes 

Various electronic transitions in transition metal complexes are classified 

according to the localization of the molecular orbitals (MOs) involved as 

depicted in Figure I-3. Generally, we can identify three fundamentally different 

types of electronic transitions: i) transition between MOs predominantly 

localized on the central metal, which is called as metal centered (MC), ligand-

field, or d-d transition; ii) transition between MOs localized on the ligands, 

called as ligand-centered (LC) or interligand transition; iii) transitions between 

MOs of different localization, which cause the displacement of the electronic 

charge from the metal to the ligands or vice versa. These transitions are called 

charge-transfer (CT) transitions, and more specifically can be distinguished into 

metal-to-ligand charge transfer (MLCT) and ligand-to-metal charge transfer 

(LMCT) transitions. 

It should be noticed that the energy ordering of the various orbitals shown in 

Figure I-3 is only schematic which is in fact subject to vary. In general, the 

energy ordering is extremely sensitive to the type of ligands, nuclear species, 

and the oxidation state of the core metal. For example, the lowest excited state 
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of [Rh(phen)2Cl2]+ is MC, whereas that of [Ir(bpy)2Cl2]+ is MLCT; the lowest 

excited state of [Ir(phen)Cl4]-, [Ir(phen)2Cl2]+, and [Ir(phen)3]3+ is MC, MLCT, 

amd LC, respectively; the lowest excited state of [Ru(bpy)3]2+ and [Os(bpy)3]2+ 

is MLCT, whereas that of [Ru(bpy)3]2+ and [Os(bpy)3]2+ is LMCT. 

 

 

Figure I-3. Schematic energy level diagram and electronic transitions for a 

transition metal complex. 

 

 

2) iTMCs for photocatalytic water reduction 

 

Historically, most early work on the photocatalytic water reduction system 

focused on tris-(2,2 -́bipyridine) ruthenium(II) ([Ru(bpy)3]2+, see Figure I-4), 

which shows a strong metal to ligand charge transfer (MLCT) absorption in the 

visible energy region, long triplet excited state lifetime (~ s), and formation of 

a stable one-electron redox products. However, tuning the photophysical and 
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electrochemical properties of [Ru(bpy)3]2+ is limited due to its low lying metal-

centered triplet (3MC) state, which has -antibonding character. The 3MC state 

can be thermally populated easily at room temperature, thus leading to rapid 

non-radiative decay and photosensitizer degradation.59  

Cyclometalated Ir(III) complexes, such as bis-(2-phenylpyridine)-(2,2 -́

bipyridine) iridium(III) ([Ir(ppy)2(bpy)]+, see Figure I-3), have greater ligand-

field stabilization energy and strong field ligands that raise the energy of 3MC 

state to make it less accessible, allowing broader tuning capabilities through 

ligand modification.60 In this regards, Ir(III) photosensitizers have been widely 

studied in pursuit of highly efficient photocatalytic water reduction system.  

 

 

Figure I-4. Molecular structures of representative photosensitizers and water 

reduction catalysts (WRCs). 

 

For several decades, it has been known that [Co(bpy)3]2+ (see Figure I-4) was 

capable of serving as water reduction catalyst (WRC) with their strong reducing 

ability to directly reduce protons to form molecular hydrogen without the need 

of electron shuttle.60,61 The classical [Ru(bpy)3]2+ photosensitizer and a series 

of Ir(III) photosensitizers were evaluated in systems utilizing [Co(bpy)3]2+ as a 
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WRC and triethanolamine (TEOA) as a sacrificial reductant.28  

Various examples of iTMCs including Rh(III)24 and Pd(II)63,64 complexes 

have been developed as the WRC. Synthetic modification and high-throughput 

catalyst screening identified various photosensitizer-WRC combinations. 

For such homogeneous photocatalytic water reduction system, care must be 

taken to ensure that the catalytic activity originates from actual molecular 

species and not a colloidal metal species. It has been proven that Pt(II) and Pd(II) 

molecular catalysts were actually decomposed under the photocatalytic 

condition, to form metal colloids, which are active WRC species.  
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3. Polynuclear complexes 

 

Polynuclear complex is defined as coordination compounds containing two 

or more metal atoms, or ions, in a single coordination sphere. Great attention 

has been paid to the synthesis of polynuclear complexes and the study of their 

photochemical, photophysical, and electrochemical properties.66-75 For 

polynuclear complexes, we can find, besides properties of the mononuclear 

building blocks, properties related to the structure and composition of the 

polynuclear complex. Molecular design of a polynuclear complex starts from 

choosing the mononuclear building blocks, bridging ligands, and the 

geometrical arrangements of them. The appropriate design of polynuclear 

complex can allow potentially useful processes such as energy and/or electron 

transfer along predetermined pathways, photoinduced charge separation, and 

multi-electron exchange. 

 

 

1) Supramolecular and large molecular charactor of 

polynuclear complexes 

 

From a photochemical and electrochemical viewpoint, a supramolecular 

species may be defined as a complex system made of molecular components 

with their own individual properties.72 This happens when the interaction 
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energy between components is small compared with other relevant energy 

parameters. As shown in Scheme I-2, light excitation of a supramolecular 

species M1~M2 (~ indicates any type of bond or connection that keeps together 

the M1 and M2 components) leads to excited states that are substantially 

localized either on the M1 or on the M2 component (or causes directly an 

electron transfer from M1 to M2). When the excited states are substantially 

delocalized on both M1 and M2, the species is better considered as a large 

molecule. Similarly, oxidation and reduction of a supramolecular species can 

substantially be described as oxidation and reduction of specific components 

(Scheme I-2), whereas oxidation and reduction of a large molecule leads to 

species where the hole or the electron are delocalized on the entire species. 

 

 

Scheme I-2. Photochemical and electrochemical representation of 

supramolecule and large molecule. 

 

Electronic interaction between the mononuclear building blocks is a very 

important factor in determining weather a polynuclear complex is a 
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supramolecular species or a large molecule. If an electronic coupling between  

mononuclear building blocks are negligible or weak, the polynuclear complex 

can be classified as a supramolecule. On the other hand, in the large molecular 

cases, the electronic coupling between the mononuclear building blocks are 

strong, thus fully delocalized electronic state is observed. 

 

 

2) Intramolecular electron and energy transfer in 

polynuclear complexes 

 

Regarding a polynuclear complex as a supramolecular species, upon 

photoexcitation of the polynuclear complex, there exist a various 

photochemical pathways other than relaxation of the excited state: i) 

photoinduced electron transfer, ii) energy transfer, iii) thermal back-electron 

transfer. Additionally, optical electron transfer can be distinguished from 

photoinduced electron transfer. The schematic representation of the 

photochemical processes are depicted in Scheme I-3. 
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Scheme I-3. Photochemical pathways of polynuclear complex after 

photoexcitation. 

 

Photoinduced electron transfer 

It is well known that photoexcitation increased both oxidizing and reducing 

power of a molecule.76 Therefore, in a polynuclear complex, photoexcitation of 

the molecule can often be followed by an intramolecular electron transfer 

process.  

In polynuclear metal complexes, the bridging ligand is expected to play an 

important role in governing the possibility of photoinduced electron transfer. In 
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fact, depending on its length and electronic structure, the bridging ligand can 

induce a more or less important degree of delocalization between the 

components, thus increasing electronic interaction with respect to the 

corresponding intercomponent value at the same center-to-center distance. The 

role of the bridging ligand in enhancing the electronic coupling between the 

active components in a supramolecular system can be described in terms of 

superexchange theory.77-84 This theory provides an approach where overlap 

between orbitals of the metal-based units is mediated by overlap with the 

orbitals of the bridging ligand (through-bond interaction). Within this approach, 

both bridge-mediated electron-transfer (which takes advantage of the lowest 

unoccupied molecular orbitals, LUMO’s, of the bridge) and hole-transfer 

(which takes advantage of the highest occupied molecular orbitals, HOMO’s, 

of the bridge) mechanisms can contribute to the electronic coupling between 

the two metal-based units. The parameters which govern the extent of the 

interaction are orbital overlap and energy gap between the relevant metal 

orbitals and LUMO/HOMO orbitals of the bridging ligand. 

 

Energy transfer 

Energy transfer process can occur by two mechanisms: i) Förster energy 

transfer85 based on Coulombic interactions and ii) Dexter energy transfer86 

based on exchange interactions. 

A donor in its excited state can transfer energy by Förster energy transfer via 

long-range resonant dipole-dipole coupling mechanism to an acceptor. Even if 
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the donor is luminescent (fluorescent or phosphorescent), the energy transfer 

occurs via nonradiative mechanism.87 The theory is based on the concept of 

treating the donor and acceptor as oscillating dipoles that can undergo an energy 

exchange with dipoles having similar resonance frequency. In this regard, 

resonance energy transfer is analogous to the behavior of coupled oscillators. 

Dexter energy transfer is an electron exchange mechanism. Triplet-triplet 

energy transfer is forbidden by the dipole-dipole mechanism for their 

exceedingly low extinction coefficient. However, triplet-triplet energy transfer 

is spin-allowed by the exchange mechanism. Therefore, we expect that triplet-

triplet energy transfer will generally occur only via the exchange mechanism. 

Once the donor molecule is excited, the electrons in the triplet state can be 

jumped into the triplet state of the acceptor molecule with appropriate 

extinction energy. Simultaneously, electrons in the ground state of the acceptor 

are transferred to the ground state of the donor material. Only singlet-singlet or 

triplet-triplet energy transfer is possible, for the electron-spin must be 

conserved through electron exchange in Dexter energy transfer process. In 

order to achieve efficient triplet-triplet energy transfer, the triplet state of the 

donor should be located above that of the acceptor. In that case, the process is 

called exothermic energy transfer, otherwise, endothermic energy transfer. 

 

Optical electron transfer 

The Marcus model makes it clear that reactants and products of an electron-

transfer process are intertwined by a ground/excited state relationship. For 
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example, for nuclear coordinates that correspond to the equilibrium geometry 

of the reactants and the product is an electronically excited state. Therefore, 

optical transitions connecting the two states are possible. 

 

Thermal back-electron transfer 

The charge separated state by both optical electron transfer and photoinduced 

electron transfer may be followed by a thermal back-electron-transfer. The 

back-electron transfer rate is related to the lifetime of charge separated state, 

distance between the electronically-localized species, and the geometry of 

bridging ligand.  

 

 

3) Polynuclear complexes for photocatalytic water 

reduction 

 

The ieda of polynuclear systems for photocatalytic water reduction originates 

from combining a photosensitizing unit and a catalytic unit. Photocatalytic 

reactions of multi-component systems involve diffusion and collision processes 

of the photoexcited photosensitizer, which determine the efficiency of electron 

transfer, are hard to be controlled. Whereas, for polynuclear systems, such a 

problem does not occur because the photosensitizing and catalyzing units are 

interconnected and, as a result, it is expected that the electron transfer would be 
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more efficient.  

Various polynuclear complexes comprising Ru-Pt,88 Ru-Pd,89 Ru-Rh,90 Ru-

Co,91 and Ir-Co92 have been reported (see Figure I-5) in pursuit of water 

photocatalytic water reducing molecular device. Unfortunately, the turnover 

numbers (TONs) of the photocatalytic water reduction systems with the 

polynuclear molecular devices have been turned out to be inferior compared to 

the multi-component system so far. Catalytic activity of the polynuclear system 

is critically dependent on molecular design, including nuclear species, chelating 

ligand, length and geometry of bridging ligand. Therefore, a small change of 

the structure of the catalyst often lead to a significant difference in their 

photocatalytic activity.  

 

 

Figure I-5. Representative polynuclear complexes used as molecular devices 

for photocatalytic water reduction. 
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4. Outline of thesis 

 

In this thesis, highly efficient and robust photocatalytic water reduction 

systems are reported. Systematically designed Ir(III) photosensitizers and Pt(II) 

water reduction catalysts have been synthesized, with an aim of enhanced 

photocatalytic activity with reagrd to their turnover numbers and turnover 

frequencies. Furthermore, on the basis of supramolecular chemistry, photon-

hydrogen-evolving molecular device by tethering the Ir(III) photosensitizer and 

Pt(II) water reduction catalyst has been also demonstrated. 

Photochemical process of photocatalytic water reduction starts from the 

photoexcitation of a photosensitizer. In chapter II, a series of Ir(III) 

photosensitizers with different electronic and size effects on the N^N ligands. 

Structural integrity of the complexes were assured by introducing sulfone- or 

thioether-substituted N^N ligands. Systemic study on the substituent effect was 

carried out to investigate the structure-photocatalytic activity of the Ir(III) 

photosensitizers with the view to improve the photocatalytic activity of Ir(III) 

photosensitizers. 

In chapter III, a series of [Ir(III)(C^N)2(N^N)]+ complexes having 

bulky/protective arylsilyl substituent are reported with the aim of developing 

new photocatalytic water reduction systems with highly improved durability. A 

series of Ir(III) photosensitizers having tetraphenylsilyl (TPS) substituents in 

various positions, together with their control compounds, were designed and 
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synthesized. The enhanced stability of a series of TPS-containing Ir(III) 

photosensitizers are examined in detail in conjunction with their actual 

photosensitization characteristics in photoreduction of water. 

Another issue on photocatalytic water reduction is to develop highly efficient 

molecular water reduction catalyst. In chapter IV, a water reduction catalyst 

with arylsilyl substituent is reported with high photocatalytic activity. 

Expanded -system of arylsilyl substituent renders an electron reservoir 

characteristic to the Pt(II) water reduction catalyst, thus gives robustness upon 

multi-electron reduction and high catalytic activity.  

Photocatalytic water reducing molecular device comprising Ir-Pt bimetallic 

complex was studied in Chapter V. The enhanced photocatalytic water 

reduction kinetics, as well as the robustness of Ir-Pt bimetallic complex are 

examined systematically in conjunction with a multi-component system as a 

control. 
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CHAPTER II. 

 

Electronic and Steric Modification of Iridium(III) 

Photosensitizers: effects on photocatalytic water 

reduction 
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1. Introduction 

 

Initiated by the pioneering work of the Bernhard group,1 enormous advances 

in cyclometalated Ir(III) photosensitizers have been made in pursuit of a highly 

efficient visible light driven water reduction system.1-16 Many different classes 

of cationic Ir(III) photosensitizers ([Ir(III)(C^N)2(N^N)]+) have been developed, 

where C^N is a monoanionic cyclometalating ligand and N^N is a neutral 

ancillary ligand. It has been well demonstrated that structural changes in the 

skeletal as well as in the substituent groups of either the C^N or N^N ligands 

significantly alter the photocatalytic performance of water reduction systems.4 

The photocatalytic water reduction system is typically benchmarked in terms 

of turnover numbers (TON) related to its longevity, and turnover frequencies 

(TOF), related to its hydrogen evolving efficiency.7,10 As it was shown by 

Berlinguette group,17,18 the influence of the ligand structure on the redox 

properties of an organometallic complex must be substantial for their 

photocatalytic activity. In correlating the structure and photocatalytic activity 

of [Ir(III)(C^N)2(N^N)]+ photosensitizer, the electronic effect of a substituent 

and its steric bulk effect should be explored separately. In this work, we aimed 

to understand the structure-activity relationship of cyclometalated Ir(III) 

photosensitizers, by attaching rationally designed substituents, while 

maintaining the structural integrity of the coordinating sphere. 

