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General Introduction 

 

Water Splitting Reactions 

Visible-light-induced water splitting into molecular hydrogen and oxygen (2H2O + 4hν 

→ 2H2 + O2) has been extensively investigated in recent years in order to establish a 

possible hydrogen energy society. Although some equivalent processes with high 

efficiencies have been achieved in nature, considerable efforts must be further carried 

out to achieve artificial photosynthesis comparable to such natural photosynthesis. One 

of the key issues has been to develop highly active and robust catalysts for water 

oxidation and reduction cycles. As for the heterogeneous catalysts, various metal oxides 

(e.g., RuO2, IrO2, Co3O4 etc.) have been ascertained to be highly active as water 

oxidation catalysts (WOCs),1 while several precious metals (e.g., Pt, Rh, Ir, etc.) have 

also been proven to be highly active as water reduction catalysts (WRCs).2 Moreover, 

the cobalt-based thin film, recently prepared by Nocera et al.3 based on the 

electrodeposition from an aqueous Co2+ solution, has also turned out to be a highly 

active and quite robust WOC. On the other hand, molecular WOCs as well as WRCs are 

generally less robust and often lead to generation of metal or metal oxide particles after 

the prolonged use, which makes molecular systems more complicated and sometimes 

difficult to deal with. Nevertheless, a merit of dealing with molecular systems is to have 

a capability of probing various aspects of chemical processes at the molecular level. For 

instance, the individual reaction pathways may be monitored by a certain physical 

method and some important reaction intermediates may be characterized in detail. These 

involve structural and kinetics studies based on various analytical methods as well as 

DFT calculations. Continuous efforts must be therefore made to achieve molecular 

catalysts that are truly comparable to those achieved in nature in all aspects, such as 

turnover frequency, robustness, self-repairing capability, substrate transportation 

characteristics around the active centers, and so on. 
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Molecular photosystems for H2 generation 

It is apparent that there is no evolution of H2 from water just by irradiating pure water. 

In addition, H2 evolution reaction (HER) does not simply proceed by the 

photogeneration of a one-electron-reduced product, since HER requires to combine two 

electrons with two protons. There are two types of photo-processes reported to drive 

photochemical hydrogen evolution from water. One is a photo-process proceeding via 

oxidative quenching of the photoexcited state of photosensitizer (PS; see Scheme. 1a), 

while the other is that proceeding via reductive quenching of photo-excited PS (PS*).  

 

Scheme 1  Photochemical H2 evolution from water: (a) Oxidative quenching pathway, and (b) 

Reductive quenching pathway (PS: photosensitizer, R: electron relay, Cat: H2-evolving catalyst, D: 

electron donor) 

 

For oxidative quenching process (Scheme 1a), electron relays are usually employed to 

establish a charge-separated state, forming PS+ and R-, as exemplified in eq. 1 (for PS = 

[Ru(bpy)3]
2+, R = MV2+ (methylviologen)). 

 

 

[Ru(bpy)3]
2+ is the most studied PS, since [Ru(bpy)3]

2+ has strong absorption in the 

visible region (λmax = 452 nm, ε452 nm = 14000 M-1cm-1), and relatively long lifetime (τ = 

630 nm) in its triplet excited state ([Ru*(bpy)3]
2+).4 MV2+ is also employed as R due to 
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the reversible nature of its one-electron reduction process.5 Fig. 1 shows the 

water-stable region, where water is neither oxidized nor reduced (shaded area), and the 

redox potentials correlated with the relevant [Ru(bpy)3]
2+-derived redox processes. As 

shown in Fig. 1, the formal potential for HER shows an anodic shift upon lowering pH 

and therefore their driving force for the HER driven by either the 

[Ru(bpy)3]
3+/[Ru*(bpy)3]

2+ couple or the MV2+/MV+• couple is raised upon lowering 

pH. 

 

 

Fig. 1  Relationships between the water-stable region and the redox potentials correlated with the 

[Ru(bpy)3]2+-derived species generated in its photoredox reactions. 

 

It can be said that the triplet excited state of [Ru(bpy)3]
2+, that is, [Ru*(bpy)3]

2+, is a 

stronger reductant relative to MV+•, as predicted from the redox potentials: 

E([Ru(bpy)3]
3+/[Ru*(bpy)3]

2+) = -0.84 V vs. NHE4 and E(MV2+/MV+•) = -0.45 V vs. 

NHE5 (see also Fig. 1). Therefore, H2 evolution from water driven by MV+• is 

thermodynamically favorable only in acidic or neutral condition, below pH = 7.0. On 

the other hand, [Ru(bpy)3]
3+, given as a result of oxidative quenching of [Ru*(bpy)3]

2+, 

has high oxidizing ability (E([Ru(bpy)3]
3+/[Ru(bpy)3]

2+) = 1.26 V vs. NHE),4 and 
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possesses sufficient driving force to oxidize water into O2 in a wide pH region above pH 

= ca. 2. 

  On the other hand, [Ru(bpy)3]
+, given by reductive quenching of [Ru*(bpy)3]

2+, has 

high reducing ability (E([Ru(bpy)3]
2+/[Ru(bpy)3]

+) = -1.26 V vs. NHE),4 and possesses 

sufficient driving force to reduce water into H2 in the entire pH region. However, the 

oxidizing ability of [Ru*(bpy)3]
2+ (E([Ru*(bpy)3]

2+/[Ru(bpy)3]
+) = 0.84 V vs. NHE) is 

lower relative to [Ru(bpy)3]
3+, leading to the lower driving force for water oxidation to 

O2. As a result, in view of achieving [Ru(bpy)3]
2+-based molecular systems enabling 

overall water-splitting to H2 and O2, the adoption of the above-mentioned oxidative 

quenching relying on the water oxidation driven by [Ru(bpy)3]
3+ has a great merit (see 

Scheme 1a). 

As illustrated in Scheme 1, photosystems for HER needs to rely on the use of 

sacrificial electron donors (D). Up to now, electron donors exemplified in Fig. 2 have 

been employed to study a large variety of photochemical H2 evolution.6-9 Since 

solar-driven water splitting should drive both water oxidation and reduction in a 

synchronized fashion in the supreme goal where it is adopted in practical application, 

fundamental examinations focusing on one of either H2 or O2 generation are extremely 

important to deeply understand each system and also to solve problems demeriting the 

system. In this context, it is still highly important to work on one of the half-cell 

reactions for water splitting by employing such sacrificial electron donors.  

 

 

Fig. 2  Sacrificial electron donors employed to examine photochemical H2 evolution reactions 
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An important notification here is that it is suitable for a sacrificial electron donor to 

irreversibly decompose when it is oxidized upon transferring one electron to the 

photosensitizer employed in order to inhibit the backward electron transfer process. 

Amine donors, such as EDTA, TEA, TEOH, were reported to give secondary amines 

and aldehyde by one-electron oxidation as follows.10 

 

 

The overall reaction can be given by eq. 6. 

 

 

By utilizing the above-mentioned type of photosystem capable of photogenerating 

reducing equivalent, various types of transition metal complexes have been examined 

for their activity toward hydrogen evolution reaction. Examples of molecular catalysts 

for H2 formation evaluated in the photochemical and electrochemical systems are as 

follows.  

 

 

Cobalt-based catalysts for HER 

One of the most classical molecular catalysts for H2 production is the cobalt-based 

homogeneous system. Cobaloxime (1) and BF2-bridged cobaloxime (2) were found as 

catalysts for HER in early 1980s (see Scheme 2),11,12 however details of the reaction 

mechanism were still unclear until recently. In the late 2000s, Artero et al. as well as 

Peters et al. have reported that those catalysts have relatively low overpotential for HER 

in organic solvents using acids as proton sources.13-15 In those studies, the several 

reaction pathways for the cobaloxime-based catalysis for HER were also proposed as 

depicted in Scheme 2. On the other hand, Muckerman et al. pointed out that the 
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pathway C or D in Scheme 2 is the main route based on the theoretical studies of 2, 

since Co(III)‒H is considered to be further reduced to Co(II)‒H under the condition 

where Co(I) is formed.16 

 

 

Scheme 2  Proposed reaction mechanisms of HER catalyzed by cobaloxime-based molecular 

catalysts 

 

 

Very recently, the authors have reported that a cobalt-NHC complex 3 (NHC = 

N-heterocyclic carbene) exhibits catalysis for HER in the photosystem of [Ru(bpy)3]
2+, 

MV2+, and EDTA (Scheme 3), where the driving force for HER is only 150 meV.17 This 

is the first 1st-row transition metal complex catalyzing MV+•-driven H2 formation from 

water. It should be noted that complexes 1 and 2 were found to be inactve in this 

system.17 This is attributable to the lower reducing ability of MV+• (E(MV2+/MV+•) = 

-0.45 V vs. NHE), since the reduction of Co(II) to Co(I) in cobaloximes, which is the 

trigger for the catalysis shown in Scheme 2, is observed on relatively negative redox 

potential. On the other hand, we proposed that the HER catalyzed by 3 proceeds via a 

proton-coupled electron transfer (PCET) process (Co(II) + H+ + e- → Co(III)‒H), after 

the reduction of Co(III) to Co(II) by the simple electron transfer (see Scheme 4).17 This 
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new PCET pathway is considered to become possible by the electron-richness of the 

Co(II) center due to the strong σ donation of NHC ligand, since the bond in Co(III)‒H is 

regarded to be partially created with use of the d electrons in Co(II) through the PCET 

process. 

 

Scheme 3  A multi-component system driving photochemical H2 production from water. 

 

 

 

Scheme 4  Proposed reaction mechanisms of HER catalyzed by cobalt-NHC complex 3 

 

 

Nickel(II)-based catalysts for HER 

In nature, hydrogenase enzymes shown in Scheme 5 catalyze H2 production from water 

with the turnover frequency (TOF) of 9000 s-1.18-21 For [FeFe] hydrogenase, a secondary 

amine, which exists in its coordination sphere, is considered to act as a proton transfer 

site to its iron center. 
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Scheme 5  Proposed structures of the active sites of [FeFe] and [NiFe] hydrogenases 

 

In this context, studies on the water-splitting reactions with the use of earth-abundant 

metal complexes have attracted great attention, and some nickel complexes have been 

recently reported to show efficient catalysis in hydrogen production. Dubois et al. 

demonstrated that a bis(diphosphine)nickel(II) complex with tertiary amines serves as 

an electrocatalyst for H2 production with the TOF of 106000 s-1.22 The pendant amine 

was proposed to act as a proton relay promoting the nickel hydride (NiII‒H or NiIII‒H) 

formation (4b → 4c) together with H-H bond fixation (4c → 4d), mimicking the 

reaction field of [FeFe] hydrogenase (see Scheme 6).23 

 

 
 

Scheme 6  Proposed catalytic cycle of HER catalyzed by 4a 
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In addition, visible-light-driven hydrogen production in the presence of the analogous 

Dubois-type complex is also promoted with 2700 turnover numbers (TONs) after 150 h, 

as reported by Holland et al.24 Eisenberg et al. showed that a biomimetic 

pyridinethiolate nickel(II) complex gives 5500 TONs over 40 h, employing a 

photocatalytic H2-evolving system.25 In the active form of the complex, the coordinated 

pyridine is suggested to dissociate from nickel center to serve as a proton shuttle instead 

(see Scheme 7).25,26 

 

 

 

 

Scheme 7  Possible catalytic cycle of HER catalyzed by 5 

 

 

   On the other hand, a P^C^P-pincer nickel(II) complex 6, which was reported by 

Crabtree et al., shows the electrocatalytic activity for H2 production with the TOF of 

209 s-1 in acetonitrile with a small amount of HCl.27 In this system, it was suggested that 

the hydride coordinates to the position which is trans to the coordinated carbon. It is 

significant that the introduction of the different ligand system makes it possible to 

construct another active site for the activation of proton, instead of its axial site. 
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Scheme 8  Proposed reaction mechanism of HER catalyzed by 6 

 

 

Platinum(II) and Rh(II)2-based catalysts for HER 

Various platinum(II) complexes together with Rh(II)2 complexes (see Scheme 9 for 

example) have been confirmed to accelerate MV+•-driven HER in the multi-component 

system shown in Scheme 3 in spite of such a small DF.28-36 The highly active character 

of platinum(II) complexes has been suggested to arise from their characteristic pathway 

of HER, which proceeds via rate-determining PCET steps leading to 

hydridoplatinum(III) intermediate: PtII + H+ + e‒ → PtIII‒H (see Scheme 10).35 DFT 

calculations revealed that the initial PCET step is an uphill process but two possible 

subsequent steps (one-site mechanism and two-site mechanism) are sufficiently 

downhill processes, i.e., unimolecular and bimolecular H2 evolution steps; PtIII‒H + H+ 

+ e‒ → PtII + H2 and 2PtIII‒H → 2PtII + H2 (see Scheme 10).35 

 

  

 



11 

 

 

Scheme 9  Examples of Pt(II)- and Rh(II)2-based molecular catalysts for HER 
 

 

 

Scheme 10  Reaction mechanism of Pt(II)-based molecular catalysis for HER proposed by DFT 

calculations 
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Survey of this thesis 

Among the H2-evolving molecular catalysts depicted above, platinum(II) complexes 

have been proven to exhibit extraordinarily high activity in accelerating the hydrogen 

evolution from water. Nevertheless, due to the limitation of experimental data clarifying 

the detailed chemical reactions undertaken during the catalysis, there has been a 

limitation in giving fully convincing discussion with regard to the mechanism of 

catalysis, as well as the reason for unexpected or unavoidable degradation that proceeds 

during the photocatalytic reactions. In this context, it is still important to undertake 

efforts to better understand fundamental reaction kinetics regarding H2 evolution 

catalyzed by the reported platinum(II)-based catalysts as well as to clarify how the 

degradation of systems undergoes and how such undesirable processes can be avoided. 

   As a result, the purpose of this thesis concentrates on the clarification of major 

chemical events that take place during both thermal and photochemical hydrogen 

evolution catalyzed platinum(II)-based molecular catalysts, and also on the development 

of more highly robust platinum(II)-based catalysts for hydrogen evolution from water. 
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Chapter 1 

 

Thermal H2 production from Water Promoted by Pt(II)-based 

Molecular Catalysts 

 

Introduction 

As depicted in General Introduction, visible light-induced water splitting has received 

considerable attention from a viewpoint of solar energy conversion and hydrogen 

energy storage. The photocatalysis based on dispersion of heterogeneous semiconductor 

particles has been considered as one of the promising candidates for the practical use in 

the future because of their high robustness under strong light illumination.1 

Nevertheless, it is important to control the chemical conversion processes at the 

molecular level in order to achieve highly efficient catalytic cycles like those 

established in nature. In this context, the author’s group has made continuous efforts to 

better understand the Pt(II)-based molecular catalysis for the H2-evolving cycle, since 

particular Pt(II) complexes have been the rare examples of molecular catalysts 

sufficiently active toward the H2 formation in aqueous media even at around neutral 

conditon.2 Rh(bpy)3
2+ and Co(bpy)3

2+ have also been investigated as molecular catalysts 

for H2 formation in such condition.3 

The well-known three-component system (Scheme 1) made up of Ru(bpy)3
2+ 

(photosensitizer),  methylviologen (MV2+; electron relay), and an H2-evolving catalyst 

(e.g., colloidal platinum) was originally examined by Lehn, Sauvage et al.,4a and also by 

Grätzel et al.4b 
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Scheme 1  Photochemical H2 production from water employing three-component system 

 

The author’s group originally discovered that amidate-bridged 

cis-diammineplatinum(II) dimers, [PtII
2(NH3)4(-amidato)2]

2+ (amidate = -pyridonate, 

acetamidate, etc.), serve as H2-evolving catalysts in the three-component system in the 

presence of a sacrificial electron donor EDTA at pH 5.0.2a-c By employing the same 

photosystem (Scheme 1), the H2-evolving activities of a large variety of mononuclear 

and dinuclear platinum(II) complexes have also been examined thus far in our group.2h 

In this photosystem, H2-evolving catalysts must be capable of promoting the reduction 

of water by MV+• into H2 at pH 5.0 with a driving force of ca. 150 mV, which 

corresponds to the difference between the redox potential of MV2+/MV+• (-690 mV vs. 

SCE)5 and that of 2H+/H2 (-540 mV vs. SCE at pH 5.0) as shown in Scheme 2. The 

author’s group also demonstrated that an organized system given from a covalent 

linkage of a Ru(bpy)3
2+ derivative and an H2-evolving PtCl2(bpy) derivative exhibits 

‘photo-hydrogen-evolving’ activity in the presence of EDTA at pH 5.0.2e,g Through the 

studies on such Ru(II)Pt(II)-based molecular devices, we also became convinced that 

some Pt(II) complexes are indeed active as H2-evolving catalysts, since a mere mixture 

of EDTA, Ru(bpy)3
2+ and colloidal platinum never leads to photoinduced hydrogen 

production from water.6 

  

EDTA
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[Ru(bpy)3]2+ [Ru*(bpy)3]2+
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Scheme 2  Potential diagrams of the three-component system 

 

 

On the other hand, some reports recently pointed out that the photodecomposition 

products, such as colloidal metal particles given from Pt(II)- or Pd(II)-based molecular 

systems, might play a major role in the catalysis of H2 formation.7 However, we think it 

is still important to further investigate behaviours of the molecular species itself in 

solution. In order to obtain more direct evidences for the H2-evolving activity of the 

Pt(II)-based molecular catalysts, it is highly important to investigate the thermal 

reduction of water into molecular hydrogen catalyzed by such molecular systems in the 

dark.  

In this chapter, it is unambiguously demonstrated that the Pt(II)-based activation of 

water into H2 indeed proceeds as a thermal process through the studies on the reduction 

of water into molecular hydrogen by the electrochemically generated MV+• (eq. 1) in 

the presence of mononuclear and dinuclear platinum(II) complexes 1-5 (eq. 2).8 The 

initial rate of H2 production was reported to be higher in the order of 1 (17.5 mL/min for 

a 10 mL solution; [1] = 0.05 mM), 2 (16.9 mL/min; [2] = 0.1 mM), 3 (14.1 mL/min; [3] 

e-

e-

e-

hν
150 
mV
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= 0.1 mM), 4 (1.8 mL/min; [4] = 0.1 mM), and 5 (too low to be analyzed; [5] = 0.1 mM) 

using the three-component system in Scheme 1.2f 

 

 

 

 

 

 

 

Scheme 3  Mononuclear and dinuclear platinum(II) complexes employed in this study 

 

 

  

MV2+ +  e- MV+ • (1)

2MV+• +  2H+ 2MV2+ +  H2 (2)

Pt(II)-based 

Molecular Catalyst

Electrolysis



19 

 

Experimental Section 

 

Materials 

cis-PtCl2(NH3)2 (3) was purchased from Tanaka Kikinzoku Kogyo. [MV]Cl2·3H2O was 

purchased from Tokyo Chemical Industry. EDTA·2Na was purchased from DOJINDO 

LABORATORIES. All reagents were used as received. 