We have noticed on sulfone and thioether functional groups to give different 
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electronic effect on N^N ligands of Ir(III) photosensitizers. Sulfone is one of 

the strongest electron-withdrawing group, while thioether is an electron-

donating group. In addition, their kinked configuration along the C–S–C axis 

renders inertness of the terminal units to the mother ligand without affecting its 

-system. These features motivated us to systemically study the substituent 

effect, for instance the electronic effect and steric bulk effect, with the view to 

improve the photocatalytic activity of Ir(III) photosensitizers. 

 

 

Scheme II-1. Chemical structures of Ir(III) photosensitizers studied. 

 

Scheme II-1 illustrates the chemical structure of Ir(III) photosensitizers 

investigated in this work. To explore electronic effect of the substituents while 

keeping their structural integrity, electron-withdrawing sulfone and electron-

donating thioether backbones were chosen. Phenyl and methyl peripheries were 

also designed to measure the size effect of N^N ligands. 
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2. Experimental 

 

General Methods 

Commercially available chemicals were used as received. Microwave-

assisted synthesis was performed in a single-mode Discover microwave 

synthesis system (CEM Corporation). Reactions were monitored using thin 

layer chromatography (TLC). Commercial TLC plates (silica gel 254, Merck 

Co.) were developed and the spots were visualized under UV light at 254 or 

365 nm. Silica gel column chromatography was performed with silica gel 60 G 

(particle size 5–40 m, Merck Co.). 1H NMR spectra were collected with a 

Bruker AVANCE-300 NMR spectrometer. Chemical shifts () are recorded in 

ppm and referenced to TMS. The peak splitting is abbreviated as follows: s = 

singlet; d = doublet; t = triplet; m = multiplet and the coupling constants (J) are 

in Hz. High-resolution mass spectrometry (HRMS) spectra were recorded on a 

JMS-700 MStation (JEOL). 
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Scheme II-2. Synthesis of N^N ligands. 

 

4,4 -́bis(phenylsulfonyl)-2,2 -́bipyridine (SulPh). 4,4 -́dibromo-2,2 -́

bipyridine (300 mg, 0.95 mmol) and sodium benzenesulfinate (630 mg, 3.8 

mmol) were dissolved in DMSO (50 mL). The mixture was ramped to the 

boiling point and held at this temperature for 1 h by irradiating microwave (100 

W constant power). Cooling after the irradiation, the crude mixture was poured 

into water. The precipitate was collected by filtration and dried in vacuo. The 

solid was chromatographed in silica gel column with n-hexane:EtOAc (3:1 v/v) 

to give white powder (350 mg, 0.80 mmol). 1H NMR (300 MHz, CDCl3) δ 8.94 

– 8.82 (m, 4H), 8.07 – 7.97 (m, 4H), 7.82 (dd, J = 5.0, 1.8 Hz, 2H), 7.65 – 7.50 

(m, 6H). 
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Sodium benzenethiolate. In a flame-dried round bottom flask were added 

sodium hydride (1g, 70% in mineral oil) and anhydrous THF (50 mL). 

Thiophenol (3.8 g, 34.5 mmol) was added dropwise to the solution at 0 ºC, and 

the reaction mixture was stirred overnight. Resulting precipitate was collected 

by filtration and washed with hexane and chloroform. The white solid was dried 

in vacuo (3.0 g, 22.7 mmol). 1H NMR (300 MHz, DMSO) δ 7.00 (d, J = 7.1 Hz, 

2H), 6.64 (t, J = 7.5 Hz, 2H), 6.40 (t, J = 7.0 Hz, 1H). 

 

4,4 -́bis(phenylthio)-2,2 -́bipyridine (ThioPh). Mixture of 4,4 -́dibromo-

2,2 -́bipyridine (250 mg, 0.80 mmol), sodium benzenethiolate (530 mg, 3.98 

mmol), and 5 mL n-methyl-2-pyrrolidone (NMP) were filled into 10 mL Pyrex 

glass vial. After the vial was sealed, the reaction was carried out at 110 ºC for 

30 min by irradiating microwave with controlled power. The reaction vessel 

was then air-cooled to form needle-type crystals. The crude mixture was filtered 

and washed with methanol. The white crystals were dried in vacuo (280 mg, 

(0.75 mmol). 1H NMR (300 MHz, DMSO) δ 8.40 (d, J = 5.3 Hz, 2H), 8.00 (d, 

J = 1.5 Hz, 2H), 7.66 – 7.59 (m, 4H), 7.59 – 7.50 (m, 6H), 7.08 (dd, J = 5.3, 2.0 

Hz, 2H). 

 

4,4 -́bis(methylsulfonyl)-2,2 -́bipyridine (SulMe). 4,4 -́dibromo-2,2 -́

bipyridine (500 mg, 1.59 mmol) and sodium methanesulfinate (650 mg, 6.37 

mmol) were dissolved in DMSO (50 mL). The mixture was refluxed at 150 ºC 
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for 3 days. The crude mixture was poured into water and the white precipitate 

was collected by filtration and dried in vacuo (400 mg, 1.28 mmol). 1H NMR 

(300 MHz, CDCl3) δ 9.03 – 8.96 (m, 4H), 7.89 (d, J = 6.7 Hz, 2H), 3.17 (s, 6H). 

 

4,4 -́bis(methylthio)-2,2 -́bipyridine (ThioMe). Mixture of 4,4 -́dibromo-

2,2 -́bipyridine (1.0 g, 3.18 mmol), sodium mthanethiolate (1.1 g, 15.9 mmol), 

and 5 mL NMP were filled into 10 mL Pyrex glass vial. After the vial was sealed, 

the reaction was carried out at 130 ºC for 60 min by irradiating microwave with 

controlled power. The reaction mixture was cooled and poured into water. The 

white precipitate was collected by filtration and dried in vacuo (300 mg, 1.21 

mmol). 1H NMR (300 MHz, CDCl3) δ 8.45 (d, J = 5.3 Hz, 2H), 8.25 (d, J = 1.9 

Hz, 2H), 7.12 (dd, J = 5.3, 2.0 Hz, 2H), 2.57 (s, 6H). 

 

 

Scheme II-3. Synthesis of Ir(III) photosensitizers 

 

[Ir(ppy)2(-Cl)]2. [Ir(ppy)2(-Cl)]2 was synthesized with previously 

described method.19,20
 2-phenylpyridine (4 g, 25.78 mmol) and iridium(III) 
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chloride hydrate (1.71 g, 5.72 mmol) were dispersed in a binary solvent system 

of 2-ethoxyethanol (60 mL) and water (20 mL). Under argon atmosphere, the 

reaction mixture was stirred at 140 ℃ for 8 h. After cooling down to room 

temperature, the precipitate was filtered and thoroughly washed with water and 

ethanol to give yellow powder (2.4 g, 2.24 mmol) in 78% yield. The crude 

mixtures were well dried and used without further purification. 

 

General Procedure for [Ir(ppy)2(N^N)]PF6. All the Ir(III) photosensitizers 

were prepared according to the standard procedures as shown in Scheme II-3. 

[Ir(ppy)2(-Cl)]2 (1 equiv.) and N^N (2.5 equiv.) were dissolved in ethylene 

glycol. The mixture was stirred at 150 ºC overnight at Ar atmosphere. The crude 

product was cooled to room temperature and poured into water. To the stirred 

solution, 20 equiv. of tributylammonium hexafluorophosphate (1 g in 10 mL 

water) was added dropwise, and the resulting suspension was stirred for 2 h. 

The solid was filtered and washed with water. The obtained solid was dried and 

chromatographed in silica gel column with dichloromethane:acetone (9:1 v/v) 

followed by reprecipitation in n-hexane. 

 

[Ir(ppy)2(SulPh)]PF6 (IrSulPh). Brown solid, 59% yield. 1H NMR (300 

MHz, DMSO) δ 9.70 (s, 2H), 8.19 (m, 8H), 8.12 – 8.02 (m, 2H), 7.90 (t, J = 

7.8 Hz, 4H), 7.85 – 7.57 (m, 8H), 7.17 – 6.95 (m, 4H), 6.89 (t, J = 6.8 Hz, 2H), 

6.05 (d, J = 6.8 Hz, 2H); HRMS (FAB, positive) m/z 937.1494 ([M-PF6
-]+; 

calcd.: 937.1494 m/z). 
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[Ir(ppy)2(ThioPh)]PF6 (IrThioPh). Orange solid, 87% yield. 1H NMR (300 

MHz, DMSO) δ 8.59 (s, 2H), 8.19 (d, J = 8.1 Hz, 2H), 7.90 (t, J = 4.3 Hz, 2H), 

7.82 (d, J = 7.3 Hz, 2H), 7.68 (d, J = 5.3 Hz, 2H), 7.55 (m, 12H), 7.16 (t, J = 

6.6 Hz, 2H), 7.00 – 6.87 (m, 4H), 6.80 (t, J = 7.4 Hz, 2H), 6.07 (d, J = 7.1 Hz, 

2H); HRMS (FAB, positive) m/z 873.1697 ([M-PF6
-]+; calcd.: 873.1698 m/z). 

 

[Ir(ppy)2(SulMe)]PF6 (IrSulPh). Dark red solid, 64% yield. 1H NMR (300 

MHz, DMSO) δ 9.59 (s, 2H), 8.28 (d, J = 8.0 Hz, 2H), 8.19 (m, 4H), 7.96 (dd, 

J = 12.8, 7.2 Hz, 4H), 7.71 (d, J = 5.7 Hz, 2H), 7.15 (t, J = 6.6 Hz, 2H), 7.05 (t, 

J = 7.5 Hz, 2H), 6.93 (t, J = 7.4 Hz, 2H), 6.13 (d, J = 7.5 Hz, 2H), 3.47 (s, 6H); 

HRMS (FAB, positive) m/z 813.1180 ([M-PF6
-]+; calcd.: 813.1181 m/z). 

 

[Ir(ppy)2(ThioPh)]PF6 (IrthioPh). Orange solid, 72% yield. 1H NMR (300 

MHz, DMSO) δ 8.71 (s, 2H), 8.25 (d, J = 8.1 Hz, 2H), 7.93 (dd, J = 14.6, 7.4 

Hz, 4H), 7.72 (d, J = 5.5 Hz, 2H), 7.55 (m, 4H), 7.19 (t, J = 6.2 Hz, 2H), 7.00 

(t, J = 7.2 Hz, 2H), 6.88 (t, J = 7.3 Hz, 2H), 6.19 (d, J = 7.3 Hz, 2H), 2.63 (s, 

6H); HRMS (FAB, positive) m/z 749.1383 ([M-PF6
-]+; calcd.: 749.1385 m/z). 

 

 

Hydrogen Evolution Experiments 

Photocatalytic water reduction composition was prepared by adding 0.5 

mol Ir(III) PS, 0.5 mol K2PtCl4, 2 mL TPrA, 2 mL H2O, and 8 mL DMF into 
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40 mL air-tight vial. The vial was applied to either: i) continuous flow system 

for hydrogen evolution kinetics measurements, or ii) closed vessel system for 

the evaluation of TONmax. 

i) Continuous flow system 

Continuous flow of Ar (10.0 mL/min, controlled by a Line Tech M3030VA 

digital mass flow controller) was bubbled through a sample vial. Then the vial 

was irradiated with 300 W Xe lamp with 400 nm cut-off filter or 465 nm 

monochromatic blue LED (ca. 10 mW/cm2 output power). The vent gas from 

the vial was introduced to automated 6-way valve system with 2 mL sampling 

loop and analyzed with gas chromatography (Agillent 7890A) equipped with 

molecular sieve 5A column for every 30 min. 496 ppm H2 in Ar balance was 

used for external standard. 

ii) Closed vessel system 

The sample vial was N2-bubbled for 15 min (50 mL/min). Then the vial was 

irradiated with 300 W Xe lamp with 400 nm cut-off filter for 5 days. The 

headspace gas was collected using Hamilton Lurelock syringe and analyzed 

with gas chromatography (Agillent 7890A) with N2 as an internal standard. 

 

 

Measurements 

Absorption spectra were recorded using a Shimadzu UV-1650-PC from 250 

to 900 nm. Steady-state photoluminescence (PL) spectra were obtained with a 

PTI QuantaMaster 40 spectrofluorometer in the range of 450–850 nm. 
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Phosphorescence decay traces were recorded using time-correlated single 

photon counting (TCSPC) technique with a PicoQuant NanoHarp 250 

instrument equipped with a LDH-P-C-375 pulsed diode laser (377 nm; fwhm < 

80 ps). Data analyses were performed using a PicoQuant Fluofit software. The 

quality of the fit was assessed by the reduced 2 value and visual inspection of 

the weighed residuals. Cyclic voltammetric experiments were carried out with 

a Princeton Applied Research Potentiostat/Galvanostat Model 273A using 

three-electrode cell assemblies including a glassy-carbon working electrode, a 

platinum wire counter electrode, and a Ag/Ag+ reference electrode. After Ar-

saturation in a one compartment cell, measurements were carried out in 

acetonitrile solution with tetrabutylammonium hexafluorophosphate (TBAHFP) 

as a supporting electrolyte at a scan rate of 100 mV/s. 

 

 

DFT Calculations on Ir(III) photosensitizers 

Calculations on the electronic ground states were carried out using B3LYP 

density functional theory21,22 together with the 6-31G basis set for C, H, N, O, 

and S atoms and the "double-" quality basis set consisting of Hay and Wadt’s 

effective core potentials (LANL2DZ)23,24 was employed for Ir atom. All 

calculations were carried out using Gaussian 09.25 
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3. Results and Discussion 

 

The photocatalytic water reduction efficiencies with the Ir(III) 

photosensitizers were evaluated by visible light irradiation (300 W Xe lamp 

with a cut-off filter eliminating UV lights below 400 nm) of the system 

comprising colloidal platinum as a water reduction catalyst (WRC) and tri-n-

propylamine (TPrA) as a sacrificial reducing agent. TON of the Ir(III) 

photosensitizers was measured with respect to the single-electron transfer 

processes and summarized in Table II-1 for both the continuous flow and closed 

vessel system. Maximum TOFs were also calculated by evaluating the amount 

of evolved hydrogen for the initial 0.5 h period. Figure II-1 shows kinetic traces 

of hydrogen evolution driven by the Ir(III) photosensitizers. Ir(III) 

photosensitizers with electron-withdrawing sulfone substituents, IrSulPh and 

IrSulMe showed maximum TOFs of 47.87 min-1 and 52.86 min-1, respectively. 

In contrast, much smaller TOFs were observed for Ir(III) photosensitizers with 

electron-donating thioether moieties, i.e., IrThioPh and IrThioMe showed 

TONs of 6.683 min-1 and 9.490 min-1, respectively. The TOFs were 

dramatically improved for the sulfone-substituted Ir(III) photosensitizers, 

resulting in the higher TONs after 20 h (TON20h = 1602 for IrSulPh and TON20h 

= 1170 for IrSulMe) compared to those of thioether-substituted Ir(III) 

photosensitizers (TON20h = 452.0 for IrThioPh and TON20h = 209.9 for 

IrThioMe). It is postulated that the use of electron withdrawing moiety at the 
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periphery of N^N ligands accelerates photochemical electron transfer pathway 

in the photon-induced water reduction system. 

 

Table II-1. Physical and photocatalytic properties of Ir(III) photosensitizers. 

entry max, PL
a,b / nm av

a,c / s Eox
d / V Ered

d / V TOFmax
e / min-1 TON20h 

f,g TONmax 
f,h 

IrSulPh 717 0.07 1.40 -0.65 47.87 1602 3752 

IrSulMe 705 0.07 1.41 -0.70 52.86 1170 1335 

IrThioPh 616 0.24 1.29 -1.13 6.683 452.0 1475 

IrThioMe 608 0.31 1.28 -1.22 9.490 209.9 247.5 

a Value for 10 M solution of the photosensitizer in Ar-saturated DMF. b ex = 300 nm. c ex = 377 nm. d The 

oxidation and reduction potentials were determined by cyclic voltammetry (versus Ag+/Ag). e calculated by 

evaluating the amount of evolved hydrogen for 0.5 h f TON = 2n(H2)/n(photosensitizer). g calculated for 

reactions carried out under the continuous flow system after 20 h. h calculated for closed-vessel system after 

5 days. See Experimental section for detailed experimental conditions for continuous flow system and closed-

vessel system. 

 

The role of steric contributions of the substituents can also be seen through 

the different size of the periphery modification. The impact of substituent size 

on photosensitizer activity can be rationalized by comparing the hydrogen 

evolution kinetics of phenyl- and methyl-terminated photosensitizers. It has 

been previously reported that the use of bulkier substituent minimizes the 

solvent-accessibility to the iridium center, thus prevents the photosensitizer 

from unwanted photolysis.26 IrSulPh (TONmax = 3752) showed more stable and 

prolonged photosensitizer activity compared to IrSulMe (TONmax = 1335). 

Similar results were found for thioether-substituted Ir(III) photosensitizers 
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(TONmax = 1475 for IrThioPh and TONmax = 247.5 for IrThioMe). It is 

noteworthy that TONmax of IrThioPh was slightly larger than that of IrSulMe, 

even though IrThioPh showed inferior TOFmax and TON20h compared to 

IrSulMe. The results suggest that not only the electronic, but also the steric 

modification on the N^N ligand is essential in enhancing the photosensitizer 

activity. 
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Figure II-1. Kinetic traces of hydrogen evolution. The photolysis solution 

contained 0.50 mol Ir(III) photosensitizer, 0.50 mol K2PtCl4, 2 mL TPrA, 2 

mL H2O, and 8 mL DMF in a 40 mL air-tight vial. The vial was irradiated with 

a 300 W Xe lamp with a cut-off filter eliminating UV lights below 400 nm.  
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Figure II-2. a) Photoluminescence spectra and b) lifetime traces of 10 M Ir(III) 

photosensitizer solution in Ar-saturated DMF. 

 

To examine the role of substituents, photophysical and electrochemical 

properties of the Ir(III) photosensitizers were explored (Table II-1). All the 

synthesized Ir(III) photosensitizers were found to be luminescent in DMF. The 

photophysical and electrochemical properties of the Ir(III) photosensitizers are 

primarily governed by the nature of N^N ligands (sulfone- or thioether-based), 

while only trivial contribution of phenyl- or methyl-periphery. The PL spectra 

of Ir(III) photosensitizers with sulfone-substituents, IrSulPh and IrSulMe are 

characterized by their emission maximum at 717 nm and 705 nm, respectively 

(Figure II-2a). On the contrary, Ir(III) photosensitizers with thioether-

substituted N^N ligands, IrThioPh and IrThioMe showed higher energy 

emission peaking at 616 nm and 608 nm, respectively. A similar trend was 

recognized in the PL lifetimes of sulfone- (av = 0.07 s for both IrSulPh and 
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IrSulMe) and thioether-based (av = 0.24 s for IrThioPh and av = 0.31 s for 

IrThioMe) Ir(III) photosensitizers (Figure II-2b). This trend is consistent with 

the electrochemical properties of the Ir(III) photosensitizers (Figure II-3). The 

oxidation potentials of all the Ir(III) photosensitizers are virtually identical at 

1.28~1.41 V. On the other hand, the reduction potentials are significantly 

different by whether they are sulfone- or thioether-based (Table II-1, Ered = -

0.65~-0.70 V for sulfone-substituted Ir(III) photosensitizers and Ered = -1.13–-

1.22 V for thioether-based Ir(III) photosensitizers). 
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Figure II-3. Cyclic voltammograms of 500 M Ir(III) photosensitizers in Ar-

saturated acetonitrile containing 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAHFP) as a supporting electrolyte with a scan rate of 

100 mV/s. 

 

To gain more detailed insight into the electronic and geometrical nature of 

the Ir(III) photosensitizers, we performed quantum chemical calculations 

(B3LYP/LANL2DZ:6-31G**) based on DFT methods. Geometry 
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optimizations for the ground state (S0) and the reduced state (PS-) of the Ir(III) 

photosensitizers were carried out. The peripheral phenyl or methyl units are 

kinked from the parent bipyridyl system, with the C–S–C angles ranging from 

103.8 ° to 104.8 °. Also, for all the Ir(III) photosensitizers, no hybridization 

between the peripheries (terminal groups of phenyl or methyl) and their parent 

bipyridyl system was found (see Table II-2). Thus, the role of the terminal units 

on the electronic transitions of the Ir(III) photosensitizers is rather limited, 

while the electronic effect of the directly attached sulfone of thioether group is 

significant. We can therefore conclude that the effects of the terminal phenyl 

groups on the prolonged photosensitizer activity arise from their steric bulk 

factors rather than electronic factors. 
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Table II-2. Three-dimensional optimized geometry and important molecular orbital isosurface plots for the Ir(III) photosensitizers and and their 

reduced state (PS-). An isodensity value of 0.05 eÅ -3 was applied for plotting the surfaces. 
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Table II-3. Calculated energy levels and orbital transition analysis for Ir(III) 

photosensitizers 

state transition energy (eV) 
participating MO 

(expansion coefficient) 
transition charactera 

IrSulPh 

T1 1.94 HOMO → LUMO (0.98) MLaCT + LcLaCT 

T4 2.77 HOMO → LUMO+3 (0.61) MLcCT + LcC 

  HOMO-1 → LUMO+4 (0.18) MLcCT 

IrSulMe 

T1 1.93 HOMO → LUMO (0.99) MLaCT + LcLaCT 

T4 2.77 HOMO → LUMO+3 (0.61) MLcCT + LcC 

  HOMO-1 → LUMO+4 (0.18) MLcCT 

IrThioPh 

T1 2.51 HOMO → LUMO (0.98) MLaCT + LcLaCT 

T2 2.74 HOMO → LUMO+1 (0.67) MLcCT + LcC 

  HOMO-1 → LUMO+2 (0.15) MLcCT 

IrThioMe 

T1 2.53 HOMO → LUMO (0.97) MLaCT + LcLaCT 

T2 2.74 HOMO → LUMO+1 (0.68) MLcCT + LcC 

  HOMO-1 → LUMO+2 (0.14) MLcCT 
a Used terminology: MLaCT (Ir metal to N^N ligand charge-transfer), LcLaCT (C^N ligand to N^N ligand 

charge-transfer), MLcCT (Ir metal to C^N ligand charge-transfer), and LcC (C^N ligand-centered). 

 

In order to consider the electronic effects of the substituents, we performed 

single-point calculations on the Ir(III) photosensitizers. The results, in terms of 

electronic transitions, are reported in Table II-3. For all the Ir(III) 

photosensitizers, highest occupied molecular orbital (HOMO) → lowest 

unoccupied molecular orbital (LUMO) transition gives lowest triplet excited 

state (T1). Frontier molecular orbital analysis reveals that this transition is 

composed of excitation processes involving MLaCT and LcLaCT. Furthermore, 

SOMOs of all singly-reduced states of the Ir(III) photosensitizers are localized 
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on the N^N ligands (see Table II-2). These results suggest that the N^N ligand-

enriching electronic transitions are the major pathway towards the 

electrochemical processes of photosensitization. Interestingly, analysis of the 

higher triplet excited state of the four Ir(III) photosensitizers gave different 

results depending on the nature of substituent group. For the sulfone-substituted 

Ir(III) photosensitizers (i.e., IrSulPh and IrSulMe), T4 corresponds to the lowest 

electronic transitions where the C^N ligands are populated. The energy 

differences between T1 and T4 are 0.83 eV and 0.84 eV for IrSulPh and IrSulMe, 

respectively. These are quite high values to overcome with thermal energy, 

suggesting no population of C^N ligand under photoexcitation. On the contrary, 

for the thioether-substituted Ir(III) photosensitizers, the lowest C^N ligand 

enriching electronic transition is T2. The energy differences between T1 and T2 

are 0.23 eV and 0.21 eV for IrThioPh and IrThioMe, respectively. Therefore, 

calculations predict that the  system of C^N ligand can be populated more 

easily in thioether containing photosensitizers than in sulfone containing 

photosensitizers by photoexcitation. As proposed by Akita group before, the 

direction of electron/energy transfer in Ru(II) system is severely affected by the 

energy difference of excited state between C^N ligand and N^N ligand.27 In this 

work on Ir(III) photosensitizers, same mechanism can be proposed as depicted 

in Scheme II-4. The exclusive population at N^N ligand of sulfone-substituted 

Ir(III) photosensitizer can promote forward photocatalytic reaction. On the 

other hand, double excitations to both C^N ligand and N^N ligand deactivates 

the photochemical processes. This finding is consistent with the much larger 
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TOFmax of the sulfone-substituted photosensitizers than that of the thioether-

substituted Ir(III) photosensitizers (See table II-1). 

 

 

Scheme II-4. Schematic representation of the photochemical process of 

IrSulPh and IrThioPh. 
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4. Conclusion 

 

In summary, we succesfully synthesized a series of of Ir(III) photosensitizers 

with different electronic and size effects on the N^N ligands with the aim of 

investigating structure-photosensitizer activity for photocatalytic water 

reduction. Structural integrity of the complexes were assured by introducing 

sulfone- or thioether-substituted N^N ligands. Systematic exploration of the 

role of the substituents revealed that the electron withdrawing sulfone can 

prevent the excited state population of the C^N ligand, thus improves the 

kinetic of the system. The use of bulkier periphery at the N^N ligand can 

improve durability of the system. Significant hydrogen evolution with TONmax 

of 3752 was achieved by applying IrSulPh as a photosensitizer in combination 

with colloidal platinum as a WRC and tripropylamine as a sacrificial electron 

donor. We believe that the results of this study can provide very useful for 

developing highly efficient and robust photocatalytic water reduction system. 
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CHAPTER III.  

 

Highly Efficient Photocatalytic Water Reduction 

Using Robust Ir(III) Photosensitizers with 

Arylsilane-Substituents 
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1. Introduction 

 

Initiated by the pioneering work of the Bernhard group,1 enormous advances 

in cyclometalated Ir(III) photosensitizers have been made in pursuit of highly 

efficient visible light driven water reduction systems.1-16 Many different classes 

of cationic Ir(III) photosensitizers ([Ir(III)(C^N)2(N^N)]+) have been developed, 

where C^N is a monoanionic cyclometalating ligand and N^N is a neutral 

ancillary ligand.4 The photocatalytic water reduction system is typically 

benchmarked in terms of turnover numbers (TON), which reflects the system’s 

stability under the running condition, thus deeply related to the monetary 

expense for solar to hydrogen energy conversion.7 Bernhard group has designed 

a series of Ir(III) photosensitizers with pendant pyridine moieties, which 

directed their adsorption onto colloidal platinum catalyst to generate H2 at TON 

of 8800.5 

It has been shown that the overall photocatalytic performance is primarily 

limited by the fundamental degradation of photosensitizers during the 

photolysis.11,12 Practically, degradation of Ir(III) photosensitizers was 

hypothesized to proceed through water-assisted rupture of metal–N(N^N) 

bonds and subsequent solvolysis of the complex leading to the formation 

solvento complexes.17,18 Some of recent reports showed that the stability of 

Ir(III) photosensitizers can be improved (i) by switching the organic co-solvent 

from acetonitrile (MeCN) to weakly-coordinating tetrahydrofuran (THF),2 (ii) 



59 

 

by introducing sterically bulky alkyl groups to N^N,4 and (iii) by increasing the 

intrinsic stability of Ir(III) photosensitizers by altering the framework from 

[Ir(C^N)2(N^N)]+ (TON = 86) to [Ir(C^N^N)2]+ (TON = 273).9 

In recent studies of light-emitting electrochemical cells, attempts have been 

made to inhibit unwanted chemical reactions so that the fundamental inertness 

of cationic Ir(III) complexes could be considerably improved. In this context, 

N^N ligands having bulky aromatic groups, such as phenyl19,20 and Fréchet-

type dendrons,21 have been designed and tested. We think this is a quite 

reasonable approach which can be adapted to the photocatalytic water reduction 

related to the above-mentioned approach (ii). 

To further improve the inertness as well as the sensitivity of Ir(III) 

photosensitizers, here we focus on the use of triphenylsilyl (TPS) groups as 

steric moiety to prevent ligand substitution. In our previous studies, TPS groups 

together with related groups were successfully attached to neutral Ir(III) 

complexes, leading to the achievement of highly efficient organic light-emitting 

devices.22-24 These studies showed that arylsilanes, such as TPS groups, provide 

sufficient steric hindrances to protect typical reactive centers by giving so-

called ‘site isolation effect’ to the chromophores.22-27 Here we show that three 

aryl rings around the silicon atom of TPS are amazingly efficient in protecting 

the complex from ligand substitution only if the groups were introduced to the 

N^N site. The enhanced stability of a series of TPS-containing Ir(III) 

photosensitizers are examined in detail in conjunction with their actual 

photosensitization characteristics in photoreduction of water. 
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2. Results and Discussion 

 

 

Scheme III-1. Chemical structures of Ir(III) photosensitizers. 