 

 

Syntheses 

[MV](NO3)2,
2c [PtII

2(NH3)4(-acetamidato)2](ClO4)2 ([1] (ClO4)2),
9 PtCl2(en) (2),10 

[PtCl(terpy)]Cl·2H2O ([4]Cl·2H2O),11 and [Pt(NH3)4]Cl2 ([5]Cl2)
12 were synthesized as 

previously described. 

 

 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectra were measured on a PHI 5800 ESCA system at 

ultrahigh-vacuum pressure less than 1 × 10-8 Torr in the analysis chamber. A standard Al 

K excitation source (1486.6 eV) was used in the measurements. All the samples were 

placed on a carbon tape, and the binding energies were calibrated with the peak position 

of carbon 1s (284.6 eV), which is mainly derived from the carbon tape. Deconvolution 

was carried out using CasaXPS in which a Shirley type background was employed. 
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Electrochemical Preparation of a Methylviologen Cation Radical (MV+•) 

The cyclic voltammogram (CV) of [MV]Cl2·3H2O is shown in Fig. 1. The obtained half 

wave (equilibrium) potential of the equilibrium MV2+ + e- ⇌ MV+• was -676 mV. This 

value was almost consistent with the literature value in aqueous solution (-687 mV) 

previously reported by Kochi et al.5 

 

 

  

Fig. 1 The cyclic voltammogram of MVCl2·3H2O (0.5 mM) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa, 0.1 M KCl, pH 5.0) at 20 °C under Ar 

atmosphere, recorded at a sweep rate of 25 mV/s. The working, counter, and reference 

electrodes were a glassy carbon disk, a Pt wire, and a saturated calomel electrode (SCE) (0.241 

V vs. NHE), respectively. 
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  By applying this half wave (equilibrium) potential, the author succeeded in the 

electrochemical preparation of MV+• (Fig. 2). The bulk electrolysis was carried out 

using a porous carbon electrode supplied from BAS (Cat. No. 010530) as the working 

electrode, a platinum wire as the counter electrode, and a SCE (0.241 V vs. NHE) as the 

reference electrode. The working compartment was separated from other electrodes 

using an agar KCl salt bridge with a glass filter (G3). This salt bridge was prepared in 

the following procedure. A mixture of KCl (4 g), agar powder (0.4 g), and water (10 

mL) in 50 mL vial with a simple glass cap was heated in a microwave until the solution 

entirely started boiling. This mixture was transferred to the destination while it was hot, 

and then cooled down. The author would like to emphasize that sodium chloride (NaCl) 

was inappropriate as an agar salt bridge because of its unchanged solubility at high 

temperature. 

 

 

 

Porous
Carbon

Electrode

Pt 
Wire

SCE

Glass 
Filter

agar KCl salt bridge

MV+•

Fig. 2  Electrochemical preparation of MV+• aqueous solution using the bulk electrolysis cell 

developed in the author’s laboratory. 
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H2 gas analysis 

The amount of H2 evolved was analyzed by the automatic H2-analyzing system 

developed in the author’s group. The experimental details of this system are described 

elsewhere.2e,f 

 

 

Manual mixing experiments to analyze evolved H2 gas 

Manual mixing experiments to analyze thermally generated H2 gas were carried out in 

the following procedure (Scheme 4). An aqueous solution of MV+•, in situ prepared by 

a bulk electrolysis, was transferred into the vial (50 mL) containing an argon-purged 

solution of each Pt(II) catalyst using a Nalgene tube (PVC), which is known to have 

improved resistance to oxygen permeation. The author wants to emphasize here that 

Teflon tube (PTFE) was inappropriate as a pathway because of its high oxygen 

permeability. After the mixed solution was increased to the determined volume, the cock 

was closed to prevent the solution from breaking into the vial. The mixed solution was 

continuously bubbled with Ar (10 mL/min) and the vent gas from the vial was analyzed 

every 5 min to determine the H2 evolution rate (H2 mL/min) at each sampling point. 

 

 

 

 

Pt(II) MV+•

Nalgene tube (PVC)

Ar gas 
pressure

Open Close

1 : 1 Mixture 

Ar Flow
(10 mL/min)

Automatic H2

Measurement 
System

45 mL22.5mL

Scheme 4  A manual mixing system to determine evolved H2 gas 
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Stopped-flow experiments 

Stopped-flow experiments were performed using a UNISOKU USP-SFM-S20 with a 

mixing ratio of 1:1 by volume, and the time-course of spectral changes were monitored 

on a Shimadzu MultiSpec-1500. These two apparatuses were connected with two 

optical fibers purchased from UNISOKU. Light source was focused on the head of 

optical fiber by using converging lens. 

 

 

Manual mixing experiments to observe the decay of MV+• in high concentration 

Manual mixing experiments to observe the decay of MV+• in high concentration were 

performed as follows. As shown in Fig. 3, the measurement vessel was equipped with a 

silicon septum. First, either a solution free of a catalyst (blank) or a catalyst solution 

was transferred into the vessel followed by bubbling with Ar for 2-3 h. Then, a solution 

of MV+•, in situ prepared by a bulk electrolysis, was transferred into the reaction vessel 

without using the syringe technique. In both cases, transfer events were carried out 

using a Nalgene tube. During the reaction, the mixture was continuously stirred and 

bubbled with Ar. The temperature of the solution was thermostated at 20 °C. The optical 

path length of the cell used was separately determined as 0.33(2) mm using a solution of 

a standard compound.  
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Fig. 3  An experimental setup used in the manual mixing experiments in Fig. 16. 
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Results and Discussion 

 

Thermal hydrogen production monitored by gas analysis 

Thermal reduction of water into H2 was examined by monitoring the amount of H2 

evolved after mixing electrochemically generated MV+• with each Pt(II) catalyst within 

an argon-purged glass vial equipped with a septum. Each reaction was conducted under 

Ar atmosphere, since MV+• is readily quenched by O2 via the formation of superoxide 

anion; MV+• + O2  MV2+ + O2
-•.13 In this case, the bleaching in the absence of a 

catalyst was considerably slow. In order to gain accuracy in the chromatographic 

analysis of H2, the initial MV+• concentration was adjusted as dozens of times higher 

than that used in the stopped-flow experiments (0.05 mM see below). Initial 

concentrations of MV+• before mixing were determined by UV-vis spectroscopy at the 

same condition as mixing experiment (Fig. 4).  

 

 

 

 

 

 

 

  

0

0.5

1

1.5

2

2.5

3

400 450 500 550 600 650 700 750 800

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

Fig. 4  Absorption spectrum of MV+• before mixing experiments were performed in an 

aqueous acetate buffer solution containing 0.03 M CH3COOH, 0.07 M CH3COONa, and 0.1 M 

NaCl (pH 5.0) at 20 °C under Ar atmosphere. Cell width was 1 mm. 
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It is well known that MV+• gives a dimer in aqueous media with the dimerization 

constant being Kd = 380 - 840 M-1 (eq 3).5,14 

 

There reported to be the isosbestic point of monomer-dimer equilibrium at 550 nm, 

where the molar absorptivity of monomer is exactly half that of dimer. Molar 

absorbance coefficients at 550 nm were reported 8400 M-1cm-1 and 8800 M-1cm-1 in 

Nafion films14e and aqueous solution,14f respectively. The values for Kd = 660 M-1 

(21 °C) and  = 8800 M-1cm-1 at 550 nm reported by Lee et al.14f were finally adopted 

because of its similar condition as ours. Since absorbances of 2,574 (measured by 

UV-2400), 2.617 (UV-2400), and 2.650 (UV-3100) at 550 nm were obtained in three 

runs when the cell width was 1 mm, [MV+•]total before mixing was judged to be 3.0 mM. 

 

 

Analysis of H2 Evolved 

An aqueous solution of MV+•, in situ prepared by a bulk electrolysis, was transferred 

into the vial containing an argon-purged solution of each Pt(II)-based molecular catalyst 

using a Nalgene tube. The total Pt concentration after mixing the two solutions was 

adjusted to be 0.1 mM. As shown in Fig. 5, thermal reduction of water by MV+• 

according to eq. 2 is indeed promoted in the presence of either 1, 2, 3, or 4. Very 

interestingly, the order of the H2 evolution rate is fully consistent with the activity order 

previously observed by the photochemical method (see above).  

Under the present experimental conditions, the H2 generation catalyzed by the Pt(II) 

dimer is the fastest of all in this experiment. It is also important to realize that almost no 

H2 evolves when [Pt(NH3)4]
2+ (5) is employed as a catalyst. These observations are in 

good agreement with our previous suggestions that destabilization of the HOMO due to 

either the strong intradimer Pt(II)-Pt(II) interaction in 1 or the ligation of negatively 

charged chloride ions in 2, 3 and 4 results in improved catalytic activity toward the H2 

evolution from water.2f,h 

Kd
2MV+• (MV+•)2 (3)



27 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

0

5

10

15

20

25

30

35

0 50 100 150 200 250 300 350 400 450 500 550 600

H
2
e
v
o
l
v
e
d
 
(
μ
m
o
l
)

Time (min)

(a) 0.05 mM 1

(b) 0.1 mM 2

(c) 0.1 mM 3

(d) 0.1 mM 4

(e) 0.1 mM 5

Fig. 5  Hydrogen production after mixing MV+• (68 mol) and (a) 2.25 mol [1](ClO4)2, (b) 4.5 

mol 2, (c) 4.5 mol 3, (d) 4.5 mol [4]Cl·2H2O, and (e) 4.5 mol [5]Cl2 in aqueous acetate buffer 

solutions containing 0.03 M CH3COOH, 0.07 M CH3COONa, and 0.1 M NaCl (pH 5.0, 45 mL) at 

20 °C under Ar atmosphere. The solution of MV+• was prepared by a bulk electrolysis of a solution 

of 5.0 mM [MV]Cl2·3H2O in the same buffer solution at –0.9 V vs. SCE. The electrolysis was 

continued until the reduction yield reached 60%, which was judged from the absorbance for the 

solution at 550 nm where the molar absorptivity of monomer is exactly half that of dimer (monomer 

= 1/2dimer = 8800 M-1cm-1).14f The MV+• and MV2+ concentrations in the resulting solution were 3.0 

and 2.0 mM, respectively. Finally, 22.5 mL of this solution was mixed with a solution of each 

catalyst (22.5 mL solution) in the same buffer solution. As for 1, nitrate salts (KNO3 and 

[MV](NO3)2) were used instead of the chloride salts. No H2 evolved in the absence of any catalyst. 
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pH dependence 

In addition, it was also found that the H2 formation catalyzed by cis-PtCl2(NH3)2 (3) 

proceeds even at pH 6.0 and 7.0 where the driving forces for H2 formation are 91 and 32 

mV, respectively (Figs. 6 and 7). The rate of H2 formation at pH 6.0 is only slightly 

smaller than that at pH 5.0. The reaction rate drops off dramatically at pH 7.0, revealing 

that the driving force of 32 mV is too small for the efficient H2 evolution (Fig. 7).   
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Fig. 6  The schematic representation of driving forces for H2 production from water by MV+• at 

pH 5.0, 6.0 and 7.0. 
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Fig. 7  The pH dependence of hydrogen production after mixing MV+• (68 mol) and 3 (4.5 

mol) at 20 °C under Ar atmosphere: (a) pH 5.0; (b) pH 6.0; (c) pH 7.0. The buffer solution used 

for (a) contained 0.03 M CH3COOH, 0.07 M CH3COONa, and 0.1 M NaCl. The solution used for 

(b) contained 0.004 M CH3COOH, 0.096 M CH3COONa, and 0.1 M NaCl. The solution used for 

(c) contained 0.1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and 0.1 M NaCl, 

where the pH was adjusted by adding NaOH. Mixing condition was in the same manner as 

described in Fig. 5. 
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Mercury test 

Mercury test has been often used to eliminate the factors arising from the colloidal 

metal particles which might be given during the reaction process. Nevertheless, the 

mercury test is not universally applicable and sometimes suffers from complicating side 

reactions, as described in detail in a review from the group of Finke.15 The author 

examined what happens when cis-PtCl2(NH3)2 (3) is stirred in the presence of a large 

amount of mercury in an aqueous acetate buffer solution. As shown in Fig. 8, a reaction 

of cis-PtCl2(NH3)2 (3) and mercury resulted in dispersion of a black solid (presumably 

platinum black) which is also evident from the increase in absorbance over the wide 

wavelength range. Moreover, the absorption spectrum of the filtrate (Fig. 8d) shows that 

a large portion of cis-PtCl2(NH3)2 (3) is lost, which is evident from the dramatic 

decrease in absorbance at around 300 nm, which corresponds to the ligand-to-metal 

charge transfer (p(Cl)  d(Pt)) transition. Therefore, the author concluded that the 

mercury test is not applicable to the present system. 
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Fig. 8  Absorption spectra of cis-PtCl2(NH3)2 (2 mM) in an aqueous acetate buffer solution (pH 

5.0; 0.03 M CH3COOH, 0.07 M CH3COONa, and 0.1 M NaCl), where spectrum (a) was recorded 

before adding mercury and spectra (b) and (c) were recorded after stirring the solution for 1 and 17 

h, respectively, in the presence of a large amount of mercury (ca. 1 mL). The increase in 

absorbance in the whole wavelength region indicates that a dispersion of colloidal platinum is 

given. Spectrum (d) was recorded for the filtrate separated from the suspension measured for 

spectrum (c). All the measurements were carried out in air at 20 °C. 
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XPS study 

The stability of cis-PtCl2(NH3)2 (3) during the thermal reaction has been confirmed by 

XPS (see Fig. 9). In this test case, a solution of 3 was reacted with MV+• under the 

conditions similar to those for Fig. 5c, and the resulting solution was freeze-dried to 

afford a sample to be analyzed by XPS. Consequently, the major Pt species after the 

reaction was judged to be the Pt(II) species attributable to 3, while signals assignable to 

Pt(0) species were not observable. Note that the Pt 4f7/2 and 4f5/2 binding energies were 

respectively reported as 72.8 and 76.1 eV for 3,16a and 71.2 and 74.5 eV for Pt metal.16b 
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Fig. 9  (a) X-ray photoelectron spectrum for the Pt species in a freeze-dried sample given from 

the reaction mixture prepared in the same manner as Fig. 5c. (b) XPS for cis-PtCl2(NH3)2 (3). The 

Pt 4f7/2 and 4f5/2 binding energies are respectively determined as 72.2 and 75.5 eV for the 

freeze-dried sample, and 72.2 and 75.6 eV for cis-PtCl2(NH3)2. 



33 

 

Stopped-flow studies 

The MV+•, in situ generated by a controlled potential electrolysis, was reacted with each 

Pt(II)-based molecular catalyst by employing the stopped-flow technique. The reaction 

was monitored from the decay at 602 nm, which corresponds to the maximum 

absorption wavelength of MV+• as shown in Fig. 10.5 It was also noted that MV2+ has 

no absorption in the visible region (Fig. 10). Although similar rapid mixing experiments 

were carried out for the H2 production catalyzed by colloidal platinum,17 this is the first 

such study for the molecular catalysts. Initial concentrations of MV+• were 0.05 mM 

due to the strong absorption of MV+• in the visible region. Since MV+• gives a dimer in 

aqueous media with the dimerization constant being Kd = 660 M-1 (21 °C) (see 3.1), the 

relative abundance of the dimer (MV+•)2 is estimated as ca. 6%. Therefore, the 

monomeric species (i.e., MV+•) is a major species in the stopped-flow experiments. 
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Fig. 10  Absorption spectra of (a) 0.05 mM MV+• and (b) 0.5 mM MV2+ in an aqueous acetate 

buffer solution containing 0.03 M CH3COOH, 0.07 M CH3COONa, and 0.1 M NaCl (pH 5.0) at 

20 °C under Ar atmosphere. Cell width was 10 mm. 
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Blank decay 

Unexpectedly, the decay of MV+• is promoted even in the absence of an H2-evolving 

catalyst with the use of this stopped-flow apparatus (Fig. 11). This component (i.e., 

blank decay) could not be eliminated, presumably due to the O2 leak or the presence of 

unavoidable contamination within the stopped-flow apparatus. However, this bleaching 

was not disappeared when the whole apparatus was covered with a plastic bag filled 

with pure Ar. Furthermore, this blank was not vanished even after the measurement cell 

compartment was washed with aqua regia to remove metal-based impurities which 

might serve as H2-evolving catalysts during the measurement. It was also noted that the 

blank exists when the buffer species or pH of the solution was changed. 