 

Scheme III-1 illustrates the chemical structures of Ir(III) photosensitizers 

investigated in this work. A series of Ir(III) photosensitizers having TPS 

substituents in various positions, together with their control compounds, were 

designed and synthesized. Moreover, two different C^Ns, i.e., 2-(2,4-

difluorophenyl)pyridine (dfppy) and 2-phenylpyridine (ppy), were employed to 

tune the photophysical and electrochemical properties of Ir(III) photosensitizers. 

In addition, an Ir(III) photosensitizer with 4,4 -́diphenyl-2,2 -́bipyridine as a 
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N^N (Irbpbpy) was also synthesized and examined to explore the relationship 

between the size of substituent and the photosensitizer performance. All the 

Ir(III) photosensitizers were synthesized according to the standard procedures. 
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Figure III-1. Kinetic traces of hydrogen evolution. The photolysis solution 

contained 0.50 mol Ir(III) photosensitizer, 0.50 mol K2PtCl4, 1 mL TEA, 1 

mL H2O, and 8 mL THF in a 40 mL air-tight vial. The vial was irradiated with 

a 150 W Xe lamp with a cut-off filter eliminating UV lights below 400 nm. 

Fitted curves are provided with dashed lines. 
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Table III-1. Photophysical and photocatalytic properties of Ir(III) 

photosensitizers 

entry PL
[a],[b] / nm av

[a],[c] / s Eox
[d] / V Ered

[d] / V 
TON[e] 

(irradiation time/ h) 

IrTPS 605 0.47 1.11 -1.26 
17,000 

(144) 

FIrTPS 531 0.95 1.44 -1.17 
10,000 

(116) 

Irbpbpy 601 0.41 1.16 -1.17 
4,100 

(72) 

TPSppyIr 608 0.22 1.07 -1.28 
570 

(24) 

ppyTPSIr 590 0.44 1.12 -1.29 
800 
(24) 

Irbpy 589 0.42 1.10 -1.33 
530 

(24) 

FIrbpy 529 1.3 1.45 -1.23 
480 
(25) 

[a] 10 M in Ar-saturated THF. [b] ex = 300 nm. [c] ex = 377 nm. [d] Determined by cycli

c voltammetry (vs. Ag+/Ag). [e] TON = 2n(H2)/n(photosensitizer), where experimental conditions a

re same to those in the Experimental section. 

 

The photocatalytic water reduction efficiencies with the Ir(III) 

photosensitizers were evaluated by visible light irradiation ( > 400 nm) of the 

system incorporation with colloidal platinum as a water-reduction catalyst 

(WRC) and triethylamine as a sacrificial reducing agent. All experiments were 

carried out until gas evolution ceased and the total TON of the Ir(III) 

photosensitizers were calculated based on the number of single-electron 

transfer processes (see Table III-1). Figure III-1 shows kinetic traces of 

hydrogen evolution driven by the Ir(III) photosensitizers. IrTPS and FIrTPS 

showed total TONs of 17,000 and 10,000, respectively. To the best of our 

knowledge, these are the highest TONs observed for the water-reduction 

catalysis using Ir(III) photosensitizers. The control Ir(III) photosensitizers 
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without TPS moieties, i.e., Irbpy and FIrbpy, showed total TONs of 530 and 

480, respectively. The effect of the size of substituent groups on the 

photosensitizer activity can be rationalized by comparing the TONs of IrTPS, 

Irbpbpy, and Irbpy. While the TON of phenyl-substituted Irbpbpy (4,100) is 

higher than that of the unfunctionalized Ir(III) photosensitizer (Irbpy, TON = 

530), it is still much smaller than that of the Ir(III) photosensitizer with more 

bulkier substituent, IrTPS (TON = 17,000). The use of bulkier substituent 

groups presumably minimizes the solvent-accessibility to the iridium center, 

thus preventing the photosensitizer from unwanted photoinduced solvolysis. 

Noticeably, the TONs of the Ir(III) photosensitizers containing TPS groups in 

cyclometallating ligand (C^N), i.e., TPSppyIr and ppyTPSIr, were respectively 

observed to be 570 and 800, which are much smaller than those of IrTPS and 

FIrTPS. It is noteworthy that the introduction of TPS substituents on the N^N 

results in dramatic improvement in the stability of photosensitizer, while that 

on the C^N does not provide any stabilizing effect at all. This observation 

clearly indicates that the stability of these Ir(III) photosensitizers is 

fundamentally governed by the inertness of the N^N chelate during the light-

induced events. As mentioned above, one possible interpretation is that the 

ligand substitution of the N^N chelate is considerably retarded due to the 

presence of bulky/protective TPS substituents, because the substitution of the 

N^N ligand is likely to undergo so-called interchange associated 

mechanism.4,19-21 Upon rising to the transition state of this substitution reaction, 

the reorganization energy required to relocate or twist the leaving bipyridyl 
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chelate must be substantially larger when relatively large substituents like TPS 

groups are tethered to the N^N ligand. This well rationalizes the higher stability 

of those having the TPS moieties at the N^N chelate. 

In order to confirm whether the high performance of IrTPS and FIrTPS is 

due to the intrinsic photochemical stability, degradation of photosensitizer itself 

in the absence of sacrificial reagent and WRC was investigated. Each sample 

containing 50 M Ir(III) photosensitizers in THF and H2O (9:1 v/v) was 

irradiated with visible light ( > 400 nm) over 6 h period and the absorption 

spectral changes in the UV–Vis range were recorded as shown in Figure III-2. 

While the absorption spectral change of bpy- and bpbpy-bearing Ir(III) 

photosensitizers clearly suggests the degradation upon photo-irradiation, the 

spectra of IrTPS and FIrTPS barely changed, demonstrating their outstanding 

photochemical stability. The increase in absorbance at around 300 nm by 

photodegradation is assigned to the -* transition of the liberated N^N ligand 

by comparing them with the spectral features of free bpy and bpbpy (see Figure 

III-3), revealing that it is due to the formation of free N^N species upon 

photodegradation of the Ir(III) photosensitizers. These results clearly indicate 

that the Ir(III) photosensitizers having phenyl group at the N^N (bpbpy) or 

those having the TPS groups at the C^N are rather susceptible to water-assisted 

solvolysis, well consistent with the tendency observed for the TONs in water 

reduction catalysis. These further support our conclusion that introduction of 

the TPS substituents to the N^N plays a crucial role in dramatic stabilization of 

the [Ir(III)(N^C)2(N^N)]+ framework.  
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Figure III-2. Absorption spectral changes of Ir(III) photosensitizers during photoirradiation. Each solution contains 50 M Ir(III) 

photosensitizer in THF and H2O (9:1 v/v), where irradiation was carried out using a 150 W Xe lamp with a cut-off filter eliminating UV lights 

below 400 nm. Insets: molecular structures of the Ir(III) photosensitizers.



66 

 

250 300 350 400 450 500

0.0

5.0x10
3

1.0x10
4

1.5x10
4

2.0x10
4

2.5x10
4

 

 

 
/ 

M
-1
 c

m
-1

 / nm

 bpy

 bpbpy

 

Figure III-3. Absorption spectra of bpy and bpbpy. 50 M in THF and H2O 

(9:1 v/v). 

 

To ascertain the deactivation mechanism of IrTPS containing water reduction 

system, long-term stability (up to 120 h) of IrTPS and colloidal platinum were 

also checked, respectively. IrTPS showed slow but steady changes in absorption 

spectra over the period of 120 h irradiation (Figure III-4a), indicating photolysis 

of IrTPS. The second experiment (Figure III-4b), devised to check the 

photostability of the WRC, indicates that the colloidal Pt WRC showed almost 

no change in photocatalytic activity upon irradiation. The set of experiment 

propose that the main reason for the decreasing activity is also the 

decomposition of IrTPS via photolysis. 
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Figure III-4. a) Absorption spectral changes of IrTPS during photoorradiation. 

50 M in THF and H2O (9:1 v/v), where irradiation was carried out using a 150 

W Xe lamp with a cut-off filter eliminating UV lights below 400 nm. b) 

Stability test of K2PtCl4 during light irradiation: standard (black line) and 

delayed addition (red line) of IrTPS. The experimental conditions are the same 

as those in the Experimental section. 

 

To further ascertain the role of TPS substituents, photophysical and 

electrochemical properties of the Ir(III) photosensitizers were explored (Table 

III-1). All the synthesized Ir(III) photosensitizers were found to be luminescent 

in THF (Figure III-5a). The photoluminescence (PL) energies and lifetimes of 

the Ir(III) photosensitizers are primarily governed by the chemical structure of 

their parent C^N ligand (Table III-1). As shown in Figure III-5a, the PL spectra 

of Ir(III) photosensitizers incorporating ppy-based C^Ns (IrTPS, Irbpbpy, 

TPSppyIr, ppyTPSIr, and Irbpy) are characterized by their emission maximum 
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at 589 – 608 nm, while those incorporating dfppy-based C^Ns (FIrTPS and 

FIrbpy) show the emission maximum at 529 – 531 nm. A similar trend is 

recognized for the PL lifetimes in ppy- (av = 0.22 – 0.47 s) and dfppy-based 

(av = 0.95 – 1.3 s) Ir(III) photosensitizers (Figure III-5b). This tendency is 

quite consistent with the electrochemical properties of the Ir(III) 

photosensitizers (Figure III-6). The first reduction potentials of all the Ir(III) 

photosensitizers are virtually identical (Ered = -1.17 – -1.33 V) and are 

considered as those characteristic of bpy-centered reduction. On the other hand, 

the oxidation potentials are governed by their parent C^Ns (Table III-1, Eox = 

1.07 – 1.12 V for ppy-based Ir(III) photosensitizers and Eox = 1.44 – 1.45 V for 

dfppy-based Ir(III) photosensitizers), consistent with the fact that the electronic 

states of the Ir(III) photosensitizers are largely governed by the parent C^N with 

the minimal contribution from the TPS or phenyl substituents. 
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Figure III-5. PL spectra a) and decay traces b) of 10 M Ir(III) photosensitizers 

in Ar-saturated THF. 
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Figure III-6. Cyclic voltammograms of 500 M Ir(III) photosensitizers in Ar-

saturated MeCN containing 0.1 M TBAHFP as a supporting electrolyte with a 

scan rate of 100 mV/s. 
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Figure III-7. Three-dimensional optimized geometry, calculated 

HOMO/LUMO electron density map, and orbital energies of Ir(III) 

photosensitizers by DFT calculation. Hydrogens are omitted for clarity. 

Isodensity value of 0.05 electrons/Å 3 was applied for plotting the surfaces. 

 

The above photophysical properties of the Ir(III) photosensitizers can be 

rationalized by the results of DFT calculations. In either system, none of the 

phenyl rings of TPS groups shows hybridization with the parent bipyridyl 

system, thus limiting the electronic effects of TPS on both the highest occupied 
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of the Ir(III) photosensitizers. Figure III-7 exemplifies the optimized 

geometry and HOMO/LUMO contour diagrams for the Ir(III) photosensitizers, 

showing negligible contributions of TPS in those frontier orbitals. Mulliken 

population analysis (MPA) reveals that the contributions of TPS fragments on 

the HOMO and LUMO are 0.01 % and 0.63 %, respectively. Quite similar 

results were given for other TPS-containing Ir(III) photosensitizers (See Table 

III-2). We can therefore conclude that the significant effects of TPS groups on 

the photochemical stability as well as the TONs of Ir(III) photosensitizers 

indeed arise from their steric factors rather their electronic factors. 

 

Table III-2. Molecular orbitals compositions (gross contributions, %) of Ir(III) 

photosensitizers by DFT calculation. 

entry 

HOMO  LUMO 

parent C^N Ir parent N^N TPS   parent C^N Ir parent N^N TPS 

IrTPS 61.64 36.43 1.92 0.01  0.65 2.73 95.98 0.63 

FIrTPS 62.97 35.13 1.87 0.03  0.59 2.63 96.17 0.61 

Irbpbpy 61.91 36.16 1.93 -  0.64 2.77 96.59 - 

TPSppyIr 75.79 18.95 1.09 4.18  0.65 2.78 96.57 0.00 

ppyTPSIr 62.63 35.45 1.87 0.05  0.66 2.86 96.47 0.00 

Irbpy 62.77 35.40 1.83 -  0.64 2.76 96.60 - 

FIrbpy 64.85 33.49 1.66 -   0.60 2.70 96.69 - 
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3. Conclusion 

 

In summary, a series of [Ir(III)(C^N)2(N^N)]+ complexes having 

bulky/protective substituent groups, i.e., TPSs, are reported with the aim of 

developing new photocatalytic water reduction systems with highly improved 

durability. The role of TPS substituents was systematically explored to reveal 

that the photosensitizers involving the TPS groups at N^N ligand exhibit 

dramatically enhanced durability. More importantly, the use of TPS led to the 

observation of exceedingly high TONs, where the highest TON reached 17,000 

and is found to be the highest value reported to date. We believe the results 

given in this work provide important new strategies to design more highly 

durable systems in various fields of photochemistry. 
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4. Experimental 

 

General Methods 

Commercially available chemicals were used as received. Reactions were 

monitored using thin layer chromatography (TLC). Commercial TLC plates 

(silica gel 254, Merck Co.) were developed and the spots were visualized under 

UV light at 254 or 365 nm. Silica gel column chromatography was performed 

with silica gel 60 G (particle size 5–40 m, Merck Co.). 1H NMR spectra were 

collected with a Bruker AVANCE-300 NMR spectrometer. Chemical shifts () 

are given in ppm and referenced to TMS. High-resolution mass spectrometry 

(HRMS) spectra were recorded on a JMS-700 MStation (JEOL). 

 

 

Synthesis 

4-triphenylsilylphenylboronic acid and TPS-containing -Cl birdged Ir(III) 

dimers ([Ir(C^N)2(-Cl)]2) were synthesized as previously described.28,29  

 

 

Scheme III-2. Synthesis of TPSbpy. 
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4,4 -́bis(4-(triphenylsilyl)phenyl)-2,2 -́bipyridine (TPSbpy). 4,4 -́

dibromo-2,2 -́bipyridine (2.0 g, 6.37 mmol), 4-triphenylsilylphenylboronic 

acid (6.1 g, 16.0 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.37 g, 

0.32 mmol) were dissolved in THF (150 mL) and aqueous 2 N Na2CO3 solution 

(75 mL). The mixture was refluxed at 75 ºC for 8 h. Then, the crude mixture 

was poured into brine and washed with EtOAc three times (100 mL × 3). The 

organic layer was collected and dried over MgSO4 and filtered. Then, the 

filterate was concentrated and chromatographed in silica gel column with n-

hexane:EtOAc (4:1 v/v) to give white powder (4.1 g, 4.97 mmol). 1H NMR 

(300 MHz, CDCl3) δ 8.78 – 8.70 (m, 4H), 7.78 (d, J = 8.2, 4H), 7.71 (d, J = 8.2, 

4H), 7.65 – 7.51 (m, 14H), 7.51 – 7.33 (m, 18H). Anal. calcd for C58H44N2Si2: 

C 84.42, H 5.37, N 3.39; found C 84.73, H 5.37, N 3.33. 

 

 

Scheme III-3. Synthesis of Ir(III) photosensitizers. 
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General Procedure for [Ir(C^N)2(N^N)]PF6. [Ir(C^N)2(-Cl)]2 (1 equiv.) 

and N^N (2.5 equiv.) were dissolved in ethylene glycol. The mixture was stirred 

at 150 ºC overnight under Ar atmosphere. The crude product was cooled to 

room temperature and poured into water. To the stirred solution, 20 equiv. of 

tributylammonium hexafluorophosphate (1 g in 10 mL water) was added 

dropwise, and the resulting suspension was stirred for 2 h. The solid was filtered 

and washed with water. The solid obtained was dried and purified using a silica 

gel column chromatography with a DCM:acetone (9:1 v/v) mixture as eluent, 

followed by reprecipitation of the product in n-hexane. 

 

[Ir(ppy)2(TPSbpy)]PF6 (IrTPS). Orange solid, 94% yield. 1H NMR (300 

MHz, DMSO-d6) δ 9.33 (s, 2H), 8.29 (d, J = 8.4, 2H), 8.06 (d, J = 8.0, 6H), 7.94 

(dd, J = 15.1, 6.1, 6H), 7.74 (d, J = 5.7, 2H), 7.68 (d, J = 8.1, 4H), 7.62 – 7.31 

(m, 30H), 7.18 (t, J = 6.7, 2H), 7.04 (t, J = 7.7, 2H), 6.93 (t, J = 7.4, 2H), 6.23 

(d, J = 7.3, 2H); HRMS (FAB, positive) m/z 1325.3992 ([M-PF6
-]+; calcd.: 

1325.3986 m/z). 

 

[Ir(dfppy)2(TPSbpy)]PF6 (FIrTPS). Orange solid, 63% yield. 1H NMR 

(300 MHz, DMSO-d6) δ 9.35 (s, 2H), 8.32 (d, J = 8.7, 2H), 8.08 – 8.03 (m, 8H), 

7.97 (d, J = 5.8, 2H), 7.82 (d, J = 5.2, 2H), 7.70 (d, J = 8.1, 4H), 7.55 – 7.47 (m, 

30H), 7.27 (t, J = 6.7, 2H), 6.99 (ddd, J = 12.1, 9.4, 2.2, 2H), 5.66 (dd, J = 8.4, 

2.3, 2H) ); HRMS (FAB, positive) m/z 1397.3615 ([M-PF6
-]+; calcd.: 

1397.3609 m/z). 
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[Ir(ppy)2(bpbpy)]PF6 (Irbpbpy). Orange solid, 42% yield. 1H NMR (300 

MHz, DMSO-d6) δ 9.36 (s, 2H), 8.29 (d, J = 8.2, 2H), 8.17 – 8.03 (m, 6H), 8.00 

– 7.86 (m, 6H), 7.76 (d, J = 5.3, 2H), 7.62 (q, J = 5.6, 6H), 7.19 (t, J = 6.6, 2H), 

7.05 (t, J = 7.0, 2H), 6.93 (t, J = 6.9, 2H), 6.24 (d, J = 6.8, 2H) ); HRMS (FAB, 

positive) m/z 809.2259 ([M-PF6
-]+; calcd.: 809.2256 m/z). 

 

[Ir(TPSppy)2(bpy)]PF6 (TPSppyIr). Orange solid, 88% yield. 1H NMR 

(300 MHz, DMSO-d6) δ 8.90 (d, J = 8.3, 2H), 8.51 (d, J = 8.2, 2H), 8.37 – 8.20 

(m, 4H), 7.98 (dd, J = 14.7, 6.3, 4H), 7.79 (d, J = 8.2, 4H), 7.70 (dd, J = 12.4, 

6.3, 4H), 7.60 – 7.35 (m, 34H), 7.29 (dd, J = 7.9, 1.7, 2H), 7.21 (t, J = 6.2, 2H), 

6.33 (d, J = 7.9, 2H); HRMS (FAB, positive) m/z 1325.4006 ([M-PF6
-]+; calcd.: 

1325.3986 m/z). 

 

[Ir(ppyTPS)2(bpy)]PF6 (ppyTPSIr). Orange solid, 66% yield. 1H NMR 

(300 MHz, DMSO- d6) δ 8.91 (d, J = 8.2, 2H), 8.59 (s, 2H), 8.29 (t, J = 7.2, 2H), 

8.15 (d, J = 8.5, 2H), 8.02 (d, J = 8.2, 4H), 7.94 (d, J = 4.6, 2H), 7.78 – 7.60 (m, 

8H), 7.59 – 7.39 (m, 32H), 7.04 (t, J = 7.1, 2H), 6.94 (t, J = 6.9, 2H), 6.30 (d, J 

= 6.8, 2H); HRMS (FAB, positive) m/z 1325.4003 ([M-PF6
-]+; calcd.: 

1325.3986 m/z). 

 

[Ir(ppy)2(bpy)]PF6 (Irbpy). Yellow solid, 41% yield. 1H NMR (300 MHz, 

DMSO-d6) δ 8.88 (d, J = 8.1, 2H), 8.26 (d, J = 7.1, 4H), 7.91 (dt, J = 13.2, 6.5, 
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6H), 7.75 – 7.66 (m, 2H), 7.62 (d, J = 5.4, 2H), 7.16 (t, J = 6.6, 2H), 7.02 (t, J 

= 7.3, 2H), 6.90 (t, J = 7.3, 2H), 6.19 (d, J = 7.4, 2H); HRMS (FAB, positive) 

m/z 657.1625 ([M-PF6
-]+; calcd.: 657.1630 m/z). 

 

[Ir(dfppy)2(bpy)]PF6 (FIrbpy). Pale yellow solid, 63% yield. 1H NMR (300 

MHz, DMSO-d6) δ 8.90 (d, J = 8.1, 2H), 8.31 (t, J = 7.9, 4H), 8.04 (t, J = 7.9, 

2H), 7.93 (d, J = 5.0, 2H), 7.82 – 7.59 (m, 4H), 7.25 (t, J = 6.4, 2H), 6.98 (t, J 

= 11.0, 2H), 5.62 (dd, J = 8.4, 2.2, 2H); HRMS (FAB, positive) m/z 729.1255 

([M-PF6
-]+; calcd.: 729.1253 m/z). 

 

Hydrogen Evolution Experiments 

Typically, each photolysis solution was prepared by adding 0.50 mol Ir(III) 

photosensitizer, 0.50 mol WRC, 1 mL TEA, 1 mL H2O, and 8 mL THF into a 

40 mL air-tight vial equipped with a rubber septum. The sample was N2-

bubbled for 15 min (50 mL/min). Then the vial was irradiated with 150 W Xe 

lamp equipped with a cut-off filter eliminating UV lights below 400 nm. The 

headspace gas (100 L) was collected using a Hamilton Lurelock-type syringe 

and analyzed by gas chromatography (Agillent 7890A) equipped with a 45/60 

Molecular Sieve 5A column (Supelco 13074-U, 30 ºC). The amount of H2 

evolved within the vial was calculated with the integrated area of H2 signal 

calibrated by the integrated area of N2 signal as an internal standard. 

 

Measurements 
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Absorption spectra were recorded using a Shimadzu UV-1650-PC from 250 

to 900 nm. Steady-state photoluminescence (PL) spectra were obtained with a 

Varian Cary Eclipse spectrofluorometer in the range of 400–800 nm. 

Phosphorescence and fluorescence decay traces were recorded using time-

correlated single photon counting (TCSPC) technique with a PicoQuant 

NanoHarp 250 instrument equipped with a LDH-P-C-375 pulsed diode laser 

(377 nm; fwhm < 80 ps). Data analyses were performed using a PicoQuant 

Fluofit software. The quality of the fit was assessed by the reduced 2 value and 

visual inspection of the weighed residuals. Cyclic voltammetric experiments 

were carried out with a Princeton Applied Research Potentiostat/Galvanostat 

Model 273A using three-electrode cell assemblies including a glassy-carbon 

working electrode, a platinum wire counter electrode, and a Ag/Ag+ reference 

electrode. After N2-saturation in a onecompartment cell, measurements were 

carried out in acetonitrile solution with tetrabutylammonium 

hexafluorophosphate (TBAHFP) as a supporting electrolyte at a scan rate of 

100 mV/s. 

 

Computational details 

Geometries of electronic ground states of photosensitizers studied were 

computed using the B3LYP level of density functional theory (DFT),30,31 in 

which the 6-31G basis set was adopted for C, H, N, Si, and F atoms, while the 

"double-" quality LanL2DZ basis set consisting of Hay and Wadt’s effective 

core potentials32,33 was employed for Ir atom. All calculations were carried out 
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using Gaussian 09.34 Molecular orbitals were analyzed using AOMix 

program.35,36 
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CHAPTER IV. 

 

Highly Efficient Photocatalytic Water Reduction 

Using Electron Reservoir Pt(II) Catalyst with 

Arylsilane-Substituents 
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1. Introduction 

 

The global energetic and environmental context requires that alternative 

fuels, such as H2, should be provided replacing fossil fuels, oil, coal and natural 

gas. With such objectives, there is a number of issues to be addressed. The most 

important one is that the source of energy should be renewable, and eco-friendly. 

Currently the dominant technology for direct production of H2 is steam 

reforming (~96 %) which intrinsically have CO2 emission problem. In this 

regards, reducing of water into its constituent elements to produce H2 using 

limitless solar energy by photon-induced catalysis represents a promising 

solution.  

The critical issue on photocatalytic water reduction is to mimic highly-

efficient photosynthesis system in nature, which are facilitated by 

homogeneous catalysts. There has been great effort to evaluate the so-called 

artificial photosynthesis system with molecular organometallic complexes as 

homogeneous photocatalysts. Homogeneous photocatalysis system comprising 

molecular catalysts is distinguished from heterogeneous system, and obviously 

possess an important issue to understand the catalytic process as a prerequisite 

for further improvement of photocatalytic water reduction system.  

For several decades, it has been known that [Co(bpy)3]2+ was capable of 

serving as water reduction catalyst (WRC), with their strong reducing ability 

and reducing protons to form molecular hydrogen without the need of electron 
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shuttle.1,2 The classical [Ru(bpy)3]2+ photosensitizer and a series of Ir(III) 

photosensitizers were evaluated in systems utilizing [Co(bpy)3]2+ as a WRC and 

triethanolamine (TEOA) as a sacrificial reductant.3 Various examples of ionic 

transition metal complexes (iTMCs) including Rh(III)4 and Pd(II)5,6 complexes 

have also been developed as the WRC. Synthetic modification and high-

throughput catalyst screening identified various photosensitizer-WRC 

combinations. 

Meanwhile, photocatalytic water reduction systems containing molecular 

Pt(II) catalysts have also been studied widely owing to the outstanding catalytic 

properties of colloidal platinum for water reduction. Sakai group reported a 

number of molecular Pt(II) catalysts.7-11 Homogeneous photocatalytic water 

reduction systems were realized without forming platinum colloids 

incorporating [Ru(bpy)3]2+ as a photosensitizer, EDTA as a sacrificial reagent, 

and methyl viologen as an electron relay. However, a very distinct behavior was 

observed by Eisenberg group with a photocatalytic water reduction system 

consisting of [Pt(terpy)(C≡C–Ph)]+ as a photosensitizer, and triethanolamine as 

a sacrificial reagent.12,13 Under the condition, the molecular Pt(II) catalysts are 

reduced to platinum colloids upon operation of the photocatalytic water 

reduction system.  

One useful approach for designing highly active redox catalyst is so-called 

electron reservoir characteristics. The concept of electron reservoir was made 

as it was realized that organometallic compounds are able to store energy in the 

form of one or several electrons redox states.14,15 However, the property is 
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restricted to the classes of compounds that can withstand single or multiple 

redox changes without molecular disruption. Thermodynamically, structural 

changes upon redox variations can be prevented if the orbitals affected by 

electron addition or removal are delocalized over an extended framework, i.e., 

when a metal is located at the center of a bulky molecular architecture, redox 

changes will leave the geometry essentially unchanged. In this context, here we 

introduce the tetraphenylsilyl (TPS) substituents to N^N ligand of the 

molecular Pt(II) WRC. The teterahedral configuration of four four phenyl rings 

covalently bonded to a silicon atom could provide electron reservoir character 

to the Pt(II) WRC. The enhanced stability, as well as the improved 

photocatalytic activity of TPS-containing molecular Pt(II) catalyst are 

examined in this chapter. 
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2. Results and Discussion 

 

Scheme IV-1 illustrates the chemical structure of Pt(II) water reduction 

catalysts investigated in this work. A series of Pt(II) water reduction catalysts 

with different size of ligands were designed and synthesized. All the Pt(II) 

water reduction catalysts were synthesized according to the standard 

procedures (see Experimental section for detail). 

 

 

Scheme IV-1. Chemical structures of Pt(II) water reduction catalysts and Ir(III) 

photosensitizers. 

 

The photocatalytic water reduction efficiencies of the Pt(II) WRCs were 

evaluated by visible light irradiation (300 W Xe lamp with a cut-off filter 

eliminating UV lights below 400 nm) of the system incorporating Irbpbpy and 

IrTPS as a photosensitizer and N,N -́dimethylaniline (DMA) as a sacrificial 

reducing agent (see Experimental section for details). Irbpbpy and IrTPS are 

the photosensitizers which showed enhanced photostability, resulting in the 

higher turnover numbers (TONs) of 4100 and 17000, respectively, compared to 

the conventioanl Ir(III) photosensitizers, i.e., [Ir(ppy)2(bpy)]+ with TON of 530 
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in conjunction with a colloidal Pt WRC (see Chapter III). TON of the newly 

synthesized Pt(II) WRCs (i.e. TPSbpyPt) were measured with respect to the 

single-electron transfer processes and the results are summarized in Table IV-1. 

Maximum TOF (TOFmax) was also calculated by evaluating the amount of 

evolved hydrogen for the initial 0.5 h period. Figure IV-1 shows kinetic traces 

of hydrogen evolution driven by the Pt(II) WRCs. When the Irbpbpy was used 

as a photosensitizer, TON and TOFmax of 22.14 and 3.666 h-1 were recorded 

for bpyPt, respectively. Similar level of performance was recorded for dmbpyPt 

(TON = 58.70 and TOFmax = 25.21 h-1). However, TPSPt showed 

extraordinarily superior photocatalytic activity compared to dmbpyPt and 

bpyPt, with a TON and TOF of 16690 and 1443 h-1 when the same Irbpbpy It 

is postulated that the use of TPS group extends the -system along the Pt(II) 

framework, thus delocalizes the electrons delievered from the photosensitizer 

to impart significant stability to the Pt(II) WRC according to the mechanism of 

electon reservoir (vide supra). 