The blank process from 200 s to 1000 s was determined to be first order, with the 

rate constant being k = 0.0041 s-1 as shown in the inset of Fig. 11. Since the rate of 

blank decay in Fig. 11 reproduced quite well under the same experimental conditions, 

these conditions were finally adopted to examine the enhancement in the decay of MV+• 

in the presence of Pt(II)-based molecular catalysts.  
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Fig. 11  Spectral changes at 602 nm of an aqueous acetate buffer solution (0.03 M CH3COOH, 

0.07 M CH3COONa, 0.1 M NaCl, pH 5.0) containing MV+• (0.1 mM) and MV2+ (0.4 mM) with 

the same buffer solution without catalyst at 20 °C under Ar atmosphere. Inset: ln plot and fitting 

result from 200 s to 1000 s. 
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The decay of MV+• in the presence of each Pt(II) complex 

Electrochemically generated MV+• was mixed with each Pt(II)-based molecular catalyst 

by employing the stopped-flow technique. In these experiments, the total Pt 

concentration after mixing was always adjusted to be 0.1 mM. Importantly, the 

absorbance at 602 nm returned to zero at the end of each reaction (Fig. 12). In other 

words, there was no increase in baseline derived from scattering of light by solid 

dispersion in the stopped-flow experiments.  
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Fig. 12  The time-course of absorbance changes at 602 nm after mixing an aqueous acetate 

buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa, 0.1 M NaCl, pH 5.0) containing MV+• 

(0.1 mM) and MV2+ (0.4 mM) with a solution of each catalyst in the same buffer solution at 

20 °C under Ar atmosphere. The latter solution contained (a) no catalyst, (b) 0.2 mM [5]Cl2, (c) 

0.1 mM [1](ClO4)2, (d) 0.2 mM 3, and (e) 0.2 mM 2. The MV+•/MV2+ solution was in situ 

prepared by a bulk electrolysis of a solution of 0.5 mM [MV]Cl2·3H2O in the same buffer 

solution at –0.7 V vs. SCE. As for 1, nitrate salts (KNO3 and [MV](NO3)2) were used instead of 

the chloride salts to avoid ligand substitution of 1 by chloride. 
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As shown in Fig. 12, the bleaching rate depends on the kind of Pt(II)-based 

molecular catalyst employed. Interestingly, the order of the bleaching rate (2 > 3 > 1 > 

5) roughly correlates with the order of catalytic activity previously determined using the 

three-component system in Scheme 1 (see above).2f Importantly, [Pt(NH3)4]
2+ (5) does 

not enhance the bleaching of MV+• at all, consistent with the fact that 5 exhibits almost 

no activity toward the H2 formation in the three-component system. Moreover, the 

bleaching enhancement is much greater in PtCl2(en) (en = ethylenediamine) (2) in 

comparison with cis-PtCl2(NH3)2 (3), consistent with the results obtained from the 

photochemical studies. An exception is that the acetamidate-bridged Pt(II)2 dimer (1) is 

not the catalyst showing the highest activity of all, which contradicts with the results 

given by the photochemical method and will be further discussed. In addition, the rate 

increases as the catalyst concentration increases (Fig. 13). 
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Fig. 13  The time-course of absorbance changes at 602 nm after mixing an aqueous acetate 

buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa, 0.1 M NaCl, pH 5.0) containing MV+• 

(0.1 mM) and MV2+ (0.4 mM) with a solution of 3 in the same buffer solution at 20 °C under Ar 

atmosphere. The latter solution contained (a) no catalyst, (b) 0.1 mM 3, (c) 0.2 mM 3, and (d) 0.4 

mM 3. The mixture of MV+• and MV2+ was in situ prepared by a bulk electrolysis of a solution of 

0.5 mM [MV]Cl2·3H2O in the same buffer solution at –0.7 V vs. SCE. 
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It should be also noted that attempts to clarify the reaction mechanisms have been 

unsuccessful thus far, primarily due to the concomitant occurrence of the unidentified 

blank process and the complicated catalytic process of Pt(II) complexes (Fig. 14). These 

plots could not be fitted to single-expontntial processes as you can see in Fig. 14.  
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Fig. 14  ln plot of Fig. 12 to show that the catalytic processes of Pt(II) complexes were so 

complex. 
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[PtCl(terpy)]+ system 

An unusual behavior was observed for [PtCl(terpy)]+ (4) as follows. After mixing 4 and 

MV+•, the 602-nm band similarly decayed and a broad absorption band corresponding 

to the one-electron-reduced form of [PtCl(terpy)]+ (i.e., PtCl(terpy)•), reported by 

Miskowski, Gray et al.,18 simultaneously appeared (Fig. 15). The broad band decayed 

very slowly over several hours, revealing that 4 only affords a one-electron-reduced 

intermediate prior to the H2 formation. Note that this should be viewed as related to the 

photocatalytic activity of 4 as a single-component photo-hydrogen-evolving compound, 

which was recently reported from the author’s group.19 
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Fig. 15  The time-course of spectral changes after mixing an acetate buffer solution (0.03 M 

CH3COOH, 0.07 M CH3COONa, 0.1 M NaCl, pH 5.0) containing MV+• (0.1 mM) and MV2+ (0.4 

mM) with a solution of 0.2 mM [4]Cl·2H2O in the same buffer solution at 20 °C under Ar 

atmosphere. The mixture of MV+• and MV2+ was prepared in the same manner as described in 

Fig. 12.  
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Special cell 

A custom-made glassware equipped with an optical cell was developed and employed to 

achieve the condition where the contamination level of the measurement apparatus is 

lower to achieve a much slower rate of the blank decay. As shown in Fig. 16, the rate of 

blank decay could be successfully diminished to confirm the clear catalytic effects of 

the Pt(II)-based molecular catalysts toward the reduction of water by MV+•. 

 

 

 

 

 

 

 

  

Fig. 16  The time-course of absorbance changes at 550 nm after mixing an aqueous acetate 

buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa, and 0.1 M NaCl; pH 5.0) containing 

MV+• (3.0 mM) and MV2+ (2.0 mM) with a solution of each catalyst in the same buffer solution 

at 20 °C under Ar atmosphere. The latter solution contained (a) no catalyst, (b) 0.2 mM 2, and (c) 

0.2 mM 3. The mixture of MV+• and MV2+ was in situ prepared by a bulk electrolysis of a 

solution of 5.0 mM [MV]Cl2·3H2O in the same buffer solution at –0.9 V vs. SCE. The optical 

path length was experimentally determined as 0.33(2) mm. For clarity, the kinetic traces have 

been scaled to have the same initial absorbance (0.44), where the actual initial absorbances at 550 

nm were 0.442, 0.512, and 0.397 for (a), (b), and, (c), respectively. 
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Thermal H2 production employing K2PtCl4 

Thermal H2 production as shown in Fig. 5 was also evaluated when K2PtCl4 was 

employed as an H2-evolving catalyst. It is known that K2PtCl4 is the precursor for the 

colloidal platinum. Lehn and Sauvage first introduced a concept that the generation of 

colloidal platinum from K2PtCl4 can be understood as a thermal reduction of [PtCl4]
2- / 

Pt0 couple (0.47 V vs. SCE). Nevertheless, thermal H2 production at pH 5 in the 

presence of K2PtCl4 was not measureable due to the too fast generation of H2. Too many 

black depositions were observed after the reaction completed. Consequently, thermal H2 

production at pH 7 was evaluated, where the H2 production tends to be less promoted 

than pH 5. As shown in Fig. 17, H2 production in the presence of K2PtCl4 is much faster 

than cis-PtCl2(NH3)2 (3). However, many black depositions were observed in the 

solution after the reaction completed, as was expected. 
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Fig. 17  Hydrogen production after mixing MV+• (68 mol) and (a) 4.5 mol K2PtCl4, and (b) 4.5 

mol cis-PtCl2(NH3)2 (3) in aqueous acetate buffer solutions containing 0.1 M HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and 0.1 M NaCl (pH 7.0, 45 mL) at 20 °C 

under Ar atmosphere. The solution of MV+• was prepared by a bulk electrolysis of a solution of 5.0 

mM [MV]Cl2·3H2O in the same buffer solution at –0.9 V vs. SCE. The electrolysis was continued 

until the reduction yield reached 60%, which was judged from the absorbance for the solution at 

550 nm where the molar absorptivity of monomer is exactly half that of dimer (monomer = 1/2dimer = 

8800 M-1cm-1). The MV+• and MV2+ concentrations in the resulting solution were 3.0 and 2.0 mM, 

respectively. Finally, 22.5 mL of this solution was mixed with a solution of each catalyst (22.5 mL 

solution) in the same buffer solution. 
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The decay of MV+• in the presence of EDTA 

In the photolysis experiment, it is known that the quenching of MV+• was promoted 

even in the absence of any catalyst. Therefore, the author investigated why MV+• 

decays even in the blank experiment of photochemical studies. 

As shown in Fig. 18, the bleaching of MV+• was promoted in the presence of EDTA 

compared with blank experiment. We may suffer from the reaction between MV+• and 

EDTA even in the photolysis experiment with H2-evolving catalysts. 
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Fig. 18  The time-course of absorbance changes at 602 nm after mixing an aqueous acetate 

buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa, 0.1 M NaCl, pH 5.0) containing MV+• 

(0.1 mM) and MV2+ (0.4 mM) with a solution of EDTA in the same buffer solution at 20 °C under 

Ar atmosphere. The latter solution contained (a) no EDTA and (b) 60 mM EDTA. The mixture of 

MV+• and MV2+ was in situ prepared by a bulk electrolysis of a solution of 0.5 mM 

[MV]Cl2·3H2O in the same buffer solution at –0.7 V vs. SCE. 
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Activity order 

Only 1 shows a different behaviour under those experimental conditions. Hydrogen 

production catalyzed by 1 is fastest under the manual mixing condions where initial 

concentrations of MV+• were 1.5 mM. On the other hand, 1 is slower than 2 and 3 under 

the stopped-flow conditions where initial concentrations of MV+• were 0.05 mM. Under 

the manual mixing conditions, the relative abundance of (MV+•)2 (ca. 50%) is much 

higher than that in the stopped-flow experiments (ca. 6%). Our previous photochemical 

studies employed MV2+ at a concentration of 2.0 mM.2a-c,f A possible interpretation is 

that the H2-evolving path according to eq. 4 plays a significant role in the outstanding 

catalytic performance of 1 at higher MV+• concentrations. 

 

 

 

 

 

Conclusion 

 

The author has demonstrated that some Pt(II) complexes indeed serve as H2-evolving 

molecular catalysts even without light irradiation. These overpotentials must correspond 

to somewhere in the region of 30 mV. Another important observation is that the activity 

order established by observing the dark reactions in this study well correlates with that 

previously observed by using the photochemical method. In addition, the H2-evolving 

path between 1 and viologen dimer might play a significant role in the outstanding 

catalytic performance of 1. Furthermore, [PtCl(terpy)]+ gives the one-electron-reduced 

species (i.e. PtCl(terpy-•)) prior to the H2 production. 

 

 

  

Pt(II)2
2H+ +  (MV+•)2 2MV2+ +  H2 (4)
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Chapter 2 

 

Stability of Pt(II)-based H2-evolving Catalysts against H2 in 

Aqueous Solution toward the Development of Highly Active 

Molecular Catalysts 

 

Introduction 

As discussed in General Introduction, molecular hydrogen is a promising candidate as 

an alternative to fossil fuels. Although hydrogen is now commercially produced by the 

steam reforming of natural gas (CH4 + H2O  CO + 3H2), one of the more 

environmentally benign methods is to split water into H2 and O2 based on solar energy 

conversion.1 In this context, we have focused on the Pt(II)-based molecular catalysis in 

H2 generation by employing the three-component system depicted in Scheme 1,2 which 

was originally examined in the late 1970s.3  

 

 

Scheme 1  A three-component-system driving photochemical H2 production from water. It consists 

of tris-(2,2’-bipyridine)ruthenium(II) (Ru(bpy)3
2+) as a photosensitizer, methylviologen 

(N,N’-dimethyl-4,4’-bipyridinium; MV2+) as an electron relay, and an H2-evolving catalyst, with 

ethylenediaminetetraacetic acid (EDTA) as a sacrificial electron donor. 
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One of our concerns in the above studies has been to examine the stability of 

Pt(II)-based molecular catalysts during the photolysis. For example, there was a 

criticism about the H2-evolving activity of Pt(II) complexes, in which a possibility of 

having contribution of Pt(0) particles was discussed.4 However, we succeeded in 

demonstrating that thermal reduction of water by the electrochemically generated MV+• 

indeed proceeds in the presence of Pt(II)-based molecular catalysts even without light 

irradiation.5 We now focus on the stability of several mononuclear platinum(II) 

complexes in the presence of molecular hydrogen, since the compounds might be 

simply reduced by the H2 evolved during the photochemical H2-evolving experiments, 

or by H2 even in the dark. Reduction of metal complexes by H2 in aqueous media is a 

well-known method for the preparations of colloidal metal particles.6,7 For instance, 

tetrachloroplatinate(II) (PtCl4
2-) as well as hexachloroplatinate(IV) (PtCl6

2-) have often 

been employed as precursors for colloidal platinum, although the detailed reduction 

mechanism remains unclarified.7 Moreover, little is known of the basic reactivity of 

common Pt(II) complexes with H2 in the dark. In the present study, we have selected the 

following four compounds, PtCl2(dcbpy) (dcbpy = 4,4'-dicarboxy-2,2'-bipyridine) (1), 

[PtCl(terpy)]+ (terpy = 2,2';6',2"-terpyridine) (2), PtCl2(en) (en = ethylenediamine) (3), 

and cis-PtCl2(NH3)2 (4), which were reported to be active as H2-evolving catalysts in 

both light-driven2c and dark5 reactions. In the former reactions, the total amounts of H2 

evolved from the solutions of 1, 2, 3, and 4 were previously reported to be 0.21, 0.14, 

1.18, and 0.83 mL, respectively, when the solution of each catalyst (0.1 mM; 10 mL 

solution) was irradiated for 5 h.2c In those experiments, each solution was continuously 

bubbled with Ar (10 mL/min), and thereby it can be roughly estimated that the mol 

fractions of H2 in the gas phase above the solutions were 70, 47, 400, and 280 ppm for 

the experiments with 1, 2, 3, and 4, respectively. These further provide estimates that 

the average H2 concentrations in those experiments were 57, 38, 320, and 230 nM for 1, 

2, 3, and 4, respectively, since the solubility of H2 in water under 1 atm of H2 was 

reported to be 810 μM at 20 °C.8 Note that PtCl2(dcbpy) (1) has a structure similar to 

that of the H2-evolving centre in the first active model of photo-hydrogen-evolving 

molecular device.9 In addition, [PtCl(terpy)]+ (2) was reported to possess a bifunctional 
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character capable of driving both photoinduced electron transfer and catalytic H2 

evolution at the metal centre.10 
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Experimental Section 

Chemicals. 

cis-PtCl2(NH3)2 and K2PtCl4 (Tanaka Kikinzoku Kogyo) were used as received. 

PtCl2(dcbpy) (dcbpy = 4,4'-dicarboxy-2,2'-bipyridine),9a [PtCl(terpy)]Cl·2H2O (terpy = 

2,2';6',2"-terpyridine),10 and PtCl2(en) (en = ethylenediamine)11 were synthesized as 

previously described. 

 

Measurements. 

The time-course UV-vis absorption spectroscopy of Pt(II) complex under 1 atm of 

H2 gas 

The time-course of UV-vis absorption spectra of each Pt(II) complex under 1 atm of H2 

gas were recorded using Shimadzu UV-2450SIM and UV-2550 spectrophotometers. 

The solution of each Pt(II) complex was first degassed by three cycles of 

freeze-pump-thaw treatment using the custom-made cell (Fig. 1). Next, the gas phase in 

the cell was filled with 1 atm of H2 gas by using a balloon having a volume of at least 1 

L. During each experiment, the solution was continuously stirred with a magnetic stirrer 

bar. The cell was thoroughly washed with aqua regia prior to each experiment to avoid 

the factor arising from the presence of colloidal platinum, which might be depositted 

over the inner surface of the cell. 

 

Energy dispersive X-ray spectroscopy (EDX). 

The energy dispersive X-ray spectrum of the solid deposited was measured on a 

Shimadzu EDX-720 spectrometer using a Rh target. The measurement was carried out 

in helium atmosphere in order to avoid X-ray emissions being absorbed by air. The 

quantitative analysis of the elements involved in the bulk samples were determined by 

use of the fundamental parameter (FP) method implemented in this setup, without 

preparing any standard materials. The FP method is considered as a powerful method in 

giving somewhat reliable results.  
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Fig. 1  A custom-made cell used for the experiments. 

 

 

 

X-ray photoelectron spectroscopy (XPS). 

An X-ray photoelectron spectrum was measured on a Shimadzu ESCA-3400 at a 

vacuum pressure less than 1 × 10-5 Pa in the analysis chamber. A standard Mg Kα 

excitation source (1253.6 eV) was used in the measurement. The sample was placed on 

a carbon tape. Deconvolution was carried out using CasaXPS12 in which a Shirley type 

background was employed. 
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Results and discussion 

UV-vis absoption spectra 

Experiments in this study were conducted at 20 °C in an aqueous acetate buffer solution 

(0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl. Under the 

present experimental conditions, the replacement of chloride or nitrogen donor ligands 

by coexisting donor species, such as acetate (CH3COO-)14, Cl- and H2O, does not 

proceed at all for at least 15 hours (see Figs. 2-5 for 1-4, respectively); the original 

compound remains unchanged, which was confirmed spectrophotometrically. If NaCl 

was not added to that solution, chloride ligands in 1-4 were primarily replaced by 

CH3COO- as previously observed for 12d-e and 210 (see Figs. 6-9 for 1-4, respectively). 

 

 

 

 

Fig. 2  (a) UV-vis absorption spectrum of 0.1 mM PtCl2(dcbpy) (1) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. The 

time spent for the dissolution of the complex was ca. 30 min. (b) UV-vis absorption spectrum of the 

solution after standing the solution (b) over 15 h at 20 °C. 
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Fig. 3  (a) UV-vis absorption spectrum of 0.1 mM [PtCl(terpy)]Cl·2H2O (2) in an aqueous acetate 

buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. 

The time spent for the dissolution of the complex was ca. 15 min. (b) UV-vis absorption spectrum of 

the solution after standing the solution (b) over 15 h at 20 °C. 

 

 

 

Fig. 4  (a) UV-vis absorption spectrum of 0.1 mM cis-PtCl2(en) (3) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (b) 

UV-vis absorption spectrum of the solution after standing the solution (b) over 15 h at 20 °C. 
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Fig. 5  (a) UV-vis absorption spectrum of 0.1 mM cis-PtCl2(NH3)2 (4) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (b) 

UV-vis absorption spectrum of the solution after standing the solution (a) over 15 h at 20 °C. 

 

 

Fig. 6  (a) UV-vis absorption spectrum of 0.1 mM PtCl2(dcbpy) (1) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. The 

time spent for the dissolution of the complex was ca. 30 min. (b) UV-vis absorption spectrum of 0.1 

mM PtCl2(dcbpy) (1) in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M 

CH3COONa; pH 5.0) at 20 °C. The time spent for the dissolution of the complex was ca. 30 min. (c) 

UV-vis absorption spectrum of the solution after standing the solution (b) over 90 min at 20 °C. 
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Fig. 7  (a) UV-vis absorption spectrum of 0.1 mM [PtCl(terpy)]Cl·2H2O (2) in an aqueous acetate 

buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. 

The time spent for the dissolution of the complex was ca. 15 min. (b) UV-vis absorption spectrum of 

0.1 mM [PtCl(terpy)]Cl·2H2O (2) in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M 

CH3COONa; pH 5.0) at 20 °C. (c)-(e) UV-vis absorption spectra of the solution after standing the 

solution (b) over 2 min for (c), 10 min for (d), and 30 min for (e) at 20 °C. 

 

Fig. 8  (a) UV-vis absorption spectrum of 0.1 mM cis-PtCl2(en) (3) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (b) 

UV-vis absorption spectrum of 0.1 mM cis-PtCl2(en) (3) in an aqueous acetate buffer solution (0.03 

M CH3COOH, 0.07 M CH3COONa; pH 5.0) at 20 °C. (c) UV-vis absorption spectrum of the 

solution after standing the solution (b) over 15 h at 20 °C. 
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Fig. 9  (a) UV-vis absorption spectrum of 0.1 mM cis-PtCl2(NH3)2 (4) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (b) 

UV-vis absorption spectrum of 0.1 mM cis-PtCl2(NH3)2 (4) in an aqueous acetate buffer solution 

(0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) at 20 °C. (c) UV-vis absorption spectrum of the 

solution after standing the solution (b) over 15 h at 20 °C. 
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Stability of Pt(II) complexes under 1 atm of H2 

The time-course of UV-vis absorption spectra were monitored for the solutions of these 

Pt(II) complexes under 1 atm of H2 gas. As shown in Fig. 10, PtCl2(dcbpy) (1) is 

completely stable over 5 h under H2 gas (1 atm), indicating that formation of colloidal 

platinum can be ruled out. In addition, no increase in baseline is seen, which is 

considered as an additional support for the absence of colloidal platinum. Similarly, 

[PtCl(terpy)]+ (2) is perfectly stable under the same condition (see Fig. 11). On the other 

hand, 3 and 4 were found to show drastic spectral changes upon exposure to H2 (Fig. 12 

for 3; Fig. 13 for 4). As shown in Fig. 12, gradual increase in baseline was observed 

upon exposure of 3 to H2. From the absorption at the XMCT band (ca. 300 nm) of 3 

(XMCT = halide-to-metal charge transfer), it can be estimated that ca. 60% of the 

complex had been decomposed into the solid particles by comparing the spectrum at 0 h 

(Fig. 12a) with that for the filtrate of the solution at 5 h (Fig. 12e). A similar behaviour 

was also observed for K2PtCl4 (see Fig. 14). In addition, the solid particles collected by 

filtration were judged to be colloidal platinum by EDX (energy dispersive X-ray 

spectroscopy) and XPS (X-ray photoelectron spectroscopy) (see Fig. 15). For EDX 

results, the quntitative analysis using the fundamental parameter method implemented 

in a Shimadzu EDX-720 spectrometer reported the Pt content as 98.25%, confirming 

the formation of colloidal platinum. 
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Fig. 10  The time-course of UV-vis absorption spectra of 0.1 mM PtCl2(dcbpy) (1) under 1 atm of 

H2 gas in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) 

containing 0.1 M NaCl at 20 °C. The inset shows the change in absorbance at 332 nm. The solution 

was first degassed by three cycles of freeze-pump-thaw treatment. 
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Fig. 11  The time-course of UV-vis absorption spectra of 0.1 mM [PtCl(terpy)]Cl·2H2O (2) under 1 

atm of H2 gas in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 

5.0) containing 0.1 M NaCl at 20 °C. The inset shows the change in absorbance at 328 nm. The 

solution was first degassed by three cycles of freeze-pump-thaw treatment. 

 

 

Fig. 12  (a)-(d) The time-course of UV-vis absorption spectra of 1.0 mM PtCl2(en) (3) under 1 atm 

of H2 gas in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) 

containing 0.1 M NaCl at 20 °C. (e) The UV-vis absorption spectrum of the filtrate of the solution 

used for (d), where the solution was filtered by a syringe filter with a pore diameter of 0.45 μm. The 

inset shows the change in absorbance at 600 nm. The solution was first degassed by three cycles of 

freeze-pump-thaw treatment. 
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Fig. 13  (a)-(d) The time-course of UV-vis absorption spectra of 1.0 mM cis-PtCl2(NH3)2 (4)  

under 1 atm of H2 gas in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M 

CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (e) The UV-vis absorption spectrum of the 

filtrate of the solution used for (d), where the solution was filtered by a syringe filter with a pore 

diameter of 0.45 μm. The inset shows the change in absorbance at 600 nm. The solution was first 

degassed by three cycles of freeze-pump-thaw treatment. 

 

Fig. 14  (a)-(d) The time-course of UV-vis absorption spectra of 1.0 mM K2PtCl4 under 1 atm of H2 

gas in an aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) 

containing 0.1 M NaCl at 20 °C. (e) The UV-vis absorption spectrum of the filtrate of the solution 

used for (d), where the solution was filtered by a syringe filter with a pore diameter of 0.45 μm. The 

inset shows the change in absorbance at 800 nm. 
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Fig. 15  X-ray photoelectron spectrum for the Pt species in the solid particles produced in the 

experiment for cis-PtCl2(NH3)2 (4). The Pt 4f7/2 and 4f5/2 binding energies are respectively 

determined as 71.0 and 74.3 eV, where those for Pt metal were reported to be 71.2 and 74.5 eV (C. D. 

Wagner, W. M. Riggs, L. E. Davis, J. F. Moulder, G. E. Muilenberg, Eds.; Handbook of X-ray 

Photoelectron Spectroscopy, Perkin-Elmer Corp.: Eden Prairie, MN, 1979.). 
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Difference between Pt(II) compelxes having polypyridyl ligands and those having 

amine-type ligands 

These results indicate that the compounds having polypyridyl chelates, such as dcbpy 

and terpy, are highly robust upon exposure to H2, when they are compared with those 

having amine-type ligands, such as ethylenediamine and ammine. We now assume that 

the higher structural flexibility of 3 and 4 in comparison with that of 1 and 2 provides 

lower barrier paths leading to the decomposition products. In addition, the 

reinforcement of the Pt-N bonds due to the π-back donation may also contribute to the 

higher stability of 1 and 2. It should be noted that the H2 concentration under these 

conditions (i.e., 810 μM) is by three or four orders of magnitude higher than those 

during the H2-evolving experiments in our published works (ca. 30-300 nM; see above). 

To further examine the reactions of 3 and 4 with H2 under the photolysis experiments in 

our previous studies,2c similar experiments were conducted at a much lower H2 

concentration (see below).  

 

 

Stability of Pt(II) complexes under 5 x 10-4 atm of H2 

The aqueous solutions (10 mL) of 3 and 4 (0.1 mM) were continuously bubbled with an 

H2/Ar mixture (504 ppm H2; 10 mL/min) over 5 h. The concentration of H2 in solution 

in this experiment (420 nM) is somewhat higher than those in the photochemical 

H2-evolving experiments for 3 and 4 (320 nM and 230 nM; see above). As shown in 

Figs. 16 and 17, it was found that 3 and 4 are thoroughly stable under these conditions. 

Unclearness in the spectrum in the result for Fig. 17 is due to the low sensitivity in the 

low absorbance of the instrument employed. However, the results always reproduces, 

and thus we conclude that there are no formation of platinum colloids in this experiment. 

These results clearly indicate that thermal decomposition of 3 and 4 by H2 is negligibly 

slow under the conditions adopted in our previous photolysis experiments.2c  
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Fig. 16  (a) UV-vis absorption spectrum of 0.1 mM PtCl2(en) (3) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (b) 

UV-vis absorption spectrum of the solution after continuously bubbling the solution (a) with 504 

ppm of H2 gas (10 mL/min) over 5 h at 20 °C. 

 

 

 

Fig. 17  (a) UV-vis absorption spectrum of 0.1 mM cis-PtCl2(NH3)2 (4) in an aqueous acetate buffer 

solution (0.03 M CH3COOH, 0.07 M CH3COONa; pH 5.0) containing 0.1 M NaCl at 20 °C. (b) 

UV-vis absorption spectrum of the solution after continuously bubbling the solution (a) with 504 

ppm of H2 gas (10 mL/min) over 5 h at 20 °C. 
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Conclusion 

In this study, it is successfully demonstrated that Pt(II) complexes having multidentate 

π-acceptor ligands are reasonably robust in the presence of H2. This is the first report 

showing the thermal stability of H2-evolving catalysts in the presence of H2. Such 

stability issues must be well explored in order to develop more highly robust catalysts 

applicable to the practical use. We now pursue a possibility of looking at the backward 

process for dihydrogen elimination in the H2-evolving reactions catalysed by the 

Pt(II)-based molecular systems. One of our interests in the dark reactions of Pt(II) 

complexes with H2 was initially focused on the backward process for the dihydrogen 

elimination. Although a reaction of [Rh(I)(bpy)2]
+ with H2 was shown to give an 

oxidative addition product,15 we have been unsuccessful so far to detect such species in 

the Pt(II) systems. Efforts to characterize possible hydride intermediates are still in 

progress. 
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Chapter 3 

 

A Tricarboxylated PtCl(terpyridine) Derivative Exhibiting 

pH-Dependent Photocatalytic Activity for H2 Evolution from 

Water 

 

Introduction 

As discussed in General Introduction, solar-driven water splitting (2H2O + 4hν → 2H2 + 

O2) is now considered as one of the promising candidates to solve the problems arising 

from shortage of fossil fuels and global warming due to continued emission of CO2.
1-4 

As part of our efforts to develop molecule-based artificial photosynthetic devices for 

enabling photocatalytic water oxidation and reduction, continuous efforts have been 

made to examine the hydrogen evolution reaction (HER) promoted by Pt(II)-based 

homogeneous catalysts.4 Earlier studies relied on the use of a well-known 

three-component photosystem consisting of EDTA, [Ru(bpy)3]
2+ (photosensitizer; bpy = 

2,2’‒bipyridine), and methylviologen (MV2+; electron relay), in which photochemically 

generated MV+• serves as a reducing equivalent to drive water reduction based on the 

reaction: 2MV+• + 2H+ → 2MV2+ + H2 (see Scheme 1).5 Importantly, the 

thermodynamic driving force (DF) for this reaction at pH 5.0 is only 150 meV.5c,6 In 

spite of such a small DF, various platinum(II) complexes have been confirmed to 

accelerate MV+•-driven HER under these conditions.5 The highly active character of 

platinum(II) complexes has been suggested to arise from their characteristic pathway for 

the catalysis of HER, which proceeds via rate-determining proton-coupled electron 

transfer (PCET) steps leading to hydridoplatinum(III) intermediates: PtII + H+ + e‒ → 

PtIII‒H.5d Our DFT calculations revealed that the initial PCET step is an uphill process 

but two possible subsequent steps are sufficiently downhill processes, i.e., unimolecular 

and bimolecular H2 evolution steps; PtIII‒H + H+ + e‒ → PtII + H2 and 2PtIII‒H → 2PtII 
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+ H2.
5d We also reported rare examples of RhII- and CoII-catalyzed HER,7,8 which 

proceeds via an analogous PCET step affording a hydride intermediate without 

generating lower valent intermediates often considered to take part in the catalytic paths 

for some well-known H2-evolving catalysts having a Co or Ni center.1b,1g,9,10 These Co- 

and Ni-based molecular catalysts have been considered to afford hydride intermediates 

via oxidative addition of proton to a lower valence intermediate; e.g., CoII + e‒ → CoI 

followed by CoI + H+ → CoIII‒H. 

 

 

 

Scheme 1  A three-component system driving photochemical H2 production from water. 
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Scheme 2  Pt(II)-based PHEMDs promoting photo-driven HER. 
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We also attempted to fabricate photo-hydrogen-evolving molecular devices 

(PHEMDs) that can promote both photo-driven electron transfer (ET) and 

Pt(II)-catalyzed HER within a single molecular motif. The RuPt2+ derivatives depicted 

in Scheme 2 were shown to be the first important series of PHEMDs.4b,11,12 For this 

family, the photo-hydrogen-evolving (PHE) activity was examined by changing the 

substituent R, which resulted in our conclusion that the DF for the intramolecular ET 

governs the apparent photocatalytic activity of PHEMDs.12b On the other hand, quite 

simple mononuclear platinum(II) complexes having a bpy or tpy (tpy = 

2,2’:6’,2”‒terpyridine) derivative were also proven to serve as PHEMDs.13 For these 

systems, the so-called 3MLCT (triplet metal-to-ligand charge transfer) or 3MMLCT 

(triplet metal-metal-to-ligand charge transfer) excited state, derived from the PtCl2(bpy), 

PtCl(tpy), or [PtCl(tpy)]2 dimer chromophore, is considered to participate in the initial 

photo-driven ET step (i.e., reductive quenching of the triplet by EDTA) . Due to the 

relatively short lifetimes of these triplet states in aqueous media at room temperature,14 

ground-state adduct formation between the cationic PHEMDs and dianionic EDTA (i.e., 

YH2
2‒, where YH4 is a fully protonated form of EDTA; 93% in abundance at pH = 5.0) 

has been found to play a key role in affording a reductively quenched product according 

to Scheme 3. 

 

 

 

Scheme 3  Ion-pair adduct formation between a cationic PHEMD and an anionic EDTA, where 

PCn+ is equivalent to PHEMD. 
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These studies revealed that the HER photocatalyzed by either PV2+ or 

[PtCl2(5,5’‒MV4)]8+ proceeds based on the following two-step excitation (Z-Scheme; 

see Scheme 4).13c,d 

 

 

 

 

Scheme 4  Z-scheme photosynthesis of PHEMD, where PCn+ denotes PHEMD. 

 

 

As mentioned above, all the PHEMDs examined so far possess a positive charge 

enabling ion-pair formation with dianionic YH2
2‒. In the present study, we focus for the 

first time on a negatively charged PtCl(tpy) derivative having three carboxylate units 

([PtCl(tctpy)]2‒; tctpy = 2,2':6',2''‒terpyridine‒4,4',4''‒tricarboxylate; Scheme 2). This 

compound was originally designed to avoid deposition of a neutral 

one-electron-reduced product PtCl(tpy‒•) while we were examining the photocatalysis 

of [PtCl(tpy)]+ in further detail, but later turned out to provide additional important 

insights into this series, as reported in this study. An important realization is that such a 

negatively charged system can also afford a specific adduct with anionic EDTA and 

does show PHE activity. Moreover, this study clarifies intriguing pH-dependent redox 

properties of [PtCl(tctpy)]2‒ due to the increased basicity of the carboxylates upon its 

one-electron reduction into [PtCl(tctpy‒•)]3‒.  
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Experimental Section 

Materials 

K2PtCl4 was purchased from Tanaka Kikinzoku Kogyo. All solvents and reagents were 

of the highest qualities available and were used as received without further purification. 

The ligand (tctpyH3)
15 and [PtCl(tpy)]Cl·2H2O

16 were synthesized as previously 

described. 

 

Synthesis of Na2[PtCl(tctpy)]·5H2O 

The ligand tctpyH3 (0.331 g, 0.83 mmol) was dissolved in aqueous media by adding 

water and aqueous 0.1 M NaOH, while the pH was kept below 8, and the total volume 

of the solution reached ca. 35 mL at the end. To the solution were added K2PtCl4 (0.342 

g, 0.83 mmol) and NaCl (0.19 g. 3.3 mmol) followed by refluxing for 2 d. After cooling 

down to room temperature, the solution was filtered for the removal of insoluble 

materials if any. The pH of the filtrate was then adjusted to 3 using an aqueous 0.1 M 

HCl solution. The resulting green precipitate was collected by filtration, and washed 

with a minimum amount of water and acetone (3 times for each solvent). The solid was 

then dissolved in an aqueous solution (100 mL) containing NaHCO3 (0.1 M) and NaCl 

(1 M), followed by adding a large excess of methanol (900 mL). The orange powder 

deposited was collected by filtration, washed with cold methanol (3 times), and then 

dried in vacuo. Yield: 0.531 g (88%, 0.73 mmol). Anal. Calcd for C18H18N3O11Na2ClPt: 

C, 29.66; H, 2.49; N, 5.77. Found: C, 29.51; H, 2.21; N, 5.64. 1H NMR 

(methanol‒d4/trimethylsilane, ppm): δ 9.14 (d, J = 5.4 Hz, 2H), 8.80‒8.77 (m, 4H), 8.19 

(d, J = 5.4 Hz, 2H).  

 

Measurements 

UV-vis spectra were recorded on Shimadzu UV-2600 and UV-3600 spectrophotometers. 

1H NMR spectra were acquired on a JEOL JNM-ESA 600 spectrometer. Luminescence 

spectra were recorded on a Shimadzu RF5300PC spectrofluorophotometer. Emission 
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decays were recorded on a HORIBA FluoroCube 3000USKU, where the excitation 

source was a diode laser (374 nm) (HORIBA N-375L). Cyclic and square wave 

voltammograms were recorded on an ALS 602DKM electrochemical analyzer (BAS). 

For the experiments using dry dmf media (dmf = N,N‒dimethylformamide), a platinum 

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

(ca. 0.25 V vs. SCE) were used, where tetra(n-butyl)ammonium perchlorate (TBAP; 0.1 

M) was used as a supporting electrolyte. The potentials were corrected by employing 

the ferrocene/ferrocenium (Fc/Fc+) couple as an internal standard, in which the Fc/Fc+ 

couple was considered to be 0.310 V vs. SCE. For the measurements using aqueous 

media, a glassy carbon working electrode, a platinum wire counter electrode, and a 

saturated calomel reference electrode (SCE; 0.241 V vs. NHE) were employed, where 

KCl (0.1 M) was used as a supporting electrolyte. Photochemical hydrogen evolution 

experiments were carried out using the automated system developed in our group, as 

described elsewhere.5b,11 These experiments adopted a continuous Ar-flow method by 

setting the flow rate at 10 mL/min, unless otherwise noted. The photoirradiation was 

carried out by an ILC Technology CERMAX LX‒300 300 W Xe lamp equipped with a 

CM-1 cold mirror which reflects lights in the range of 400 < λ < 800 nm. Dynamic 

light scattering (DLS) experiments were carried out using an Otsuka Electronics 

ELSZ-2PS particle analyzer equipped with a diode laser (660 nm). The pH 

measurements were performed using an HM-25R pH meter (DKK-TOA). 

 

DFT calculations 

The geometries of model structures were optimized at the M06 level17 of density 

functional theory (DFT) using the LanL2DZ basis set18 for Pt and the 6-31+G(d,p) basis 

set for H, C, N, O, and Cl, where the contribution of water solvation was also taken into 

account using the polarizable continuum model (PCM) method19 implemented in 

Gaussian 09.20 The LanL2DZ basis set uses relativistic effective core potentials (RECP) 

for Pt to account for the scalar relativistic effects of the inner 60 core electrons 

([Kr]4d104f14). Figures were made using GaussView 5.09.21 Excited states were 

calculated by TD-DFT22 as implemented in Gaussian 09.20 These calculations employed 
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the hybrid M06 functional along with the basis sets described above. At least 300 

excited states were calculated for each system. The calculated transitions were replaced 

by a Gaussian broadening function with a full width at half maximum height of 0.2 eV 

to simulate the electronic transition spectrum. 

  



73 

 

Results and discussion 

Spectroscopic and structural properties 

First, the absorption spectrum of Na2[PtCl(tctpy)] in aqueous media was found to be 

sensitive to the Cl‒ concentration (Fig. 1), indicating that the hydrolysis equilibrium in 

eq. 1 is shifted to the hydrolyzed form at lower Cl‒ concentrations. 

 

[PtCl(tctpy)]2‒ + H2O ⇄ [Pt(OH2)(tctpy)]‒ + Cl‒           (1) 

 

From the Cl‒ concentration dependence of absorbance data (Fig. 1), it is clear that the 

concentration of the hydrolyzed species becomes negligible at Cl‒ concentrations above 

0.075 M. To satisfy this requirement, all the experiments described below were 

conducted in the presence of 0.1 M NaCl. The [PtCl(tctpy)]2‒ concentration dependence 

of absorbance data reveals that Beer’s law is obeyed at concentrations below 1.0 mM 

(Fig. 2), indicating dimerization of [PtCl(tctpy)]2‒ in aqueous media is negligible under 

these conditions. This is in sharp contrast with the dimerization behaviour of 

[PtCl(tpy)]+, which was reported to have a dimerization constant of Kd = (4 ± 2) × 103 

M‒1.23 Perhaps, dimerization of [PtCl(tctpy)]2‒ is considerably hindered due to the 

stronger electrostatic repulsion between these dianionic species. 
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Fig. 1  (A) Absorption spectra of aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O solutions in the presence 

of NaCl at various concentrations (0-0.1 M) at 20 °C in air, using a quartz cell having an optical path 

length of 5 mm. (B) Plots of absorbance at 356 and 380 nm as a function of the NaCl concentration, 

given from the raw data in Fig. 1A. 
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Fig. 2  (A) Concentration dependence (0.02-1.0 mM) of absorption spectra of aqueous solutions of 

Na2[PtCl(tctpy)]•5H2O containing 0.1 M NaCl at 20  °C  in  air. (B) Plots of absorbance at 356 

and 410 nm vs. the Na2[PtCl(tctpy)]•5H2O concentration, given from the raw data in Fig. 2A. 
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Contribution of protonated species (i.e., [PtCl(tctpyH)]‒, PtCl(tctpyH2), and 

[PtCl(tctpyH3)]
+) is negligible and the triply deprotonated species is judged to be the 

major species in solution in the pH range 4.4‒7.4, since no spectral change is observed 

under these pH conditions (see Fig. 3). Since precipitate starts to form at pH below ca. 