Photocatalytic activity of TPSPt WRC with IrTPS as a photosensitizer was 

also evaluated. IrTPS is a photosensitizer which showed TON of 17000, which 

is the highest value ever reported for Ir(III) photosensitizers. TOFmax of the 

photocatalytic system comprising IrTPS was 1472, which is virtually identical 

to that of the photocatalytic system with Irbpbpy as a photosensitizer (TOFmax 

= 1443). However, TON of the photocatalytic system recorded 35980. This 

result is due to the synergetic effect of both the robust photosensitizer and WRC.  
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Figure IV-1. Kinetic traces of hydrogen evolution. The photolysis solution 

contained 1.0 mol Ir(III) photosensitizer, 0.10 mol Pt(II) WRC, 2 mL DMA, 

2 mL H2O, and 8 mL DMF in a 20 mL air-tight vial. The vial was irradiated 

with a 300 W Xe lamp with a cut-off filter eliminating UV lights below 400 nm. 

 

Table IV-1. Physical and photocatalytic properties of Pt(II) WRCs. 

entry Eox
a / V Ered

a / V HOMO / eV LUMO / eV Eg
b / eV TOFmax

c,d / h-1 TONd 

TPSPt 1.24 -1.15 -5.81 -3.42 2.39 1472 35980e 

      1443 16690f 

dmbpyPt 1.08 -1.32 -5.65 -3.25 2.40 3.666 22.14f 

bpyPt 1.11 -1.27 -5.68 -3.30 2.38 25.21 58.70f 

a The oxidation and reduction potentials were determined by cyclic voltammetry (versus Ag+/Ag). b Eg = Eox 

– Ered. 
c Calculated by evaluating the amount of evolved hydrogen for 0.5 h. d TON = 2n(H2)/n(WRC). 

measured after 90h irradiation of the water reduction system. e IrTPS was used as a photosensitizer. f Irbpbpy 
was used as a photosensitizer. 
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To investigate the robustness of TPSPt aside with that of the Ir(III) 

photosensitizer, photocatalytic water reduction system with an excess amount 

of IrTPS (50 mol) in conjunction with TPSPt (0.10 mol) was investigated. 

As shown in Figure IV-2, TPSPt retains its photocatalytic activity upto 18 days 

and the ovarall TON was recorded amazingly high value of 506800. This result 

suggests the robustness of TPSPt as an electron reservoir. 

 

 

Figure IV-2. Kinetic trace of hydrogen evolution. The photolysis solution 

contained 50 mol IrTPS as a photosensitizer, 0.10 mol TPSPt as a WRC, 2 

mL DMA, 2 mL H2O, and 8 mL DMF in a 20 mL air-tight vial. The vial was 

irradiated with a 300 W Xe lamp with a cut-off filter eliminating UV lights 

below 400 nm. 
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Figure IV-3. Three-dimensional optimized geometry, calculated electron density maps for HOMO – LUMO+3 of Pt(III) WRCs by DFT 

calculation. Hydrogens are omitted for clarity. Isodensity value of 0.05 electrons/Å 3 was applied for plotting the surfaces. 
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The above photocatalytic water reduction activities and physical properties 

are further supported by density functional theory (DFT) calculations. The 

calculated molecular orbital (MO) contour diagrams are shown in Figure IV-3. 

For all the Pt(II) WRCs, highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) are localized on Pt center and 

N^N ligand, respectively. Interestingly, the MOs with 2z
d  orbital of Pt 

correspond to LUMO+1 for dmbpyPt and bpyPt, whereas it is LUMO+3 for 

TPSPt. Since the 2z
d  orbital of Pt has -antibonding charactor, the population 

of this orbital leads to Pt–N^N ligand bond breaking. However, between 

LUMO and LUMO+3 of TPSPt, two MOs with localized * charactors reside. 

The enriched * orbitals presumably makes TPSPt an electron reservoir, giving 

robustness to TPSPt under photocatalytic operation. 

 

Table IV-2. Calculated energy levels and orbital transition analysis for TPSPt, 

dmbpyPt, and bpyPt. 

state transition energy (eV) 
participating MO 

(expansion coefficient) 
transition charactera

 

TPSPt 

T1 2.57 HOMO → LUMO (0.75) MLCT 

T2 2.63 HOMO → LUMO+3 (0.87) MC 

dmbpyPt 

T1 2.63 HOMO → LUMO+1 (0.94) MC 

T2 2.73 HOMO → LUMO (0.64) MLCT 

bpyPt 

T1 2.64 HOMO → LUMO+1 (0.93) MC 

T2 2.68 HOMO → LUMO (0.74) MLCT 

a Used terminology: MLCT (Pt metal to N^N ligand charge-transfer), MC (Pt metal centered). 
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More detailed informations on electronic transitions of the Pt(II) WRCs can 

be obtained from single-point energy calculation using time-dependent density 

functional theory (TD-DFT). Table IV-2 summarizes calculated first two triplet 

electronic transitions (T1 and T2 transitions) of the Pt(II) WRCs. T1 and T2 

transitions of TPSPt have MLCT and MC charactor, respectively. However, the 

electronic transition charactor is reversed for dmbpyPt and bpyPt. Since the MC 

state of Pt(II) complex is hazardous leading to ligand dissociation, we can 

conclude that dmbpyPt and bpyPt is more vulnerable to degradation compared 

to TPSPt.  
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Figure IV-4. Cyclic voltammograms of 500 M Pt(II) WRCs in Ar-saturated 

dichloromethane containing 0.1 M TBAHFP as a supporting electrolyte with a 

scan rate of 100 mV/s. 

 

To further ascertain the role of TPS substituents, electrochemical properties 

of the Pt(II) WRCs were explored with cyclic voltammetry (Figure IV-4). For 

TPSPt, due to the extenstion of  system of N^N ligand, both HOMO and 

LUMO are stabilized by ca. 0.15 V, compared to those of dmbpyPt and bpyPt. 
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However, the bandgap (Eg) of the Pt(II) WRCs are virtually identical. Thus we 

can conclude that TPS acts as an electron reservoir unit, with a minimal 

electronic effect on the parent Pt(II) core unit, i.e., bpyPt. 
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3. Conclusion 

 

In this study, we have successfully synthesized a series of Pt(II)(N^N)Cl2 WRC 

having bulky aromatic TPS substituent with the aim of developing highly 

efficient photocatalytic water reduction system. The role of TPS substituents 

was systematically explored to reveal that the WRC involving the TPS group 

at N^N ligand exhibit as an electron reservoir, dramatically enhancing its  

robustness. More importantly, the use of TPS led to the observation of 

exceedingly high TONs, where the highest TON reached 500000 and is found 

to be the highest value reported to date. We believe the results given in this 

work provide important new strategies to design more highly durable systems 

in various fields of photochemistry.   
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4. Experimental 

 

General Methods 

Commercially available chemicals were used as received. All glasswares and 

magnetic stirring bars were thoroughly dried in an oven (60 ºC). Reactions were 

monitored using thin layer chromatography (TLC). Commercial TLC plates 

(silica gel 254, Merck Co.) were developed and the spots were visualized under 

UV light at 254 or 365 nm. Silica gel column chromatography was performed 

with silica gel 60 G (particle size 5–40 m, Merck Co.). 1H NMR spectra were 

collected with a Bruker AVANCE-300 NMR spectrometer. Chemical shifts () 

are given in ppm and referenced to TMS. High-resolution mass spectrometry 

(HRMS) spectra were recorded on a JMS-700 MStation (JEOL). 

 

 

Synthesis 

4-triphenylsilylphenylboronic acid and TPS-containing -Cl birdged Ir(III) 

dimers ([Ir(ppy)2(-Cl)]2) were synthesized as previously described.16,17 
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Scheme IV-2. Synthetic procedures for Pt(II) WRCs. 

 

4,4 -́bis(4-(triphenylsilyl)phenyl)-2,2 -́bipyridine (TPSbpy). 4,4 -́

dibromo-2,2 -́bipyridine (2.0 g, 6.37 mmol), 4-triphenylsilylphenylboronic 

acid (6.1 g, 16.0 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.37 g, 

0.32 mmol) were dissolved in THF (150 mL) and aqueous 2 N Na2CO3 solution 

(75 mL). The mixture was refluxed at 75 ºC for 8 h. Then, the crude mixture 

was poured into brine and washed with EtOAc 3 times (100 mL × 3). The 

organic layer was collected and dried over MgSO4 and filtered. Then, the 

filterate was concentrated and chromatographed in silica gel column with n-
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hexane:EtOAc (4:1 v/v) to give white powder (4.1 g, 4.97 mmol). 1H NMR 

(300 MHz, CDCl3) δ 8.78 – 8.70 (m, 4H), 7.78 (d, J = 8.2, 4H), 7.71 (d, J = 8.2, 

4H), 7.65 – 7.51 (m, 14H), 7.51 – 7.33 (m, 18H). Anal. calcd for C58H44N2Si2: 

C 84.42, H 5.37, N 3.39; found C 84.73, H 5.37, N 3.33. 

 

Pt(II)(TPSbpy)Cl2 (TPSbpyPt). 4,4 -́bis(4-(triphenylsilyl)phenyl)-2,2 -́

bipyridine (195 mg, 0.24 mmol) and cis-dichlorobis(dimethyl 

sulfoxide)platinum(II) (100 mg, 0.24 mmol) were dissolved in 50 mL 

dichloromethane. The mixture was stirred at 50 ºC overnight under Ar 

atmosphere. The crude product was cooled to room temperature, filtered and 

washed with ethanol and water three times. White-off powder (210 mg, 0.19 

mmol). 1H NMR (300 MHz, DMSO-d6) δ 9.52 (d, J = 6.3, 2H), 9.05 (s, 2H), 

8.21 (d, J = 4.6, 2H), 8.12 (d, J = 8.2, 4H), 7.70 (d, J = 8.2, 4H), 7.63–7.36 (m, 

30H); HRMS (FAB, positive) m/z 1090.21 ([M+H+]; calcd.: 1090.21 m/z). 

 

Pt(II)(dmbpy)Cl2 (dmbpyPt). To a stirred solution of K2PtCl4 (410 mg, 

0.99 mmol) in H2O (50 mL) was added 4,4 -́dimethyl-2,2 -́bipyridine (200 mg, 

1.1 mmol) in acetond (15 mL) and 1 mL HCl (ca 40 %, aq.). The mixture was 

stirred 65 ºC overnight under Ar atmosphere. The yellow precipitate formed 

was filtered and rinsed with H2O and dried to give MebpyPt as yellow powder 

(400 mg, 0.89 mmol). 1H NMR (300 MHz, DMSO) δ 9.24 (d, J = 6.1, 2H), 8.43 

(s, 2H), 7.65 (d, J = 6.1, 2H), 2.51 (a, 6H); HRMS (FAB, positive) m/z 450.00 

([M+H+]; calcd.: 450.01 m/z). 
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Pt(II)(bpy)Cl2 (bpyPt). To a stirred solution of K2PtCl4 (480 mg, 1.16 mmol) 

in H2O (50 mL) was added 4,4 -́dimethyl-2,2 -́bipyridine (200 mg, 1.27 mmol) 

in acetond (15 mL) and 1 mL HCl (ca 40 %, aq.). The mixture was stirred 65 

ºC overnight under Ar atmosphere. The yellow precipitate formed was filtered 

and rinsed with H2O and dried to give MebpyPt as yellow powder (450 mg, 

1.07 mmol). 1H NMR (300 MHz, DMSO) δ 9.50 (d, J = 5.9, 2H), 8.58 (d, J = 

8.1, 2H), 8.41 (t, J = 8.0, 2H), 7.84 (t, J = 5.9, 2H); HRMS (FAB, positive) m/z 

421.97 ([M+H+]; calcd.: 421.97 m/z). 

 

General Procedure for [Ir(C^N)2(N^N)]PF6. [Ir(C^N)2(-Cl)]2 (1 equiv.) 

and N^N (2.5 equiv.) were dissolved in ethylene glycol. The mixture was stirred 

at 150 ºC overnight under Ar atmosphere. The crude product was cooled to 

room temperature and poured into water. To the stirred solution, 20 equiv. of 

tributylammonium hexafluorophosphate (1 g in 10 mL water) was added 

dropwise, and the resulting suspension was stirred for 2 h. The solid was filtered 

and washed with water. The solid obtained was dried and purified using a silica 

gel column chromatography with a DCM : acetone (9:1 v/v) mixture as eluent, 

followed by reprecipitation of the product in n-hexane. 

 

[Ir(ppy)2(TPSbpy)]PF6 (IrTPS). Orange solid, 94% yield. 1H NMR (300 

MHz, DMSO-d6) δ 9.33 (s, 2H), 8.29 (d, J = 8.4, 2H), 8.06 (d, J = 8.0, 6H), 7.94 
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(dd, J = 15.1, 6.1, 6H), 7.74 (d, J = 5.7, 2H), 7.68 (d, J = 8.1, 4H), 7.62 – 7.31 

(m, 30H), 7.18 (t, J = 6.7, 2H), 7.04 (t, J = 7.7, 2H), 6.93 (t, J = 7.4, 2H), 6.23 

(d, J = 7.3, 2H); HRMS (FAB, positive) m/z 1325.40 ([M-PF6
-]+; calcd.: 

1325.40 m/z). 

 

[Ir(ppy)2(bpbpy)]PF6 (Irbpbpy). Orange solid, 42% yield. 1H NMR (300 

MHz, DMSO-d6) δ 9.36 (s, 2H), 8.29 (d, J = 8.2, 2H), 8.17 – 8.03 (m, 6H), 8.00 

– 7.86 (m, 6H), 7.76 (d, J = 5.3, 2H), 7.62 (q, J = 5.6, 6H), 7.19 (t, J = 6.6, 2H), 

7.05 (t, J = 7.0, 2H), 6.93 (t, J = 6.9, 2H), 6.24 (d, J = 6.8, 2H) ); HRMS (FAB, 

positive) m/z 809.23 ([M-PF6
-]+; calcd.: 809.23 m/z). 