4.2, the singly or doubly protonated species must be formed to cause deposition of a 

solid around this pH. The 1MLCT band of [PtCl(tctpy)]2‒ is ca. 20 nm red-shifted 

relative to that of [PtCl(tpy)]+ (see Fig. 4), presumably due to the electron-withdrawing 

effects of three carboxylate groups on the terpyridyl moiety. 

 

 

 

Fig. 3  UV-vis absorption spectra (at 20 °C in air) of aqeuous 0.1 mM Na2[PtCl(tctpy)]•5H2O 

solutions containing 0.1 M NaCl a) in the absence of any buffer reagent (pH = 7.0), and in the 

presence of b) 0.1 M CH3COONa (pH = 7.4), and c) 0.06 M CH3COOH and 0.04 M CH3COONa 

(pH = 4.4). 
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Fig. 4  (A) UV-vis absorption spectra of 0.1 mM a) Na2[PtCl(tctpy)]•5H2O and b) 

[PtCl(tpy)]Cl•2H2O in an aqueous 0.1 M NaCl solution at 20 ○C in air. (B) Calculated 

absorption spectra of [PtCl(tctpy)]2‒ (red). The singlet excitations, simulated with Gaussian 

function, are shown as vertical bars (green) with heights equal to the oscillator strength.  
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  Neither aqueous nor methanolic solutions of [PtCl(tctpy)]2‒ exhibit emission at room 

temperature even under degassed conditions, probably due to efficient nonradiative 

decay via low-lying d-d excited states or solvent interactions at the open coordination 

sites.14 Whereas, [PtCl(tctpy)]2‒ exhibits green emission in a methanol-ethanol-dmf 

(MED; 4:4:1) mixture under frozen glass conditions at 77 K (Fig. 5A). Vibrationally 

structured bands appear at 488, 522, and 562 nm, where the spacing between the 0‒0 

and 0‒1 transitions is 1300 cm‒1. These results, together with the long emission lifetime 

(10.6 µs; see also Fig. 5B) and a relatively large Stokes shift (ca. 100 nm), clearly 

indicate that the emission arises from the triplet excited state. This encourages us to 

consider that this 3MLCT excited state contributes to reductive quenching of the 

photoexcited [PtCl(tctpy)]2‒ by EDTA, as illustrated in Scheme 3. 

To better understand the electronic properties of [PtCl(tctpy)]2‒, the structure of 

[PtCl(tctpy)]2‒ in aqueous media was calculated using DFT calculation at the M06 level. 

As shown in Fig. 6, the optimized structure has C2v symmetry with all atoms coplanar 

(see also Table 1). The bond distances and angles within the coordination sphere can be 

compared with those of [PtCl(tpy)]+ (Table 2), optimized using the same level of 

calculation (Fig. 6; see also Table 3). All Pt‒N(pyridyl) bond distances in [PtCl(tctpy)]2‒ 

are 0.008-0.014 Å shorter than the corresponding bond distances in [PtCl(tpy)]+ (see Fig. 

6), reflecting the stronger electrostatic attraction between the Pt ion and the anionic 

tctpy3‒ ligand. Due to this feature, the trans influence originated by the central 

Pt‒N(pyridyl) bond is stronger in [PtCl(tctpy)]2‒ relative to [PtCl(tpy)]+, which is 

evidenced by the slightly longer Pt‒Cl bond in [PtCl(tctpy)]2‒ compared to that in 

[PtCl(tpy)]+ (see Fig. 6). This feature is also relevant to the above-mentioned chloride 

dissociation (i.e., hydrolysis) in eq. 1. On the other hand, a simulated absorption 

spectrum of [PtCl(tctpy)]2‒ based on TD-DFT results is somewhat consistent with the 

observed spectrum (Figs. 5A,B). The lowest‒energy band at 385.98 nm (f = 0.040) 

corresponds to a transition from HOMO‒3 [dxz(Pt), π(tctpy), and pz(Cl)] to LUMO 

[π*(tctpy)] (see Table 4). This is characterized as a mixed MLCT transition with 

significant contributions of ligand-centered (LC) and halide-to-ligand charge transfer 

(XLCT) transitions. 
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Fig. 5  (A) Emission spectra (λex = 374 nm) and (B) emission decay profiles (monitored at 

487 nm) of [PtCl(tctpy)]2‒ in a frozen glass state (MED) at 77 K in air. An excess of 

benzo‒15‒crown‒5 (10 equiv.) was added to this solution in order to solubilize 

Na2[PtCl(tctpy)] in MED. 
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Fig. 6  The geometries of [PtCl(tctpy)]2‒ (left) and [PtCl(tpy)]+ (right) in their 

water-solvated models (PCM) optimized at the M06 level of DFT using the LanL2DZ basis 

set for Pt and the 6-31+G(d,p) basis set for H, C, N, O, and Cl. 
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Electrochemistry 

In order to solubilize Na2[PtCl(tctpy)] in dry dmf, a slight excess of 

dibenzo‒18‒crown‒6 (dbc) was added to the solution prepared for electrochemical 

studies (see Fig. 7 for detail). In other words, we may formally suppose that the solution 

was prepared by dissolving [Na(dbc)]2[PtCl(tctpy)] in dmf. As shown in Fig. 7, 

[PtCl(tctpy)]2‒ displays two reversible reduction waves at ‒0.98 (Ered,1) and ‒1.50 

(Ered,2) V vs. SCE, which are quite comparable to the values of ‒0.93 and ‒1.49 V 

previously reported for [PtCl(tpy)]+.24 The electrochemical parameters provide an 

estimate for the comproportionation constant (Kc = e(F/RT)•ΔE, ΔE = Ered,1 – Ered,2) for eq. 

2, where F is a Fararaday constant, R is a gas constant, and T is an absolute temperature 

(K). 

 

[PtIICl(tctpy)]2‒ + [PtICl(tctpy‒•)]4‒  2[PtIICl(tctpy‒•)]3‒        (2) 

 

The value is estimated as Kc = 6.2 × 108, indicating that the equilibrium is largely 

shifted to the right, and thereby formation of the doubly reduced species through 

disproportionation of the one-electron-reduced species is negligible. Although these 

results are obtained in non-aqueous media, we can assume that the Kc values for 

aqueous conditions are similarly large, even though protonation to the singly and doubly 

reduced species affects the Kc value depending on the pH. 
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Fig. 7   A cyclic voltammogram of [PtCl(tctpy)]2‒ (0.5 mM) in dmf containing 0.1 M 

TBAP as a supporting electrolyte, recorded at a scan rate of 100 mV/s under Ar. In this 

experiment, a slight excess of dibenzo-18-crown-6 (4 equiv.) together with 

Na2[PtCl(tctpy)]•5H2O was dissolved in a small amount of methanol, followed by adding 

dmf. Most of the methanol is considered to be removed by purging with Ar before scanning.  
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The first reduction potential (Ered,1) of [PtCl(tctpy)]2‒ in aqueous media can be 

observed using square wave voltammetric technique. Interestingly, Ered,1 is found to be 

highly sensitive to pH (Fig. 8) and affords a Pourbaix diagram showing somewhat 

complicated pH-dependent behaviours (Fig. 9). The first reduction is observed to occur 

at a constant potential above pH = 7.0, indicating that this reduction is not coupled with 

any proton transfer process, leading to our assignment in eq. 3. On the other hand, the 

slope for the first reduction as a function of pH is estimated as ‒0.059 V/pH for pH = 

5.2-7.0 and ‒0.132 V/pH for pH = 4.5-5.2. These results indicate that one-electron 

reduction of [PtCl(tctpy)]2‒ at pH = 5.2-7.0 is coupled with a single protonation process 

(eq. 4), while the reduction at pH = 4.5-5.2 is coupled with a double protonation process 

(eq. 5). 

 

 [PtCl(tctpy)]2‒ + e‒ → [PtCl(tctpy‒•)]3‒           (pH > 7.0)          (3)  

 

[PtCl(tctpy)]2‒ + H+ + e‒ → [PtCl(tctpyH‒•)]2‒    (5.2 < pH < 7.0)        (4)  

 

[PtCl(tctpy)]2‒ + 2H+ + e‒ → [PtCl(tctpyH2
‒•)]‒   (4.5 < pH < 5.2)        (5) 

 

These results reveal that the pKa values of the singly reduced species 

([PtCl(tctpyHn
‒•)](3‒n)‒; n = 1,2,3) are significantly higher than those of the initial 

non-reduced species ([PtCl(tctpyHn)]
(2‒n)‒; n = 1,2,3). Consequently, the values are 

estimated as pKa2 = 5.2 and pKa3 = 7.0 for the singly reduced species (eqs. 6,7), where 

pKa1 could not be determined under these conditions. 

 

[PtCl(tctpyH2
‒•)]‒ ⇄ [PtCl(tctpyH‒•)]2‒ + H+   pKa2 = 5.2   (6) 

 

[PtCl(tctpyH‒•)]2‒ ⇄ [PtCl(tctpy‒•)]3‒ + H+    pKa3 = 7.0   (7) 

 

Note that the standard electrode potential for HER is defined by eq. 8 (see also Fig. 9). 

 

E1/2(2H+/H2) = ‒0.241 ‒0.059 pH (V vs. SCE)          (8) 
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Since the formal first reduction potential of [PtCl(tctpy)]2‒ is constant above pH = 7.0, 

the DF for the thermal HER driven by the one-electron-reduced form of [PtCl(tctpy)]2‒ 

decreases at higher pH as given in eq. 9. Importantly, the DF for the HER at pH = 

5.2-7.0 is insensitive to pH and remains constant (0.15 eV) as given in eq. 10. On the 

other hand, the first reduction potential of [PtCl(tctpy)]2‒ is much more sensitive to pH 

with the highest slope at pH = 4.5-5.2. Because of this feature, the DF for HER 

decreases with decreasing pH in this pH range (see eq. 11). 

 

2[PtCl(tctpy‒•)]3‒ + 2H+ → 2[PtCl(tctpy)]2‒ + H2   (pH > 7.0)            (9) 

DF = 0.562 ‒ 0.059 pH (eV)    (e.g. DF = 0.120 eV at pH 7.5) 

 

2[PtCl(tctpyH‒•)]2‒ → 2[PtCl(tctpy)]2‒ + H2   (5.2 < pH < 7.0)          (10) 

DF = 0.150 (eV)     

  

2[PtCl(tctpyH2
‒•)]‒ → H2 + 2[PtCl(tctpy)]2‒ + 2H+   (4.5 < pH < 5.2)     (11) 

DF = 0.073 pH ‒0.225 (eV)    (e.g. DF = 0.125 eV at pH 4.8) 

 

In summary, the highest DF (150 meV) for the thermal HER driven by the 

one-electron-reduced species [PtCl(tctpyH‒•)]2‒ is achieved in the pH range 5.2-7.0. 

This is the first example of a Pt(II)-based H2-evolving catalyst which exhibits 

pH-independent DF for HER owing to the PCET character of the redox couple 

correlated with HER. 
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Fig. 8  a)-f) Square wave voltammograms recorded for solutions of Na2[PtCl(tctpy)]•5H2O (0.1 

mM) in aqueous HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (10 mM) 

containing 0.1 M KCl at several pH conditions. g)-j) Square wave voltammograms recorded for 

solutions of Na2[PtCl(tctpy)]•5H2O (0.1 mM) in aqueous MES (2-(N-morpholino)ethanesulfonic 

acid) buffer (10 mM) containing 0.1 M KCl at several pH conditions. k)-o) Square wave 

voltammograms recored for Na2[PtCl(tctpy)]•5H2O (0.1 mM) in aqueous acetate buffer solutions (10 

mM) containing 0.1 M KCl at several pH conditions. All data were recorded at a scan rate of 100 

mV/s under Ar. 
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Fig. 9  Plot of the first reduction potential (Ered,1) of [PtCl(tctpy)]2‒ as a function of pH 

(Pourbaix diagram), where potentials were determined by observing the square wave 

voltammograms of the complex at various pH conditions (Fig. 8). 

  

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

4.5 5 5.5 6 6.5 7 7.5 8 8.5

R
e
d

o
x

 p
o

te
n

ti
a

l 
(V

 v
s

. 
S

C
E

)

pH

E = -0.132pH -0.016

E = -0.059pH -0.391

[PtCl(tctpy)]2‒

E = -0.059pH -0.241

[PtCl(tctpyH‒•)]2‒ [PtCl(tctpy‒•)]3‒

[PtCl(tctpyH2
‒•)]‒

E = -0.803



87 

 

Photocatalytic H2 production from water 

The PHE activity of [PtCl(tctpy)]2‒ was first evaluated by visible light irradiation 

of aqueous solutions of the complex at a constant pH (0.1 M acetate buffer, pH = 

5.0) in the presence of 0.1 M NaCl and 30 mM EDTA. As shown in Fig. 10a, 

[PtCl(tctpy)]2‒ was confirmed to serve as a PHEMD. The TON (2.4 at 12 h) is 

lower than that recently reported for the multiviologen-tethered PtCl2(bpy) 

systems (e.g., TON = 27 at 12 h for [PtCl2(5,5’‒MV4)]8+),13d but is comparable to 

that reported for one of the RuPt2+ derivatives with R = COOH (TON = 2.4 at 10 

h), which was reported as the first active model of PHEMD.11 Importantly, 

degradation of [PtCl(tctpy)]2‒ during the photocatalysis is significantly 

suppressed under these conditions, whereas [PtCl(tpy)]+ was confirmed to lose 

activity within an hour due to the replacement of the chloride ligand by a 

coexisting donor ligand in solution.13a On the other hand, an unexpected result 

was given in a control experiment carried out for [PtCl(tpy)]+ under the 

conditions adopted in the above experiments. As depicted in Fig. 10b, no H2 

evolution occurs despite that our previous two reports showed that this complex 

is active as a PHEMD in the absence of any chloride salt at identical pH; one was 

examined using a different buffer (MES)13a while the other using the same acetate 

buffer.13b The loss in the PHE activity of [PtCl(tpy)]+ in the presence of NaCl (0.1 

M) is attributable to the deposition of one-electron-reduced species PtCl(tpy‒•) as 

blue precipitate (see Fig. 11). The manner how deposition proceeds could be 

more quantitatively observed by using DLS technique. As shown in Fig. 12a, 

within a minute after starting photoirradiation, an abrupt increase is seen in the 

light scattering intensity measured for the EDTA/[PtCl(tpy)]+ system in the 

presence of 0.1 M NaCl. 
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Fig. 10  Photochemical H2 production from an aqueous acetate buffer solution (0.1 M, pH = 

5.0; 10 mL) containing EDTA•2Na (30 mM) and 0.1 M NaCl in the presence of a) 0.1 mM 

Na2[PtCl(tctpy)]•5H2O or b) [PtCl(tpy)]Cl•2H2O at 20 ○C under Ar atmosphere. 

 

 

 

 

Fig. 11  A photograph showing how the deposition of PtCl(tpy‒•) occurs during the experiment in 

Fig.13A. 
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Fig. 12  In situ DLS measurements during the photolysis (300 W Xe lamp, 400-800 nm) of 

an aqueous acetate buffer solution (0.1 M, pH = 5.0) containing EDTA•2Na (30 mM) and 0.1 

M NaCl in the presence of a) 0.1 mM Na2[PtCl(tctpy)]•5H2O or b) 0.1 mM 

[PtCl(tpy)]Cl•2H2O at 20 ○C under Ar atmosphere. 
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Quite similar behaviour was observed spectrophotometrically (Figs. 13A,B), in 

which growth of new broad low-energy bands in the visible and near infrared 

region can be seen. Moreover, these absorption features are also given by merely 

mixing [PtCl(tpy)]+ with MV+•, generated in situ by controlled potential 

electrolysis of MV2+ as described in Chapter 1 (Fig. 13C). We conclude that these 

bands originate from absorption by radical species within the heterogeneous 

particles (ca. 10 µm at 10 min via DLS), since the solution became colorless after 

the suspension was left for about an hour to let the particles deposited on the 

bottom of the measurement cell. These results indicate that an insoluble neutral 

complex PtCl(tpy‒•) is formed through reductive quenching of the photoexcited 

state of [PtCl(tpy)]+ ([PtCl(tpy)]+*) by EDTA to inactivate all the relevant PHE 

processes. 

In contrast, the increase in the light scattering intensity during the 

photocatalysis of [PtCl(tctpy)]2‒ is negligible over 7 h (Fig. 12b), revealing that 

all intermediate species generated during the photolysis, such as the 

one-electron-reduced species of [PtCl(tctpy)]2‒ (i.e., [PtCl(tctpyHn
‒•)](3-n)‒; the 

major species adopts n = 2 at pH = 5.0: see above), are well soluble in aqueous 

media (see Fig. 12b). Furthermore, the lack of any particle formation also 

evidences that colloidal platinum formation during the photolysis of 

[PtCl(tctpy)]2‒ is negligible, which strongly supports the homogeneous character 

of the present photocatalysis. 
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Fig. 13  (A) Spectral changes during the photolysis (300 W Xe lamp, 400-800 nm) of an aqueous 

acetate buffer solution (0.1 M, pH = 5.0) containing 0.1 mM [PtCl(tpy)]Cl•2H2O, 30 mM 

EDTA•2Na, and 0.1 M NaCl at 20 ○C under Ar atmosphere. (B) Magnification for the spectrum 

recorded at 60 s in Fig. 13A.  (C) A UV-vis absorption spectrum observed at 60 min after mixing an 

aqueous acetate buffer solution (0.03 M CH3COOH, 0.07 M CH3COONa, 0.1 M NaCl, pH 5.0; 0.25 

mL) containing MV+• (0.1 mM) and MV2+ (0.4 mM) with a solution of 0.2 mM [PtCl(tpy)]Cl•2H2O 

in the same buffer solution (0.25 mL) at 20 °C under Ar atmosphere. The mixture of MV+• and 

MV2+ was prepared as described in Chapter 1. 
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pH dependence of photodriven HER by [PtCl(tctpy)]2‒ 

As discussed above, [PtCl(tctpy)]2‒ is a unique example for which PHE activity 

can be examined as a function of pH because of its protonation at the three 

carboxylate groups of the reduced species. Fig. 14A shows the H2 evolution 

curves observed at various pH conditions. In these experiments, pH values were 

adjusted by changing the mixing ratio of Na2[YH2] and Na3[YH] by adopting a 

constant total EDTA concentration ([Y]t = [YH3‒] + [YH2
2‒] = 30 mM). The pH 

dependence of the maximum H2 evolution rate estimated from these data 

provides a unique volcano-like diagram depicted in Fig. 14B. The maximum rate 

occurs at pH = 6.2, which also coincides with the pH at which the concentration 

of YH2
2‒ and YH3‒ are equal (Fig. 14C). Importantly, this pH lies within the pH 

range where the highest/constant DF is applied according to eq. 10. At this pH, 

TON = 4.6 (12 h) is achieved when the [PtCl(tctpy)]2‒ concentration is 0.4 mM 

(see Fig. 15). 
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Fig. 14  Captions are given in next page. 
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Fig. 14 (Continued) (A) Photochemical H2 production from an aqueous 0.1 mM 

Na2[PtCl(tctpy)]•5H2O solution (at 20 ◦C under Ar atmosphere) containing 0.1 M NaCl at a) 

pH = 4.83, b) pH = 5.03, c) pH = 5.80, d) pH = 6.15, e) pH = 6.49, f) pH = 6.73, g) pH = 7.04, 

or h) pH = 7.45, where pH was adjusted using a combination of Na2[YH2] and Na3[YH] with 

a fixed total concentration (30 mM). (B) Plot of the maximum rate of H2 production 

photocatalyzed by Na2[PtCl(tctpy)]•5H2O vs. pH, determined from the H2 evolution curves 

in Fig. 14A. (C) Variation in the concentrations of YHx
(4‒x)‒ (x = 0, 1, 2, and 3) as a function 

of pH when the total EDTA concentration is 30 mM ([Y]t = [YH3
‒] + [YH2

2‒] + [YH3‒] + 

[Y4‒] = 30 mM), where pKa values employed are those in the literature (pKa2 = 2.67, pKa3 = 

6.16, and pKa4 = 10.26).25 

 

 

 

 

Fig. 15  Photochemical H2 production from an aqueous 0.4 mM Na2[PtCl(tctpy)]•5H2O solution 

containing 0.1 M NaCl, 15 mM Na2[YH2], and 15 mM Na3[YH] (pH = 6.2) at 20 ○C under Ar 

atmosphere. 
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In order to better understand the behaviours of chemical species in solution, 

the reactions during photocatalysis were examined spectrophotometrically at 

three different pH conditions. As shown in Figs. 16A-C, growth of broad visible 

and near infrared absorption bands is observed at all pH conditions. For all cases, 

the absorption band gradually decays at the prolonged photolysis stage after the 

final recording time in these figures; the final spectrum at each pH was recorded 

when the maximum concentration is given for the reduced species during the 

course of photolysis. These bands are attributable to a one-electron-reduced 

species. The pH-dependent character observed in these spectral data clearly 

reflects the shifts of protonation equilibria for [PtCl(tctpyHn
-•)](3‒n)‒ (eqs. 6,7). 

Strictly speaking, both [PtCl(tctpyH‒•)]2‒ and [PtCl(tctpyH2
‒•)]‒ are considered to 

possess two different protonation forms (see Fig. 17). As a consequence, five 

species must be thus taken into consideration, including a non-protonated form, 

as shown in Fig. 17. As a result, five spectral features can be simulated based on 

the results of TD-DFT calculations (Fig. 17). Particularly, the simulated spectrum 

of the non-protonated species well resembles that observed at pH = 7.5 where the 

relative abundance of [PtCl(tctpy‒•)]3‒ is 76%. On the other hand, it seems that 

the amount of reduced species generated during the photolysis increases as the 

pH increases, which can be rationally interpreted as follows. Despite that the H2 

evolution rate at pH = 6.2 is larger than that at pH = 7.5 (Fig. 14B), the maximum 

concentration of the reduced species at pH = 6.2 is only a half of that seen at pH 

= 7.5. This simply suggests that the photoreaction populating the reduced species 

competes with the thermal process depopulating the reduced species. In other 

words, change in the maximum concentration of the reduced species reached 

during these two reactions (i.e., formation and consumption reactions) can be 

induced by the variation in the ratio of the formation and consumption reaction 

rates. 
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Fig. 16  Captions are given in next page. 
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Fig. 16 (Continued)  Spectral changes during the photolysis (300 W Xe lamp, 400-800 nm) 

of an aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O solution (at 20 ○C under Ar atmosphere) 

containing 0.1 M NaCl in the presence of (A) 1 mM Na2[YH2], 29 mM Na3[YH], 16 mM 

NaH2PO4, and 84 mM Na2HPO4 (pH = 7.5; 0.1 M phosphate buffer), (B) 15 mM Na2[YH2] 

and 15 mM Na3[YH] (pH = 6.2), or (C) 29 mM Na2[YH2] and 1 mM Na3[YH] (pH = 4.8). 

For A, additional use of phosphate somehow improved the reproducibility of the results. It 

should be also noted that spectral features of products are unaffected by the presence of 

phosphate, ruling out chloride replacement by phosphate donors. The blue line for each 

condition shows a spectrum affording maximum absorption during the course of photolysis.  
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Fig. 17  Captions are given in next page. 
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Fig. 17 (Continued)  TD-DFT simulated absorption spectra of five possible one-electron-reduced 

species; [PtCl(tctpy‒•)]3‒ (A), [PtCl(tctpyH‒•)]2‒ (B,C), and [PtCl(tctpyH2
‒•)]‒ (D,E), where 

excitations are shown as vertical bars with heights equal to the oscillator strength (f). Relative energy 

among B and C, and that among D and E are shown with values in parentheses. Geometries 

optimized for each species are shown in Tables 5-9, together with the spin density distribution for 

each species. Each electronic transition is also summarized in Tables 10-14. 

 

 

 

In order to observe the thermal HER driven by these one-electron-reduced species 

according to eqs. 9-11, the H2 evolution that proceeds after stopping the photoirradiation 

was examined at pH = 6.2. As shown in Fig. 18a, the absorption band derived from the 

reduced species at 840 nm slowly decays over 1 h after the light-off action was made 

(see also Fig. 19). When the same event is monitored on the basis of the amount of H2 

evolved, a quite consistent response was observed (Fig. 18b), where the measurements 

were carried out by adopting the continuous Ar‒flow method (see experimental section 

for detail) by setting the flow rate at 2 mL/min. Moreover, the thermal HER after the 

light-off action can be observed even when the solution, immediately after the light-off, 

is completely purged with Ar (100 mL/min for 10 min) prior to monitoring the H2 

evolved using the same Ar-flow method (2 mL/min). This confirms that the H2 

evolution curve observed in Fig. 18b is not an artifact due to the Ar-purging technique 

in our analysis. In addition to these observations, a similar photolysis experiment was 

carried out using a sealed reaction vessel containing 22 mL of the photolysis solution 

and having ca. 8 mL of the inner gas phase volume, which revealed that a quite similar 

thermal H2 evolution behaviour can be observed by gas chromatography after the 

light-off action (Fig. 20). These confirm that the H2 evolution from water is indeed 

driven by [PtCl(tctpyH‒•)]2‒ as a dark reaction (see eqs. 9-11). This is in sharp contrast 

with the stable character of PV+• (i.e., one-electron-reduced form of PV2+), which does 

not drive the thermal HER (2PV+• + 2H+ → 2PV2+ + H2 does not take place).13c Finally, 

we have to note that we cannot completely exclude photo-driven generation of the 

doubly reduced species [PtICl(tctpyHn
‒•)](4‒n)‒ which might be formed via the Z-scheme 

envisioned for PV2+ (see Scheme 4). 
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Fig. 18   Photoresponse properties examined for the photolysis of an aqueous 

Na2[PtCl(tctpy)]•5H2O solution in the presence of 0.1 M NaCl, 15 mM Na2[YH2], and 15 

mM Na3[YH] (pH = 6.2) at 20 ○C under Ar atmosphere. The light-off action was made at 15 

min after starting photoirradiation (300 W Xe lamp, 400-800 nm). a) The photoresponse 

observed by the change in absorbance at 840 nm. b) The dark reaction after the light-off 

action was separately monitored by detecting H2 evolved using the continuous Ar-flow 

method (2 mL/min). 
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Fig. 19  (A) Spectral changes showing the dark reaction (eq. 10) of the 

one-electron-reduced species generated by photoirradiation of an aqueous 0.1 mM 

Na2[PtCl(tctpy)]•5H2O solution containing 0.1 M NaCl, 15 mM Na2[YH2], and 15 mM 

Na3[YH] (pH = 6.2) at 20 ○C under Ar atmosphere. (B) Time-course of absorbance changes 

at 556, 840, and 1120 nm, given from the raw data in Fig. 19A. 
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Fig. 20  Photoresponse property in H2 production from an aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O 

solution in the presence of 0.1 M NaCl, 15 mM Na2[YH2], and 15 mM Na3[YH] (pH = 6.2) at 20 ○C 

under Ar atmosphere. The light-off action was made at 15 min after starting photoirradiation  (300 

W Xe lamp, 400-800 nm). In this experiment, the photolysis was carried out for ca. 22 mL solution 

sealed in a vial having a total volume of ca. 30 mL under Ar at ambient pressure. Part of the gas 

above the solution (0.1 mL for each measurement) was manually collected by a gas-tight syringe and 

was injected onto a Shimadzu GC-8A gas chromatograph. The solution was bubbled with Ar for at 

least 30 min prior to the photolysis. The gas above the solution was ca. 8 mL, the exact volume for 

which was determined prior to the measurement. 
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Ground state adduct formation of [PtCl(tctpy)]2‒ with EDTA 

As discussed above, the positively charged PHEMDs were shown to afford an ion-pair 

adduct required to enhance the reductive quenching of the triplet (Scheme 3), which was 

generally evidenced by observing their saturation kinetics in the photochemical H2 

evolution rate as a function of [EDTA].12c,g,13 Our preliminary prediction avoided 

postulation of such an ion-pair adduct for [PtCl(tctpy)]2‒ because of its dianionic 

character. Nevertheless, experiments in Fig. 21 clearly show that quite similar saturation 

behaviours are observed at both pH = 5.0 and 7.0, where the major forms of EDTA in 

solution are YH2
2‒ (93% abundance) and YH3‒ (89% abundance), respectively (see also 

Fig. 22). Quite similar saturation kinetics is observed at pH = 6.2 (see Fig. 23). 

Least-squares fitting analysis of these saturation curves provides apparent outer-sphere 

formation constants (Kos; see Scheme 3) under these pH conditions; Kos = 26, 59, and 29 

M-1 at pH = 5.0, 6,2, and 7.0, respectively. Importantly, the Kos is maximized at pH = 6.2 

where the H2 evolution rate is maximized (see Fig. 14B). Saturation is also seen when 

the H2 evolution rate was examined as a function of the [PtCl(tctpy)]2‒ concentration at 

a constant EDTA concentration (see Fig. 24). 
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Fig. 21  The dependence of the maximum H2 evolution rate on the EDTA concentration (0–100 

mM) at a constant concentration of Na2[PtCl(tctpy)]•5H2O (0.1 mM) at (A) pH = 5.0 or (B) pH 

=7.0, where the raw data are supplied as Fig. 22. Solid lines are calculated ones based on V = 

Vmax[EDTA]total /(Kos
-1 + [EDTA]total). 
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Fig. 22  (A) Photochemical H2 production from an aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O 

solution (at 20 ○C under Ar atmosphere) in the presence of 0.1 M NaCl, Na2[YH2], and Na3[YH] at 

pH = 5.0, with the total EDTA concentration of 10, 20, 30, 50, 75, or 100 mM. (B) Photochemical H2 

production from an aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O solution (at 20 ○C under Ar atmosphere) 

in the presence of 0.1 M NaCl, Na2[YH2], and Na3[YH] at pH = 7.0 with the total EDTA 

concentration of 10, 20, 30, 50, 75, or 100 mM. 
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Fig. 23  (A) Photochemical H2 production from an aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O 

solution (at 20 ○C under Ar atmosphere) in the presence of 0.1 M NaCl, Na2[YH2], and Na3[YH] at 

pH = 6.2 with the total EDTA concentration of 5, 10, 15, 20, 25, 30, 35, 40, 50, or 100 mM. (B) The 

dependence of the maximum H2 evolution rate on the EDTA concentration (0–100 mM), estimated 

from the data given in Fig. 23A. A Solid line is calculated one based on  V = Vmax[EDTA]total /(Kos
-1 

+ [EDTA]total). 
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Fig. 24  (A) Photochemical H2 production from an aqueous solution containing 0.1 M NaCl, 15 

mM Na2[YH2], and 15 mM Na3[YH] (pH = 6.2) at 20 ○C under Ar atmosphere, in the presence of 

0.05, 0.10, 0.20, 0.40, 0.60, or 0.80 mM Na2[PtCl(tctpy)]•5H2O. (B) The maximum rate of H2 

production, estimated from the H2 evolution curves in Fig. 24A, is plotted vs. the concentration of 

Na2[PtCl(tctpy)]•5H2O. 
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On the other hand, these adduct formation behaviours can be examined 

spectrophotometrically. The EDTA concentration dependence of absorption spectrum of 

[PtCl(tctpy)]2‒ at pH = 6.2 ([YH2]
2‒ = [YH]3‒) roughly shows that no essential change is 

induced in the coordination environment due to the variation in the total EDTA 

concentration (Fig. 25A). However, careful analysis of absorbance changes at several 

wavelengths reveals that relatively small absorbance changes attributable to a shift of 

adduct formation equilibrium with Kos = 59 M-1 could be given upon changing the 

EDTA concentration with an isosbestic point located at 360 nm (Fig. 25). These results 

are consistent with our conclusion that this is not a ligand replacement equilibrium but 

corresponds to a relatively weak association between the two species. A possible 

interpretation may be that the positively charged ammonium groups may contribute to 

stable adduct formation between [PtCl(tctpy)]2‒ and either YH2
2‒ or YH3‒, as proposed 

in Scheme 5. Indeed, reports have shown that YH2
2‒ and YH3‒ exist primarily in their 

ammonium forms in aqueous media,26 which rationalizes the adduct formation proposed 

in Scheme 5. The reductive quenching of the photoexcited state of [PtCl(tctpy)]2‒ (i.e., 

[PtCl(tctpy)]2‒*) is likely to proceed only within such adducts because of the short-lived 

character of [PtCl(tctpy)]2‒* under these conditions (vide supra). 
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Fig. 25  (A) a) UV-vis absorption spectra of aqueous 0.1 mM Na2[PtCl(tctpy)]•5H2O solutions (at 

20 °C in air) containing 0.1 M NaCl, a) in the absence of either Na2[YH2] or Na3[YH] (pH = 7.0), 

and in the presence of b) 2.5 mM Na2[YH2] and 2.5 mM Na3[YH] (pH = 6.2), c) 7.5 mM Na2[YH2] 

and 7.5 mM Na3[YH] (pH = 6.2), d) 15 mM Na2[YH2] and 15 mM Na3[YH] (pH = 6.2), and e) 50 

mM Na2[YH2] and 50 mM Na3[YH] (pH = 6.2). (B) Magnification of Fig. 25A. (C,D) Plots of 

absorbance at 340 and 380 nm as a function of the EDTA concentration, given from the raw data in 

Fig. 25A. Solid lines are calculated ones based on A = Ct × (εnon + εaddKos[EDTA]total)/(1 + 

Kos[EDTA]total), where Ct is the total concentration of [PtCl(tctpy)]2‒ (Ct = 10-4 M), εnon and εadd are 

the molar absorptivities of [PtCl(tctpy)]2‒ and {[PtCl(tctpy)][EDTA]}2‒, respectively, and Kos = 59 

M‒1 determined by the fitting in Fig. 23B was adopted. 
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Scheme 5  Possible structures for the adduct of [PtCl(tctpy)]2‒ with YH2
2‒ (adduct I) or 

YH3‒ (adduct II), together with possible proton and electron transfer processes at the 

reductive quenching events. 
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There are several factors affecting the apparent PHE activity of [PtCl(tctpy)]2‒. First, the 

formal redox potential of EDTA (Eox,EDTA) in aqueous media shows a cathodic shift 

upon an increase in pH. For instance, Eox,EDTA is reported as 0.32, 0.24, 0.17, and -0.17 

V vs. SCE at pH = 2.1, 3.7, 4.8, and 9.2, respectively.27 Within the major adduct given 

at pH = 5.0 (adduct I in Scheme 5), reductive quenching becomes less favourable 

because of protonation at both nitrogen donors, which can also be rationalized due to 

the higher formal oxidation potential of EDTA, Eox,EDTA, leading to a lower DF for the 

reductive quenching (DF = E1/2([PtCl(tctpy)]2‒*/[PtCl(tctpy‒•)]3‒) ‒ 

E1/2(EDTA+/EDTA)). Moreover, the reductive quenching within adduct I is considered 

to proceed via a PCET process, in which ET from the nitrogen donor to the PtIII atom in 

the 3MLCT state must be accompanied by the proton transfer from a relevant nitrogen 

donor, e.g., to one of the adjacent carboxylate units of [PtIII→IICl(tctpy‒•)](2→3)‒, where 

arrows show changes in oxidation state and charge that take place upon PCET. As for 

the reductive quenching within the major adduct at pH = 7.0 (adduct II in Scheme 5), 

ET from YH3‒ to [PtCl(tctpy)]2‒* is much more favourable due to the presence of a 

non-protonated nitrogen donor, although the electrostatic stabilization is less favorable 

due to the smaller local positive charge given for YH3‒. It is quite reasonable to consider 

that the above-mentioned several competing effects could lead to the manifestation of 

the observed maximum rate in H2 evolution. Thus far, we attempted to elucidate the 

adduct formation between [PtCl(tctpy)]2‒ and EDTA simply based on ‘electrostatic 

models’. However, we cannot rule out involvement of other models, such as those 

supposing adducts stabilized with specific hydrogen-bonding interactions between the 

two species. We also avoid discussing the factors relevant to the rate-limiting processes 

in the subsequent steps after the reductive quenching takes place. Particularly, a possible 

PCET step, affording a hydride intermediate [PtIICl(tctpyHn
‒•)](3‒n)‒ + H+ → 

[PtIIICl(H)(tctpyHn)]
(2‒n)‒, may also contribute to the pH-dependent rate of H2 evolution 

depicted in Fig. 14. 
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Table 1  Geometry optimized for [PtCl(tctpy)]2‒ in its singlet state. Optimized at the M06 level of 

DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, N, O, and Cl.a 

 

Atom X Y Z 

Pt1 0.000011 -1.307071 -0.000204 

N2 -0.000005 0.647861 0.000062 

C3 -0.000022 3.371233 -0.000274 

C4 -1.188989 1.282906 -0.000027 

C5 1.188971 1.28292 -0.000018 

C6 1.207601 2.671262 -0.000218 

C7 -1.207638 2.671249 -0.000235 

H8 2.136253 3.234936 -0.000186 

H9 -2.136286 3.234927 -0.000223 

N10 2.03245 -0.9653 -0.000034 

C11 4.691145 -0.153917 0.000313 

C12 2.341015 0.367855 0.000114 

C13 3.014114 -1.874323 -0.000128 

C14 4.351926 -1.503155 0.00003 

C15 3.660645 0.786364 0.000346 

H16 2.695467 -2.913972 -0.000374 

H17 5.13245 -2.257684 0.000032 

H18 3.917436 1.842191 0.000566 

C19 -2.341017 0.367833 0.0001 

C20 -4.351914 -1.503193 -0.000002 

C21 -3.660655 0.78633 0.000324 

N22 -2.032437 -0.965319 -0.000051 

C23 -3.014096 -1.874341 -0.00015 

C24 -4.691155 -0.153958 0.000281 

H25 -3.917462 1.84215 0.000546 

H26 -2.695438 -2.913988 -0.000398 

H27 -5.132426 -2.257732 -0.000005 

Cl28 0.000082 -3.699439 -0.000229 

C29 -6.157079 0.297346 0.000485 

C30 -0.000036 4.906722 -0.000264 

C31 6.15705 0.297407 0.000529 

O32 6.344771 1.536449 0.000399 
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O33 7.00855 -0.620871 0.000671 

O34 1.128343 5.450201 -0.000247 

O35 -1.128427 5.450174 -0.00043 

O36 -6.344847 1.536378 0.000471 

O37 -7.00858 -0.620928 0.00073 

aPart of the Gaussian output file: 

 

SCF Done:  E(RM06) =  -1885.37462786     A.U. after   10 cycles 

 

                    1                      2                      3 

                    A                     A                      A 

 Frequencies --     24.5484                32.7281                44.2665 

 Red. masses --     15.2120                15.7365                14.3315 

 

 

Zero-point correction=                           0.237633 (Hartree/Particle) 

 Thermal correction to Energy=                    0.261667 

 Thermal correction to Enthalpy=                  0.262611 

 Thermal correction to Gibbs Free Energy=         0.180824 

 Sum of electronic and zero-point Energies=          -1885.136995 

 Sum of electronic and thermal Energies=             -1885.112961 

 Sum of electronic and thermal Enthalpies=           -1885.112017 

 Sum of electronic and thermal Free Energies=        -1885.193804 

 

 

       Item                 Value      Threshold  Converged? 