 

 

Hydrogen Evolution Experiments 

Water reduction system was prepared by adding 1.0 mol Ir(III) 

photosensitizer, 0.1 mol Pt(II) WRC, 2 mL N,N -́dimethylaniline (DMA), 2 

mL H2O, and 8 mL DMF into 20 mL air-tight vial. Continuous flow of Ar (10.0 

mL/min, controlled by a Line Tech M3030VA digital mass flow controller) was 

bubbled through a sample vial 30 min before irradiation. Then the vial was 

irradiated with 300 W Xe lamp with 400 nm cutoff filter. The vent gas from the 

vial was introduced to automated 6-way valve system with 2 mL sampling loop 

and analyzed with gas chromatography (Agillent 7890A) equipped with 

molecular sieve 5A column for every 30 min. 496 ppm H2 in Ar balance was 

used for external standard. 
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Measurements 

Cyclic voltammetric experiments were carried out with a Princeton Applied 

Research Potentiostat/Galvanostat Model 273A using three-electrode cell 

assemblies including a glassy-carbon working electrode, a platinum wire 

counter electrode, and a Ag/Ag+ reference electrode. After Ar-saturation in a 

onecompartment cell, measurements were carried out in dichloromethane 

solution with tetrabutylammonium hexafluorophosphate (TBAHFP) as a 

supporting electrolyte at a scan rate of 100 mV/s. 

 

Computational details 

Geometries of electronic ground states of photosensitizers studied were 

computed using the B3LYP level of density functional theory (DFT),18,19 in 

which the 6-31G basis set was adopted for C, H, N, Si, and F atoms, while the 

"double-" quality LanL2DZ basis set consisting of Hay and Wadt’s effective 

core potentials20,21 was employed for Ir atom. All calculations were carried out 

using Gaussian 09.22 
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CHAPTER V. 

 

Photocatalytic Water Reduction with Ir-Pt 

Bimetallic Molecular Device: Orchestrating 

Electron Transfer 
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1. Introduction 

 

Molecular hydrogen is known as a clean-burning fuel, free of CO2 emission 

and is now considered as a promising candidate to solve the current energy 

problems.1-5 In recent years, a large number of molecular systems for 

photocatalytic water reduction for H2 generation have been reported.6-10 These 

systems contain either noble metals (Pt, Rh, or Pd) or first-row transition metals 

(Co, Ni, or Fe) as water reducing catalytic centers and transition metal 

complexes based on Ru, Ir, Re, or Pt as photosensitizers. 

The idea of polynuclear systems originates from combining the 

photosensitizing species with a second metal catalyst. Multi-component system 

involves diffusion and collision processes of the components, which limits 

electron transfer from photosensitizer to water reduction catalyst. Whereas, in 

the polynuclear intramolecular system, such a problem does not occur because 

the two metal centers are tethered with covalent bonds. As a result, it is 

expected that the electron transfer would be more efficient in the polynuclear 

complexes. Catalytic activity of the polynuclear system, however, is critically 

dependent on the molecular design, and a minute change of the structure may 

lead to a significant difference in photocatalytic activity.  

Plethora of polynuclear complexes have been reported in pursuit of single-

component photocatalytic water reduction system with combinations of Ru-

Pt,11 Ru-Pd,12 Ru-Rh,13 Ru-Co,14 or Ir-Co.15 However, the photocatalytic 
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activity of polynuclear systems has been rather low compared to those of multi-

component systems. One of the highest turnover number (TON) reported for 

polynuclear system is 103 for Ru-Co bimetallic complex,14 while the highest 

TONs of 17000 and 22200 for photosensitizer16 and water reduction catalyst17 

have been reported for multi component system, respectively. 

In recent studies on photocatalytic water reduction, Ir(III) and Pt(II) 

complexes have shown excellent turnover numbers as photosensitizers and 

water reduction catalysts, respectively.18-33 Here we show that an Ir-Pt 

bimetallic complex shows amazingly high photocatalytic activity for water 

reduction. The enhanced photocatalytic water reduction kinetics, as well as the 

robustness of Ir-Pt bimetallic complex are examined systematically in 

conjunction with a multi-component system as a control.  
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2. Results and Discussion 

 

Scheme V-1 illustrates the chemical structure of Ir-Pt bimetallic complex 

(IrPt) and the individual complexes (Irdmbpy and dmbpyPt) as control samples. 

Two building blocks comprising Ir(III) and Pt(II) are bridged by 1,2-bis(4'-

methyl-4-([2,2'-bipyridyl])ethane. To maintain the structural integrities for 

control system, 4,4'-dimethyl(2,2'-bipyridine) was used for both the Ir(III) and 

Pt(II) complexes. All the complexes were synthesized according to the standard 

procedures (see Experimental section for details).  

 

 

Scheme V-1. Chemical structures of materials used. 

 

The photocatalytic water reduction experiments were performed in sealed 

vials under irradiation with a 300 W Xe lamp coupled with a cut-off filter ( > 

400 nm). The sample contained 0.5 mol of IrPt, incorporation with 8 mL THF, 

1 mL triethylamine (TEA), and 1 mL water. The control sample was prepared 
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with each 0.5 mol of Irdmbpy and dmbpyPt instead of IrPt. The water 

reduction experiments were carried out until the hydrogen evolutions are ceased. 

The turnover numbers (TONs) and turnover frequencies (TOFs) were 

calculated based on the number of single-electron transfer processes and 

recorded (see Table V-1). Figure V-1 shows kinetic traces of hydrogen evolution 

driven by the photocatalytic water reduction systems. The kinetic traces were 

fitted to first-order decay, net hydrogen production during the opertion of 

system was fit to a time-dependent function Eq. 1: 

 

/

2H ( ) (1 )tt e                 (Eq. V-1) 

 

The initial hydrogen production rate of IrPt system corresponds to a 

maximum turnover frequency (TONmax) of 579.1 h-1, while the control the 

multi-component system showed TONmax of 177.5 h-1. As the initial turnover 

frequencies are ca. 3.3 times increased for the IrPt system compared to multi-

component system, the electron transfer process between the photosensitizer 

and the water reduction catalyst is likely to be the rate-determining step for the 

overall photocatalytic water reduction process. The diffusional process or the 

photocatalytic water reduction process in the multi-component system 

presumably is the rate-determining step, thus eliminating it gives higher 

photocatalytic performance of IrPt system compared to that of multi-

component system in the initial stage. 



111 

 

Longevity of the photocatalytic water reduction system can be rationalized 

by analyzing the lifetime of hydrogen production () derived from Eq. V-1. The 

photocatalytic water reduction system comprising IrPt showed enhanced 

robustness under operation ( = 16.9 h) compared to the multi-component 

system ( = 3.89 h). As a result, the maximum turnover number of IrPt system 

(TONmax = 9210) was found to be 12.6 times higher than that of the multi-

component system (TONmax = 728.5). 
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Figure V-1. Kinetic traces of hydrogen evolution. The photolysis solution 

contained either 0.50 mol IrPt or each 0.5 mol Irdmbpy and 0.50 mol 

dmbpyPt. The samples were incorporated with 1 mL TEA, 1 mL H2O, and 8 

mL THF in a 40 mL air-tight vial. The vial was irradiated with a 300 W Xe 

lamp with a cut-off filter eliminating UV lights below 400 nm. Fitted curves are 

provided with dashed lines. 
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Table V-1. Photocatalytic water reduction properties of IrPt and multi-

component systems. 

entry TOFmax
a,b / h-1  / h 

TONmax
b 

(irradiation time / h) 

 

IrPt 579.1 16.9 9210 (60) 
 

Irdmbpy + dmbpyPt 177.5 3.89 728.5 (40) 
 

a Calculated by evaluating the amount of evolved hydrogen for 0.5 h. b TON = 2n(H2)/n(WRC). 

 

To further invesitgate the electron transfer mechanism lying in the 

photochemical process of IrPt, electrochemical and photophysical properties of 

the complexes were explored. The cyclovoltammograms of the complexes are 

shown in Figure V-2. Under cathodic sweep, IrPt shows pseudo-reversible 

oxidation corresponding to the Ir(III) center at 1.29 V (see Table V-2). On the 

contrary, reduction of Pt(II) center is firstly shown at -0.79 V under anodic 

sweep, and reduction of bipyridyl ligand attached to Ir(III) is shown at more 

lower voltage. The results indicate that highest occupied molecular orbital 

(HOMO) resides on the Ir(III) building block, while the lowest unoccupied 

molecular orbital (LUMO) resides on Pt(II) building block. However, for IrPt 

work as a molecular device for photocatalytic water reduction, the 

photosensitizing Ir(III) building block and the catalyzing Pt(II) building block 

should operate separately, i.e., IrPt should behave as a supramolecular species, 

rather than a large molecule.34 The absorption spectrum of IrPt well fits with 

the sum of Irdmbpy and dmbpyPt. This result represents the supramolecular 
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character of IrPt (Figure V-3a), with minimal electronic coupling between the 

Ir(III) and Pt(II) building blocks. The supramolecular behavior of IrPt is also 

supported by the photoluminescence (PL) results shown in Figure V-3b. IrPt 

and Irdmbpy are luminescent in MeCN solution, while dmbpyPt is not. The PL 

energy and intensity are almost similar for IrPt and Irdmbpy, which suggests 

intramolecular energy and/or electron transfer are well suppressed in IrPt.  
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Figure V-2. Cyclic voltammograms of 500 M IrPt, Irdmbpy, amd dmbpyPt in 

Ar-saturated MeCN containing 0.1 M TBAHFP as a supporting electrolyte with 

a scan rate of 100 mV/s.  
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Table V-2. Physical properties of IrPt, Irdmbpy, and dmbpyPt. 

entry Eox / V Ered / V PL, max /nm 

IrPt 1.29 -0.79 563 

Irdmbpy 1.26 -1.19 571 

dmbpyPt 1.34 -0.94 - 

 

 

Figure V-3. Absorption (a) and photoluminescence (b) spectra of IrPt, Irdmbpy, 

and dmbpyPt. Dashed line depicts sum of the absorption spectra of Irdmbpy 

and dmbpy Pt. 25 M in Ar-saturated MeCN. 
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The above photocatalytic water reduction activities and physical properties 

are further supported by density functional theory (DFT) and time-dependent 

density functional theory (TD-DFT) calculations. The calculated molecular 

orbital (MO) energies and important MO contour diagrams are shown in Figure 

V-4. T1 transition in Irdmbpy corresponds to HOMO → LUMO, and is 

characterized by Ir metal to N^N ligand charge-transfer (MLaCT) (see Table V-

3). On the contrary, HOMO → LUMO+1 is responsible for T1 of dmbpyPt, 

which is characterized by Pt metal centered transition (MC). Because d* orbital 

of Pt has -antibonding charactor, the population of LUMO+1 upon 

photoexcitation of dmbpyPt undergoes hazardous Pt metal–ligand bond 

breaking. In the IrPt case, T1 and T2 transitions corresponds to Ir(III) building 

block based MLaCT and Ir(II) building block based MC, reapectively. The 

participating MOs are localized to each building blocks, thus possibility of 

electronic coupling between them can be ruled out, and we can regard IrPt as a 

supramolecular species, rather than a large molecule. Furthermore, there exist 

a number of MOs below the hazardous d* of Pt metal corresponds to LUMO+8, 

the population of LUMO+8 can be easily relaxed to the lower MOs, preventing 

IrPt from ligand dissociation. We can therefore conclude that the significant 

photocatalytic water reduction activity of IrPt with both high TOF and TON 

arise from its supramolecular charactor and increased chemical stability. 
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Figure V-4. MO energy and contour diagrams of Irdmbpy, IrPt, and dmbpyPt. 

 

Table V-3. Calculated energy levels and orbital transition analysis for IrPt, 

Irdmbpy, and dmbpyPt. 

state transition energy (eV) 
participating MO 

(expansion coefficient) 
transition charactera

 

(localization) 

IrPt 

T1 2.46 HOMO → LUMO+1 (0.86) MLaCT (Ir(III) building block) 

T2 2.65 HOMO-2 → LUMO+8 (0.88) MC (Pt(II) building block) 

Irdmbpy 

T1 2.14 HOMO → LUMO (0.98) MLaCT 

T2 2.69 HOMO → LUMO+2 (0.62) MLcCT 

dmbpyPt 

T1 2.63 HOMO → LUMO+1 (0.94) MC 

T2 2.73 HOMO → LUMO (0.64) MLcCT 

a Used terminology: MLaCT (metal to N^N ligand charge-transfer), MC (metal centered), and MLcCT (metal 

to C^N ligand charge-transfer). 

  



117 

 

3. Conclusion 

 

In this study, we have successfully synthesized an Ir-Pt bimetallic molecular 

device for photocatalytic water reduction with an aim of high photocatalytic 

activity. The photocatalytic water reduction system comprising IrPt exhibit 

dramatically enhanced TON and TOF compared to its control multi-component 

system. Study on electrochemical and photophysical properties, in conjunction 

with the quantum chemical approach, we could conclude that the enhanced 

photocatalytic activity of IrPt stems from its supramolecular nature and 

increased chemical stability. 
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4. Experimental 

 

General Methods 

Commercially available chemicals were used as received. All glasswares and 

magnetic stirring bars were thoroughly dried in a convection oven. Microwave-

assisted synthesis was performed in a single-mode Discover (CEM 

Corporation). Reactions were monitored using thin layer chromatography 

(TLC). Commercial TLC plates (silica gel 254, Merck Co.) were developed and 

the spots were visualized under UV light at 254 or 365 nm. Silica gel column 

chromatography was performed with silica gel 60 G (particle size 5–40 m, 

Merck Co.). 1H NMR spectra were collected with a Bruker AVANCE-300 NMR 

spectrometer. Chemical shifts () are recorded in ppm and referenced to TMS. 

The peak splitting is abbreviated as follows: s = singlet; d = doublet; t = triplet; 

m = multiplet and the coupling constants (J) are in Hz. High-resolution mass 

spectrometry (HRMS) spectra were recorded on a JMS-700 MStation (JEOL). 
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Scheme V-2. Synthesis of complexes studied 

 

Synthesis 

-Cl birdged Ir(III) dimers ([Ir(ppy)2(-Cl)]2) was synthesized as previously 

described.35,36 

 

1,2-Bis(4 -́methyl-4-([2,2 -́bipyridyl])ethane (L1). For all procedures, RB 

was purged with Ar to maintain inert atmosphere. In a flame-dried RB, 4,4 -́

dimethyl-2,2 -́bipyridine (1.0 g, 5.42 mmol) was dissolved in 100 mL 

anhydrous THF. The temperature was maintained at -78 ºC. To the RB, lithium 

diisopropylamide (2.0 M in THF/heptane/ethylbenzene, 2.7 mL, 5.42 mmol) 
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was added dropwise, and maintained 4 h. To the mixture, 1,2-dibromoethane (1 

g , 5.42 mmol) was added dropwise. The temperature was then raised to RT and 

stirred overnight. To the reaction mixture added 100 mL distilled water, 

extracted with DCM. The organic layer was collected and evaporated to ca. 10 

mL. Recrystallization in n-hexane gave 500 mg white crystal of product (500 

mg, 1.36 mmol). 1H NMR (300 MHz, CDCl3) δ 8.66–8.50 (m, 4H), 8.31 (s, 

2H), 8.24 (s, 2H), 7.15–7.10 (m, 4H), 3.10 (s, 4H), 2.44 (s, 6H). 