 Maximum Force            0.000055     0.000450     YES 

 RMS     Force            0.000012     0.000300     YES 
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Table 2  Comparison of the geometrical parameters (bond lengths in Å and angles in degree) of 

[PtCl(tctpy)]2‒ and [PtCl(tpy)]+. 

 

 

 
[PtCl(tctpy)]2‒ [PtCl(tpy)]+ 

Pt1-N10 2.053 2.061 

Pt1-N2 1.943 1.957 

Pt1-N22 2.053 2.061 

Pt1-Cl28 2.420 2.388 

   
N10-Pt1-N2 80.45 80.49 

N2-Pt1-N22 80.45 80.49 

N22-Pt1-Cl28 99.54 99.50 

N10-Pt1-Cl28 99.54 99.50 
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Table 3  Geometry optimized for [PtCl(tpy)]+ (2,2';6',2"-terpyridine) in its singlet state. Optimized 

at the M06 level of DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, 

N, O, and Cl.a 

 

 

 

Atom X Y Z 

Pt1 0.000001 -0.704617 0.000031 

N2 -0.000002 1.25208 0.000025 

C3 0.000004 3.960149 0.000111 

C4 -1.189979 1.88399 0.000016 

C5 1.189977 1.883987 0.000017 

C6 1.211803 3.273923 0.000069 

C7 -1.211799 3.273927 0.000068 

H8 2.150389 3.818571 0.000067 

H9 -2.150382 3.818579 0.000065 

N10 2.033 -0.364259 0.000013 

C11 4.678923 0.434471 -0.000156 

C12 2.341335 0.967813 -0.000019 

C13 3.008244 -1.278552 -0.000025 

C14 4.349419 -0.91394 -0.000109 

C15 3.662697 1.38609 -0.000106 

H16 2.685135 -2.316623 -0.000008 

H17 5.112735 -1.684659 -0.000114 

H18 3.900983 2.444945 -0.00013 

C19 -2.341338 0.967818 -0.000019 

C20 -4.349419 -0.913941 -0.000109 

C21 -3.662701 1.386092 -0.000105 

N22 -2.033003 -0.364254 0.000012 

C23 -3.008243 -1.278549 -0.000027 

C24 -4.678925 0.43447 -0.000155 

H25 -3.900991 2.444945 -0.000127 

H26 -2.685131 -2.31662 -0.000011 

H27 -5.112734 -1.684662 -0.000114 

Cl28 -0.000003 -3.092968 0.000072 

H29 0.000007 5.04554 0.000177 
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H30 -5.717913 0.749571 -0.000245 

H31 5.717909 0.749576 -0.000247 

aPart of the Gaussian output file: 

 

SCF Done:  E(RM06) =  -1321.21763728     A.U. after    9 cycles 

 

 

                    1                      2                     3 

                    A                     A                     A 

 Frequencies --     46.5109                81.4282                92.2232 

 Red. masses --      6.0014                13.2495                 4.0667 

 

 

Zero-point correction=                           0.231812 (Hartree/Particle) 

 Thermal correction to Energy=                    0.247544 

 Thermal correction to Enthalpy=                  0.248488 

 Thermal correction to Gibbs Free Energy=         0.187957 

 Sum of electronic and zero-point Energies=          -1320.985825 

 Sum of electronic and thermal Energies=             -1320.970093 

 Sum of electronic and thermal Enthalpies=           -1320.969149 

 Sum of electronic and thermal Free Energies=        -1321.029680 

 

 

       Item                Value     Threshold    Converged? 

 Maximum Force           0.000016     0.000450     YES 

 RMS     Force           0.000004     0.000300     YES 
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Table 4  Electronic transitions for water-solvated [PtCl(tctpy)]2‒ (singlet) calculated by the 

TD-DFT method, using the optimized geometry in Table 1. To minimize publication materials, only 

the selected transitions (f > 0.01 and |CI coef| > 0.3) above λ = 250 nm are summarized in this Table.  

 

 

  

LUMO

LUMO+4

LUMO+1

LUMO+3

HOMO
HOMO-3

HOMO-9
HOMO-10

HOMO-4

HOMO-12

HOMO-13
HOMO-15
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  aOscillator strength. 

 

 

 

 

 

 

  

Excited 

State 

E (cm-1) λ (nm) fa ( > 0.01) Major contributions |CI coef| 

( > 0.3) 

2 25908 385.98 0.0404 HOMO-3 -> LUMO 0.67069 

13 29365 340.54 0.0191 HOMO-3 -> LUMO+1 0.59011 

14 30081 332.44 0.2076 HOMO-10 -> LUMO 0.3837 

        HOMO-9 -> LUMO+4 0.39648 

17 30739 325.32 0.1958 HOMO-9 -> LUMO+4 0.5309 

19 31698 315.48 0.022 HOMO-12 -> LUMO 0.65572 

24 32332 309.29 0.1216 HOMO-13 -> LUMO 0.59181 

        HOMO-10 -> LUMO 0.30487 

25 32659 306.19 0.0979 HOMO-4 -> LUMO+1 0.5937 

31 34393 290.76 0.0762 HOMO-12 -> LUMO+1 0.4665 

        HOMO-10 -> LUMO+1 0.41379 

34 35548 281.31 0.0263 HOMO-13 -> LUMO+1 0.38778 

        HOMO-12 -> LUMO+1 0.45028 

39 37139 269.26 0.2096 HOMO-13 -> LUMO+1 0.34269 

        HOMO-3 -> LUMO+3 0.47873 

42 37796 264.58 0.0247 HOMO-14 -> LUMO 0.5056 

        HOMO-13 -> LUMO+1 0.36623 

43 38241 261.5 0.4631 HOMO-4 -> LUMO+3 0.63104 

53 39730 251.7 0.1329 HOMO-15 -> LUMO 0.624 
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Table  5  Geometry optimized for [PtCl(tctpy‒•)]3‒ (Fig. 17A) in its doublet state. Optimized at the 

UM06 level of DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, N, O, 

and Cl.a 

 

 

 

 

 

 

 

 

Atom X Y Z Mulliken spin density 

Pt1 0.000001  1.303603  0.000062  0.026959 

N2 0.000002  -0.639860  0.000008  0.174009 

C3 0.000001  -3.382430  -0.000187  0.159684 

C4 1.208026  -1.287717  -0.000053  0.109161 

C5 -1.208025  -1.287716  -0.000033  0.109162 

C6 -1.212219  -2.672549  -0.000128  -0.055487 

C7 1.212224  -2.672548  -0.000146  -0.055484 

H8 -2.142316  -3.235037  -0.000170  0.002783 

H9 2.142321  -3.235036  -0.000202  0.002783 

N10 -2.024092  0.960905  0.000076  0.067422 

C11 -4.699694  0.147836  0.000082  0.068804 

C12 -2.340352  -0.384514  0.000021  0.065263 

C13 -3.019606  1.872165  0.000139  0.014713 

C14 -4.349465  1.511254  0.000140  0.057878 

C15 -3.677861  -0.786930  0.000027  -0.017064 

H16 -2.698223  2.911545  0.000182  -0.001252 

H17 -5.126299  2.269547  0.000184  -0.002293 

H18 -3.934873  -1.843433  -0.000010  0.000736 

C19 2.340355  -0.384513  -0.000021  0.06526 

C20 4.349467  1.511254  0.000055  0.057877 

C21 3.677862  -0.786931  -0.000041  -0.017063 

N22 2.024094  0.960904  0.000035  0.06742 

C23 3.019607  1.872165  0.000073  0.014713 

C24 4.699693  0.147839  -0.000004  0.068803 

SOMO
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H25 3.934875  -1.843433  -0.000085  0.000736 

H26 2.698224  2.911544  0.000118  -0.001252 

H27 5.126302  2.269547  0.000088  -0.002293 

Cl28 -0.000005  3.723952  0.000106  0.001066 

C29 6.160758  -0.289998  -0.000031  -0.004834 

C30 0.000002  -4.901252  -0.000316  -0.01344 

C31 -6.160761  -0.290001  0.000069  -0.004835 

O32 -6.374992  -1.528419  -0.000100  0.007791 

O33 -7.013922  0.632291  0.000236  0.001937 

O34 -1.125721  -5.465102  -0.000364  0.010306 

O35 1.125727  -5.465100  -0.000366  0.010306 

O36 6.374983  -1.528417  -0.000104  0.007791 

O37 7.013914  0.632296  0.000018  0.001937 

aPart of the Gaussian output file: 

 

SCF Done:  E(UM06) =  -1885.49784299     A.U. after   11 cycles 

 

Annihilation of the first spin contaminant: 

 S**2 before annihilation     0.7613,   after     0.7501 

 

 

                   1                      2                      3 

                   A                     A                      A 

 Frequencies --     25.1947                32.0362                45.1544 

 Red. masses --     15.3238                15.6397                13.3465 

 

 

Zero-point correction=                           0.234034 (Hartree/Particle) 

 Thermal correction to Energy=                    0.258401 

 Thermal correction to Enthalpy=                  0.259345 

 Thermal correction to Gibbs Free Energy=         0.176380 

 Sum of electronic and zero-point Energies=          -1885.263809 

 Sum of electronic and thermal Energies=             -1885.239442 

 Sum of electronic and thermal Enthalpies=           -1885.238498 

 Sum of electronic and thermal Free Energies=        -1885.321463 

 

 

         Item                Value      Threshold  Converged? 

 Maximum Force            0.000017     0.000450     YES 

 RMS     Force           0.000003     0.000300      YES 
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Table  6  Geometry optimized for [PtCl(tctpyH‒•)]2‒ (Fig. 17B) in its doublet state. Optimized at 

the UM06 level of DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, 

N, O, and Cl.a 

 

 

 

 

 

 

 

 

Atom X Y Z Mulliken spin density 

Pt1 -0.012871  -1.320893  -0.000351  0.020451 

N2 -0.002341  0.621451  -0.001396  0.185986 

C3 0.012507  3.360414  0.000071  0.15816 

C4 -1.207456  1.278955  -0.000409  0.060541 

C5 1.209298  1.266089  -0.000418  0.104069 

C6 1.232934  2.642679  0.000148  0.020172 

C7 -1.214648  2.654207  0.000133  0.056638 

H8 2.176446  3.179599  0.000887  0.000309 

H9 -2.145359  3.214823  0.000820  -0.00072 

N10 2.017494  -0.986056  -0.000054  0.035002 

C11 4.692214  -0.202319  0.000247  0.021093 

C12 2.341291  0.350303  -0.000201  0.026401 

C13 2.998311  -1.907278  0.000344  -0.003186 

C14 4.334216  -1.556823  0.000528  0.056053 

C15 3.678165  0.744332  -0.000143  0.006998 

H16 2.665938  -2.942969  0.000514  -0.000282 

H17 5.105472  -2.320731  0.000933  -0.002219 

H18 3.946998  1.797492  -0.000357  -0.000026 

C19 -2.349261  0.374773  -0.000198  0.029291 

C20 -4.363274  -1.509172  0.000525  0.042171 

C21 -3.681147  0.784354  -0.000184  -0.002773 

N22 -2.040102  -0.964754  -0.000036  0.028863 

C23 -3.031318  -1.874832  0.000358  0.003027 

C24 -4.705976  -0.150895  0.000215  0.024377 

SOMO
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H25 -3.937694  1.840625  -0.000448  0.00045 

H26 -2.710972  -2.914275  0.000546  -0.000495 

H27 -5.142771  -2.264652  0.000954  -0.001688 

Cl28 -0.023804  -3.735882  0.000452  0.002452 

C29 -6.169391  0.294455  0.000282  -0.001618 

C30 -0.026936  4.815476  0.000095  0.051731 

C31 6.160863  0.225617  0.000332  -0.002091 

O32 6.378118  1.461846  -0.000412  0.004367 

O33 7.002962  -0.704314  0.000947  0.000407 

O34 -1.047401  5.493522  0.000536  0.063187 

O35 1.197452  5.386387  0.000278  0.007534 

H36 1.067542  6.347513  0.000521  -0.00083 

O37 -6.371338  1.533301  -0.000413  0.004867 

O38 -7.022884  -0.625026  0.000985  0.00133 

aPart of the Gaussian output file: 

 

SCF Done:  E(UM06) =  -1885.96246847     A.U. after   11 cycles 

 

Annihilation of the first spin contaminant: 

 S**2 before annihilation     0.7577,   after     0.7500 

 

 

                    1                     2                     3 

                    A                     A                     A 

 Frequencies --     24.9169                43.2143                46.1730 

 Red. masses --     14.8061                13.7905                13.3106 

 

 

Zero-point correction=                           0.247671 (Hartree/Particle) 

 Thermal correction to Energy=                    0.272133 

 Thermal correction to Enthalpy=                  0.273077 

 Thermal correction to Gibbs Free Energy=         0.190537 

 Sum of electronic and zero-point Energies=          -1885.714798 

 Sum of electronic and thermal Energies=             -1885.690335 

 Sum of electronic and thermal Enthalpies=           -1885.689391 

 Sum of electronic and thermal Free Energies=        -1885.771932 

 

         Item               Value      Threshold    Converged? 

 Maximum Force            0.000138     0.000450      YES 

 RMS     Force            0.000028     0.000300      YES 
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Table  7  Geometry optimized for [PtCl(tctpyH‒•)]2‒ (Fig. 17C) in its doublet state. Optimized at 

the UM06 level of DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, 

N, O, and Cl.a 

 

 

 

 

 

 

 

 

Atom X Y Z Mulliken spin density 

Pt1 0.017106  -1.304397  0.000010  0.014664 

N2 0.027667  0.646488  -0.000014  0.088853 

C3 0.034526  3.377841  0.000031  0.063982 

C4 -1.173810  1.286524  0.000031  0.055442 

C5 1.225862  1.285986  -0.000013  0.027173 

C6 1.250798  2.666118  0.000007  0.022174 

C7 -1.168913  2.685217  0.000061  -0.032393 

H8 2.182121  3.224791  0.000015  -0.000349 

H9 -2.094747  3.254608  0.000113  0.00207 

N10 2.054091  -0.965089  0.000013  0.012944 

C11 4.722111  -0.161742  -0.000049  0.033211 

C12 2.369873  0.368704  -0.000023  0.030969 

C13 3.039249  -1.877403  -0.000009  0.014397 

C14 4.375090  -1.514047  -0.000026  0.015353 

C15 3.696776  0.778793  -0.000069  -0.010343 

H16 2.716499  -2.916106  0.000002  -0.000892 

H17 5.152436  -2.271963  -0.000008  -0.000644 

H18 3.955083  1.834421  -0.000107  0.000621 

C19 -2.304851  0.391498  0.000077  0.141998 

C20 -4.327238  -1.511419  0.000123  0.1898 

C21 -3.629123  0.804676  -0.000019  -0.056526 

N22 -1.992889  -0.973126  0.000175  0.141809 

C23 -3.004864  -1.874858  0.000192  0.004743 

C24 -4.664797  -0.125252  0.000007  0.130061 

SOMO
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H25 -3.870864  1.865075  -0.000103  0.00316 

H26 -2.696323  -2.917908  0.000295  -0.00174 

H27 -5.098025  -2.274729  0.000169  -0.006855 

Cl28 0.016147  -3.712299  -0.000074  0.002164 

C29 -6.039796  0.359334  -0.000119  0.044599 

C30 0.043531  4.906328  0.000040  -0.007331 

C31 6.187802  0.279965  -0.000044  -0.001798 

O32 6.389568  1.518141  -0.000163  0.003959 

O33 7.037381  -0.642236  0.000076  0.001623 

O34 1.174778  5.451516  0.000147  0.004421 

O35 -1.078318  5.470157  -0.000031  0.007834 

O36 -6.379024  1.535911  -0.000282  0.057956 

O37 -6.949534  -0.637638  -0.000016  0.003502 

H38 -7.829197  -0.228404  -0.000122  -0.000612 

aPart of the Gaussian output file: 

 

SCF Done:  E(UM06) =  -1885.96056781     A.U. after   11 cycles 

 

Annihilation of the first spin contaminant: 

 S**2 before annihilation     0.7592,   after     0.7501 

 

 

                    1                      2                     3 

                    A                     A                     A 

 Frequencies --     23.1118                31.5739                41.1872 

 Red. masses --     12.6447                15.6594                10.0645 

 

 

Zero-point correction=                           0.247333 (Hartree/Particle) 

 Thermal correction to Energy=                    0.271904 

 Thermal correction to Enthalpy=                  0.272848 

 Thermal correction to Gibbs Free Energy=         0.189461 

 Sum of electronic and zero-point Energies=          -1885.713235 

 Sum of electronic and thermal Energies=             -1885.688664 

 Sum of electronic and thermal Enthalpies=           -1885.687720 

 Sum of electronic and thermal Free Energies=        -1885.771107 

 

         Item               Value      Threshold  Converged? 