 

[Ir(ppy)2(L1)]Cl (1). [Ir(ppy)2(-Cl)]2 (500 mg, 0.47 mmol) and L1 (137 mg, 

0.37 mmol) were dissolved in ethylene glycol. The mixture was stirred at 150 

ºC overnight at Ar atmosphere. The crude product was cooled to room 

temperature and poured into 200 mL of distilled water. The solution was 

extracted with 300 mL DCM 3 times. The solution was evaporated and 

chromatographed in silica gel column with DCM:MeOH (9:1 v/v) followed by 

reprecipitation in n-hexane. Yellow solid (115 mg, 0.13 mmol). 1H NMR (300 

MHz, CDCl3) δ 8.62–8.49 (m, 4H), 8.23 (d, J = 4.5, 2H), 7.89 (d, J = 8.2, 2H), 

7.75–7.61 (m, 6H), 7.52–7.46 (m, 2H), 7.33 (d, J =6.4, 1H), 7.15 (t, J = 5.5, 

3H), 7.08–6.84 (m, 6H), 6.28 (d, J = 7.5, 2H), 3.26–3.10 (m, 4H), 2.61 (s, 3H), 

2.45 (s, 3H). 

 

[Ir(ppy)2(L1)PtCl2]PF6 (IrPt). 1 (200 mg, 0.24 mmol) and cis-

dichlorobis(dimethyl sulfoxide)platinum(II) (98 mg, 0.24 mmol) were 

dissolved in 50 mL dichloromethane. The mixture was stirred at 50 ºC overnight 
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under Ar atmosphere. The crude product was cooled to room temperature and 

poured into 200 mL MeOH. Tributylammonium hexafluorophosphate (1 g in 

10 mL MeOH) was added dropwise, and the resulting suspension was stirred 

for 2 h. The suspension was filtered and washed with ethanol and water three 

times. Yellow powder (160 mg, 0.13 mmol). 1H NMR (300 MHz, DMSO) δ 

9.28 (dd, J = 9.0, 6.1, 2H), 8.80–8.70 (m, 4H), 8.50 (s, 1H), 8.40 (s, 1H), 8.27–

8.23 (m, 2H), 7.91 (d, J = 6.5, 4H), 7.73–7.51 (m, 6H), 7.18–6.86 (m, 6H), 6.18 

(d, J = 7.5 Hz, 2H), 3.23 (s, 6H); HRMS (FAB, positive) m/z 1132.18 ([M-PF6
-]; 

calcd.: 1132.18 m/z). 

 

[Ir(ppy)2(dmbpy)]PF6 (Irdmbpy). [Ir(ppy)2(-Cl)]2 (500 mg, 0.47 mmol) 

and 4,4 -́dimethyl-2,2 -́bipyridine (215 mg, 1.17 mmol) were dissolved in 

ethylene glycol. The mixture was stirred at 150 ºC overnight at Ar atmosphere. 

The crude product was cooled to room temperature and poured into 200 mL of 

distilled water. To the stirred solution, tributylammonium hexafluorophosphate 

(1 g in 10 mL water) was added dropwise, and the resulting suspension was 

stirred for 2 h. The solid was filtered and washed with water. The solid obtained 

was dried and purified using a silica gel column chromatography with a 

DCM:acetone (9:1 v/v) mixture as eluent, followed by reprecipitation of the 

product in n-hexane. Yellow powder (700 mg, 0.84 mmol). 1H NMR (300 MHz, 

DMSO) δ 8.74 (s, 2H), 8.25 (d, J = 8.1, 2H), 7.92 (t, J = 8.3, 4H), 7.65 (d, J = 

5.4, 4H), 7.51 (d, J = 5.6, 2H), 7.15 (t, J = 3.6, 2H), 7.01 (t, J = 7.5, 2H), 6.89 

(t, J = 7.4, 2H), 6.19 (d, J = 6.8, 2H), 2.52 (s, 6H); HRMS (FAB, positive) m/z 
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685.19 ([M-PF6
-]; calcd.: 685.19 m/z). 

 

Pt(dmbpy)Cl2 (dmbpyPt). To a stirred solution of K2PtCl4 (410 mg, 0.99 

mmol) in H2O (50 mL) was added 4,4 -́dimethyl-2,2 -́bipyridine (200 mg, 1.1 

mmol) in acetond (15 mL) and 1 mL HCl (ca 40 %, aq.). The mixture was 

stirred 65 ºC overnight under Ar atmosphere. The yellow precipitate formed 

was filtered and rinsed with H2O and dried to give MebpyPt as yellow powder 

(400 mg, 0.89 mmol). 1H NMR (300 MHz, DMSO) δ 9.24 (d, J = 6.1, 2H), 8.43 

(s, 2H), 7.65 (d, J = 6.1, 2H), 2.51 (s, 6H); HRMS (FAB, positive) m/z 450.00 

([M+H+]; calcd.: 450.00 m/z). 

 

Hydrogen Evolution Experiments 

Water reduction system was prepared by adding 0.5 mol IrPt or each 0.5 

mol of Irdmbpy and dmbpyPt, 1 mL TEA, 1 mL H2O, and 8 mL DMF into 40 

mL air-tight vial. The sample was N2-bubbled for 15 min (50 mL/min). Then 

the vial was irradiated with 300 W Xe lamp equipped with a cut-off filter 

eliminating UV lights below 400 nm. The headspace gas (100 L) was collected 

using a Hamilton Lurelock-type syringe and analyzed by gas chromatography 

(Agillent 7890A) equipped with a 45/60 Molecular Sieve 5A column (Supelco 

13074-U, 30 ºC). The amount of H2 evolved within the vial was calculated with 

the integrated area of H2 signal calibrated by the integrated area of N2 signal as 

an internal standard. 
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Measurements 

Absorption spectra were recorded using a Shimadzu UV-1650-PC from 250 

to 900 nm. Steady-state photoluminescence (PL) spectra were obtained with a 

PTI QuantaMaster 40 spectrofluorometer in the range of 450–850 nm. 

Phosphorescence decay traces were recorded using time-correlated single 

photon counting (TCSPC) technique with a PicoQuant NanoHarp 250 

instrument equipped with a LDH-P-C-375 pulsed diode laser (377 nm; fwhm < 

80 ps). Data analyses were performed using a PicoQuant Fluofit software. The 

quality of the fit was assessed by the reduced 2 value and visual inspection of 

the weighed residuals. Cyclic voltammetric experiments were carried out with 

a Princeton Applied Research Potentiostat/Galvanostat Model 273A using 

three-electrode cell assemblies including a glassy-carbon working electrode, a 

platinum wire counter electrode, and a Ag/Ag+ reference electrode. After Ar-

saturation in a onecompartment cell, measurements were carried out in 

acetonitrile solution with tetrabutylammonium hexafluorophosphate (TBAHFP) 

as a supporting electrolyte at a scan rate of 100 mV/s. 

 

DFT Calculations on Ir(III) photosensitizers 

Calculations on the electronic ground states were carried out using B3LYP 

density functional theory37,38 together with the 6-31G basis set for C, H, N, O, 

and S atoms and the "double-" quality basis set consisting of Hay and Wadt’s 

effective core potentials (LANL2DZ)39,40 was employed for Ir atom. All 

calculations were carried out using Gaussian 09.41 
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CHAPTER VI. 

 

Summary of Thesis 
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In this thesis, we have succesfully explored the molecular systems for highly 

efficient photocatalytic water reduction. A series of Ir(III) photosensitizers and 

Pt(II) water reduction catalysts (WRCs) have been synthesized with fine 

chemical approaches and their structure-photocatalytic activity relationships 

were investigated with density functional theory-based quantum chemical 

calculations, in combination with their actual hydrogen-evolving activities. 

In chapter II, a series of Ir(III) photosensitizers with different electronic and 

size effects on the N^N ligands. Structural integrity of the complexes were 

assured by introducing sulfone- or thioether-substituted N^N ligands. Systemic 

study on the substituent effect was carried out to investigate the structure-

photocatalytic activity of the Ir(III) photosensitizers with the view to improve 

the photocatalytic activity of Ir(III) photosensitizers. Significant hydrogen 

evolution with a maximum turnover numbers (TONmax) of 3752 was achieved 

by applying IrSulPh as a photosensitizer in combination with colloidal platinum 

as a WRC and tripropylamine as a sacrificial electron donor. 

In chapter III, a series of [Ir(III)(C^N)2(N^N)]+ complexes having 

bulky/protective arylsilyl substituent are reportesd with the aim of developing 

new photocatalytic water reduction systems with highly improved durability. 

Turnover number (TON) exceeding 17000 was achieved by using the Ir(III) 

photosensitizer in cooperation with triethylamine as a sacrificial reagent and 

colloidal Pt as a water reduction catalyst.  

In chapter IV, a water reduction catalyst with arylsilyl substituent is reported 

with high photocatalytic activity. Expanded -system of arylsilyl substituent 



129 

 

renders an electron reservoir characteristic to the Pt(II) water reduction catalyst, 

thus gives robustness upon multi-electron reduction and high catalytic activity. 

TON upto 500000 was achieved by using the Pt(II) water reduction catalyst 

with N,N -́dimethylaniline as a sacrificial reagent and arylsilyl-substituted Ir(III) 

complex as a photosensitizer. 

Photocatalytic water reducing molecular device comprising Ir-Pt bimetallic 

complex was studied in Chapter V. The enhanced photocatalytic water 

reduction kinetics, as well as the robustness of Ir-Pt bimetallic complex are 

examined systematically in conjunction with a multi-component system as a 

control. The photocatalytic water reduction system comprising IrPt exhibit 

dramatically enhanced hydrogen evolving activity with TONmax of 9210 and 

TOF of 579.1 h-1 compared to its control multi-component system (TONmax = 

728.5 and TOF = 177.5 h-1). 
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ABSTRACT IN KOREAN 

고리화 전이금속 착체를 이용한 광촉매 물 환원 수소 

생산에 관한 연구 

 

 

황 동 렬 

서울대학교 대학원 재료공학부 

 

 

세계적인 에너지와 환경 문제와 관련하여서, 화석 연료를 대체할 

수 있는 수소와 같은 에너지원이 주목받고 있다. 이러한 이슈와 관

련하여, 에너지를 생산하기 위한 방법은 재생 가능하며, 환경친화적

이어야 한다. 태양광과 풍력과 같은 재생 가능한 에너지는 계절이나 

지역에 따라 영향을 받기 때문에, 이러한 에너지원을 저장 가능항 

에너지의 형태로 바꾸는 것이 필수적이다. 

연료로써의 수소는 다른 에너지에 비하여 다음과 같은 장점을 가

진다: 1) 122 kJ/g의 높은 질량 대비 에너지 밀도를 가지며 이는 44.5 

kJ/g인 휘발유의 2.7배, 22.7 kJ/g인 메틸 알콜의 5.4배에 해당하며, 2) 

연소시 이산화탄소나 다른 탄소 부산물이 없는 청정 에너지원이며, 3) 

전기 에너지에 비해 저장과 이동이 편리하다. 
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현재 산업적으로 96%의 수소가 탄화수소 개질법으로 생산이 되고 

있지만, 이 방법은 원천적으로 이산화탄소 배출을 피할 수 없다. 따

라서, 무한한 자원인 태양광을 이용하여 물을 환원시키는 광촉매 반

응을 통하여 수소를 생산하는 방법은 탄화수소 개질을 대체할 수 

있는 가능성을 가진다. 

광촉매 물 환원 수소 생산에 있어서 핵심적인 요소는, 균일 시스

템인 자연계의 효율적인 광합성 반응을 모사하는 데 있다. 이른바 

인공광합성을 구현하기 위하여 많은 유기금속 착체들이 개발되었다. 

분자 단위의 촉매를 이용하는 균일 광촉매 시스템은 불균일 시스템

과 구분되며, 인공 광합성의 메커니즘을 이해하고 개발하는 데 매우 

중요하다.   

이러한 맥락에서, 본 연구는 다음과 같은 4가지 주제에 따라 구성

되었다: 1) 이리듐(III) 감광제의 전기적, 입체적 개질과 광촉매 활성

에의 영향에 대한 연구, 2) 아릴실란기를 도입함으로써 안정한 이리

듐(III) 감광제의 개발, 3) 광촉매 물 환원 반응을 위한 다전자 환원 

백금(II) 촉매 개발, 4) 이리듐-백금 이금속 착체를 이용한 광촉매 물 

환원 반응. 

광촉매 물 환원 반응의 광화학적 경로는 감광제의 광여기로부터 

시작되며, 따라서 감광제는 핵심적인 구성 요소이다. Chapter II 에서

는 이리듐(III) 감광제의 보조리간드의 전기적, 입체적 요소를 변화시
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키면서 그 영향을 알아보았다. 설폰 혹은 타이오에테르 구조를 도입

함으로써, 이리듐(III) 감광제의 구조적 완결성을 유지할 수 있었다. 

치환체에 따른 이리듐(III) 감광제의 광촉매 특성 비교를 통하여 구

조-물성 관계를 살펴보았으며, 효율적인 성능을 가지는 이리듐(III) 

감광제 개발에 대한 전략을 제시할 수 있었다.  

Chapter III에서는 아릴실란기가 치환된 이리듐(III) 감광제를 개발

하여, 감광제의 내구성을 높일 수 있는 시스템을 개발하였다. 이러

한 이리듐(III) 감광제를 이용하여 트리에틸아민을 희생시약으로, 백

금 콜로이드를 물 환원 촉매로 이용 하였을 때 17000이 넘는 분자

활성을 보여주었다.  

광촉매 물 환원 시스템의 개발에 있어서 또 하나의 중요한 사안

은, 높은 촉매활성을 가지는 물 환원 촉매의 개발이다. Chapter IV에

서는, 아릴실란기가 치환된 백금(II) 물 환원 촉매를 이용하여 효율

적인 광촉매 물 분해 시스템을 구형하였다. 리간드의 파이 시스템을 

확장시킴으로 인해서 물 환원 촉매가 전자 저장소로써의 특징을 부

여할 수 있었고, 따라서 다전자 환원에 대해서 내구성이 향상된 특

징을 보여주었다. 이러한 백금(II) 물 환원 촉매는 아릴실란기가 치

환된 이리듐(III) 감광제와 다이메틸아닐린을 희생시약으로 사용하였

을 때 500000의 높은 촉매활성을 보여주었다. 

Chapter V에서는 이리듐-백금의 이금속 착체를 이용하여 분자 수준
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의 물 환원 디바이스를 개발하였다. 개발된 이리듐-백금 이금속 착

체는 대조군인 다성분계 광촉매 물 환원 시스테과 비교하여 높은 

수소 생산 효율과 총 수소 생산 양을 보여주었다. 

 

 

 

주요어 : 이리듐(III) 착체, 백금(II) 착체, 물 환원, 감광게, 물 환원

촉매 

학 번 : 2008-30853 
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