 Maximum Force            0.000057     0.000450     YES 

 RMS     Force            0.000006     0.000300     YES 
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Table  8  Geometry optimized for [PtCl(tctpyH2
‒•)]‒ (Fig. 17D) in its doublet state. Optimized at 

the UM06 level of DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, 

N, O, and Cl.a 

 

 

 

 

 

 

 

Atom X Y Z Mulliken spin density 

Pt1 0.032484  -1.317612  -0.000040  0.021114 

N2 0.033848  0.627572  0.000055  0.156977 

C3 0.018651  3.354300  -0.000054  0.117646 

C4 -1.179036  1.265866  0.000035  0.109467 

C5 1.232804  1.277678  -0.000023  0.023643 

C6 1.250744  2.652312  -0.000092  0.092352 

C7 -1.191745  2.655217  0.000009  -0.03345 

H8 2.180860  3.212441  -0.000183  -0.002575 

H9 -2.130903  3.200170  0.000023  0.002468 

N10 2.063815  -0.969518  -0.000047  0.012301 

C11 4.730319  -0.163761  0.000085  0.023602 

C12 2.377917  0.365570  -0.000023  0.021146 

C13 3.049873  -1.881798  -0.000015  0.011781 

C14 4.384643  -1.517168  0.000051  0.016336 

C15 3.705428  0.775804  0.000050  -0.004115 

H16 2.727675  -2.920542  -0.000050  -0.000727 

H17 5.162736  -2.274232  0.000073  -0.000713 

H18 3.964417  1.831325  0.000082  0.000486 

C19 -2.303444  0.362757  0.000027  0.0762 

C20 -4.308702  -1.555676  0.000082  0.134851 

C21 -3.639124  0.762866  0.000073  -0.031629 

N22 -1.987236  -0.987510  -0.000008  0.088298 

C23 -2.977360  -1.904193  0.000047  -0.007105 

C24 -4.649385  -0.183964  0.000089  0.054901 

H25 -3.900844  1.817898  0.000107  0.001806 

SOMO
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H26 -2.651882  -2.941783  0.000045  -0.000619 

H27 -5.072880  -2.325116  0.000128  -0.005166 

Cl28 0.034842  -3.726174  -0.000181  0.002863 

C29 -6.048198  0.287066  0.000121  0.009844 

C30 0.060387  4.822136  -0.000130  0.031143 

C31 6.195864  0.279505  0.000172  -0.001866 

O32 6.395903  1.517878  0.000123  0.003137 

O33 7.045873  -0.642013  0.000256  0.001025 

O34 -6.932130  -0.720378  0.000015  0.000597 

H35 -7.824811  -0.338018  0.000040  -0.000242 

O36 -6.384025  1.457321  0.000236  0.025226 

O37 1.085680  5.483160  -0.000321  0.043364 

O38 -1.158179  5.389458  0.000063  0.006265 

H39 -1.036206  6.352239  -0.000042  -0.000633 

aPart of the Gaussian output file: 

 

SCF Done:  E(UM06) =  -1886.41872664     A.U. after   12 cycles 

 

Annihilation of the first spin contaminant: 

 S**2 before annihilation     0.7592,   after     0.7501 

 

 

                     1                    2                      3 

                     A                    A                     A 

 Frequencies --     23.2149                34.5850                45.3653 

 Red. masses --     12.2532                10.6040                13.5703 

 

 

Zero-point correction=                           0.260294 (Hartree/Particle) 

 Thermal correction to Energy=                    0.284995 

 Thermal correction to Enthalpy=                  0.285939 

 Thermal correction to Gibbs Free Energy=         0.202818 

 Sum of electronic and zero-point Energies=          -1886.158433 

 Sum of electronic and thermal Energies=             -1886.133732 

 Sum of electronic and thermal Enthalpies=           -1886.132788 

 Sum of electronic and thermal Free Energies=        -1886.215909 

 

         Item                Value      Threshold  Converged? 

 Maximum Force            0.000035     0.000450     YES 

 RMS     Force           0.000006     0.000300     YES 



127 

 

Table  9  Geometry optimized for [PtCl(tctpyH2
‒•)]‒ (Fig. 17E) in its doublet state. Optimized at 

the UM06 level of DFT using the LanL2DZ basis set for Pt and the 6-31+G(d,p) basis set for H, C, 

N, O, and Cl.a 

 

 

 

 

 

 

 

Atom X Y Z Mulliken spin density 

Pt1 0.000000  -1.294200  -0.000009  0.006502 

N2 -0.000004  0.654368  -0.000075  0.099162 

C3 0.000008  3.386236  0.000022  0.075537 

C4 -1.200765  1.295224  -0.000039  0.05108 

C5 1.200766  1.295209  -0.000036  0.050359 

C6 1.210056  2.682928  0.000014  -0.024519 

C7 -1.210058  2.682931  0.000009  -0.024959 

H8 2.137665  3.249206  0.000005  0.001857 

H9 -2.137659  3.249220  -0.000007  0.001869 

N10 2.015889  -0.960548  0.000034  0.076554 

C11 4.679601  -0.150278  -0.000010  0.085576 

C12 2.333197  0.387685  -0.000020  0.089644 

C13 3.010009  -1.874554  0.000076  0.018198 

C14 4.340148  -1.519572  0.000062  0.099292 

C15 3.661416  0.794508  -0.000053  -0.042137 

H16 2.689132  -2.913432  0.000148  -0.001695 

H17 5.106035  -2.287631  0.000112  -0.003671 

H18 3.915253  1.851401  -0.000104  0.002284 

C19 -2.333207  0.387694  -0.000025  0.08975 

C20 -4.340150  -1.519560  0.000061  0.099503 

C21 -3.661426  0.794517  -0.000061  -0.042103 

N22 -2.015902  -0.960521  0.000033  0.076718 

C23 -3.010000  -1.874534  0.000073  0.01764 

C24 -4.679600  -0.150282  -0.000013  0.085272 

H25 -3.915274  1.851407  -0.000119  0.002279 

SOMO
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H26 -2.689117  -2.913411  0.000141  -0.001677 

H27 -5.106032  -2.287624  0.000108  -0.003678 

Cl28 0.000011  -3.702738  -0.000006  0.003041 

C29 -6.075605  0.323265  -0.000024  0.017172 

C30 0.000007  4.913545  0.000045  -0.007012 

C31 6.075589  0.323272  -0.000022  0.017522 

O32 -6.963162  -0.681859  0.000049  0.001746 

H33 -7.854354  -0.296242  0.000054  -0.000348 

O34 -6.408218  1.494873  -0.000094  0.03254 

O35 1.126945  5.467287  0.000097  0.008195 

O36 -1.126933  5.467282  0.000032  0.008217 

O37 6.408213  1.494883  -0.000076  0.032862 

O38 6.963161  -0.681849  0.000015  0.001777 

H39 7.854344  -0.296213  0.000015  -0.000351 

aPart of the Gaussian output file: 

 

SCF Done:  E(UM06) =  -1886.41552042     A.U. after   12 cycles 

 

Annihilation of the first spin contaminant: 

 S**2 before annihilation     0.7611,   after     0.7501 

 

  

                    1                      2                      3 

                    A                      A                     A 

 Frequencies --     21.1989                35.3085                35.6430 

 Red. masses --     10.7963                11.9106                10.8126 

 

 

Zero-point correction=                           0.259334 (Hartree/Particle) 

 Thermal correction to Energy=                    0.284183 

 Thermal correction to Enthalpy=                  0.285128 

 Thermal correction to Gibbs Free Energy=         0.201163 

 Sum of electronic and zero-point Energies=          -1886.156186 

 Sum of electronic and thermal Energies=             -1886.131337 

 Sum of electronic and thermal Enthalpies=           -1886.130393 

 Sum of electronic and thermal Free Energies=        -1886.214358 

 

         Item                Value      Threshold  Converged? 

 Maximum Force            0.000018     0.000450     YES 

 RMS     Force            0.000004     0.000300     YES 
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Table 10  Electronic transitions for water-solvated [PtCl(tctpy‒•)]3‒ (Fig. 17A) in its doublet state 

calculated by the TD-DFT method, using the optimized geometry in Table 5. To minimize 

publication materials, only the selected transitions (f > 0.01 and |CI coef| > 0.3) above λ = 350 nm 

are summarized in this Table. 

 

Excited State E (cm-1) l (nm) fa ( > 0.01) Major contributions 
|CI coef| ( > 

0.3) 

1 5742 1741.63 0.0794 HOMO_α -> LUMO_α 0.97849 

3 12185 820.68 0.0349 HOMO_α -> LUMO+1_α 0.9817 

4 12501 799.95 0.0819 HOMO_α -> LUMO+2_α 0.97519 

5 17536 570.26 0.0433 HOMO_α -> LUMO+4_α 0.97066 

12 24617 406.23 0.0142 HOMO-3_α -> LUMO_α 0.44031 

    
HOMO-1_β -> HOMO_β 0.83835 

14 25995 384.69 0.115 HOMO_α -> LUMO+14_α 0.75078 

    
HOMO_α -> LUMO+17_α 0.58009 

20 27494 363.71 0.0183 HOMO-2_α -> LUMO_α 0.77637 

    
HOMO-8_β -> HOMO_β 0.33928 

    
HOMO-1_β -> LUMO_β 0.4785 

 aOscillator strength. 
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Table 11  Electronic transitions for water-solvated [PtCl(tctpyH‒•)]2‒ (Fig. 17B) in its doublet state 

calculated by the TD-DFT method, using the optimized geometry in Table 6. To minimize 

publication materials, only the selected transitions (f > 0.01 and |CI coef| > 0.3) above λ = 350 nm 

are summarized in this Table. 

 

Excited State E (cm-1) l (nm) fa ( > 0.01) Major contributions |CI coef| ( > 0.3) 

1 6895 1450.33 0.0457 HOMO_α -> LUMO_α 0.97711 

2 12458 802.69 0.0982 HOMO_α -> LUMO+1_α 0.98949 

4 15033 665.21 0.0525 HOMO_α -> LUMO+2_α 0.97555 

5 17418 574.11 0.0266 HOMO_α -> LUMO+4_α 0.97191 

6 22488 444.68 0.0202 HOMO-2_β -> LUMO_β 0.41097 

    
HOMO-1_β -> HOMO_β  0.75174 

9 24437 409.22 0.0255 HOMO-4_α -> LUMO_α 0.54614 

    
HOMO-2_α -> LUMO_α 0.38088 

    
HOMO-1_β -> HOMO_β 0.59098 

19 27583 362.54 0.0588 HOMO-1_α -> LUMO_α 0.44706 

    
HOMO-9_β -> HOMO_β 0.61995 

    
HOMO-1_β -> LUMO_β 0.50697 

21 27875 358.75 0.1068 HOMO_α -> LUMO+13_α 0.76143 

    
HOMO_α -> LUMO+17_α 0.36163 

 aOscillator strength. 
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Table 12  Electronic transitions for water-solvated [PtCl(tctpyH‒•)]2‒ (Fig. 17C) in its doublet state 

calculated by the TD-DFT method, using the optimized geometry in Table 7. To minimize 

publication materials, only the selected transitions (f > 0.01 and |CI coef| > 0.3) above λ = 350 nm 

are summarized in this Table. 

 

Excited State E (cm-1) l (nm) fa ( > 0.01) Major contributions 
|CI coef| 

( > 0.3) 

1 7632 1310.34 0.0901 HOMO_α -> LUMO_α  0.97529 

2 9878 1012.38 0.0754 HOMO_α -> LUMO+1_α 0.9581 

4 15707 636.67 0.0257 HOMO_α -> LUMO+2_α 0.97663 

5 19401 515.43 0.0492 HOMO_α -> LUMO+4_α 0.9264 

9 24425 409.42 0.0115 HOMO-4_α -> LUMO_α 0.38416 

    
HOMO-1_α -> LUMO_α 0.3469 

    
HOMO-2_β -> HOMO_β 0.57593 

    
HOMO-1_β -> HOMO_β 0.44378 

11 24889 401.78 0.0272 HOMO_α -> LUMO+8_α 0.89066 

    
HOMO_α -> LUMO+11_α 0.34812 

14 25847 386.89 0.0355 HOMO-5_α -> LUMO+3_α 0.47278 

    
HOMO_α -> LUMO+8_α 0.31566 

    
HOMO_α -> LUMO+11_α 0.58259 

    
HOMO-5_β -> LUMO+3_β 0.46392 

15 25963 385.17 0.0339 HOMO-5_α -> LUMO+3_α 0.52364 

    
HOMO_α -> LUMO+11_α 0.54761 

    
HOMO-5_β -> LUMO+3_β 0.49662 

18 26906 371.67 0.0141 HOMO-1_α -> LUMO_α 0.73986 

    
HOMO-9_β -> HOMO_β 0.37358 

24 28291 353.47 0.2194 HOMO-1_α -> LUMO_α 0.40665 

    
HOMO-9_β -> HOMO_β 0.72074 

 aOscillator strength. 
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Table 13  Electronic transitions for water-solvated [PtCl(tctpyH2
‒•)]‒ (Fig. 17D) in its doublet state 

calculated by the TD-DFT method, using the optimized geometry in Table 8. To minimize 

publication materials, only the selected transitions (f > 0.01 and |CI coef| > 0.3) above λ = 350 nm 

are summarized in this Table. 

 

Excited State E (cm-1) l (nm) fa ( > 0.01) Major contributions 
|CI coef| 

( > 0.3) 

1 6898 1449.75 0.0839 HOMO_α -> LUMO_α 0.93309 

    
HOMO_α -> LUMO+1_α 0.31116 

2 9817 1018.64 0.0625 HOMO_α -> LUMO_α 0.32872 

    
HOMO_α -> LUMO+1_α 0.90271 

4 14952 668.8 0.0617 HOMO_α -> LUMO+2_α 0.93379 

5 17917 558.12 0.0349 HOMO_α -> LUMO+4_α 0.94616 

6 21761 459.54 0.0106 HOMO-3_β -> LUMO_β 0.32894 

    
HOMO-1_β -> HOMO_β 0.79343 

9 23798 420.21 0.0161 HOMO-3_α -> LUMO_α 0.51147 

    
HOMO-3_β -> LUMO_β 0.37472 

    
HOMO-1_β -> HOMO_β 0.50509 

13 26023 384.28 0.0434 HOMO_α -> LUMO+8_α 0.6056 

    
HOMO_α -> LUMO+12_α 0.7017 

16 26503 377.32 0.0378 HOMO-2_α -> LUMO_α 0.72822 

    
HOMO-1_β -> LUMO_β 0.40523 

18 26679 374.82 0.0113 HOMO_α -> LUMO+8_α 0.78121 

    
HOMO_α -> LUMO+12_α 0.56802 

21 27660 361.53 0.0923 HOMO-8_β -> HOMO_β 0.41421 

    
HOMO-7_β -> HOMO_β 0.62136 

    
HOMO-1_β -> LUMO_β 0.38916 

23 28000 357.14 0.0975 HOMO-2_α -> LUMO_α 0.43479 

    
HOMO-1_β -> LUMO_β 0.77229 

 aOscillator strength. 
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Table 14  Electronic transitions for water-solvated [PtCl(tctpyH2
‒•)]‒ (Fig. 17E) in its doublet state 

calculated by the TD-DFT method, using the optimized geometry in Table 9. To minimize 

publication materials, only the selected transitions (f > 0.01 and |CI coef| > 0.3) above λ = 350 nm 

are summarized in this Table. 

 

Excited State E (cm-1) l (nm) fa ( > 0.01) Major contributions 
|CI coef| 

( > 0.3) 

1 5711 1750.94 0.1713 HOMO_α -> LUMO_α 0.97796 

2 10666 937.52 0.0755 HOMO_α -> LUMO+2_α 0.97615 

3 10727 932.25 0.0153 HOMO_α -> LUMO+1_α 0.98429 

5 18839 530.81 0.024 HOMO_α -> LUMO+4_α 0.97655 

13 25219 396.53 0.1136 HOMO_α -> LUMO+12_α 0.94759 

23 27403 364.92 0.1135 HOMO-1_β -> LUMO_β 0.92608 

27 27941 357.9 0.0172 HOMO_α -> LUMO+10_α 0.78057 

28 27941 357.9 0.1731 HOMO-8_β -> HOMO_β 0.63548 

    
HOMO-7_β -> HOMO_β 0.55126 

31 28492 350.98 0.014 HOMO-8_α -> LUMO_α 0.41345 

    
HOMO-3_α -> LUMO_α 0.31012 

    
HOMO-1_β -> LUMO+2_β 0.31328 

aOscillator strength. 
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Conclusion 

The first negatively charged PtCl(tpy) derivative (Na2[PtCl(tctpy)]•5H2O) was 

successfully prepared, characterized, and investigated in detail for its activity as a 

single-component photocatalyst which drives water reduction to H2 in the presence of 

EDTA. This compound was confirmed to exist in its fully deprotonated form 

[PtCl(tctpy)]2‒ in aqueous media at pH > 4.4. In spite of its dianionic character, 

[PtCl(tctpy)]2‒ was found to form a specific adduct with anionic EDTA, enabling 

reductive quenching of the triplet MLCT excited state within the adduct leading to 

subsequent electron transfer steps correlated with Pt(II)-catalyzed H2 evolution from 

water. Electrochemical studies also reveal that the compound exhibits a unique 

pH-dependent first reduction (i.e., tctpy-centered reduction). We thus come to encounter 

an interesting Pt(II)-based molecular H2 evolution catalyst whose basicity drastically 

increases upon forming the one-electron-reduced form, which allows us to demonstrate 

an important strategy to develop catalysts driving HER using a PCET process derived 

from the ligand geometry, which often lowers the reaction barriers of catalytic pathways. 

Extended studies by adopting such strategies are now actively in progress. 
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Concluding Remarks 

 

In this thesis, the author concentrated on the studies of Pt(II)-based molecular catalysis 

for H2 evolution reaction (HER). It was reported that Pt(II) complexes show unique 

catalytic properties in the photochemical system consisting of multiple components 

before the author started to carry out these studies. However, some reports in 2008 and 

2009 pointed out that the photodecomposition product of Pt(II) complexes, such as 

colloidal platinum, might be an active catalyst for HER in such a photochemical system. 

In this context, the author evaluated the catalytic properties of Pt(II)-based molecular 

catalysts for HER without light irradiation. This study, depicted in Chapter 1, leaded to 

the realization that the HER catalyzed by Pt(II) complexes indeed proceeds as a thermal 

process. Furthermore, some new insights into the reaction mechanism of Pt(II)-based 

catalysis were successfully obtained owing to the construction of the simple system to 

evaluate the catalytic activity for thermal HER. In Chapter 2, the reaction of 

Pt(II)-based H2-evolving catalysts with molecular hydrogen was investigated for the 

first time, leading to the acquirement of the strategy to develop highly robust molecular 

catalysts for HER. During the studies on the development of highly active and highly 

stable Pt(II)-based catalysts for HER, the author found that a dianionic PtCl(tpy) 

derivative ([PtCl(tctpy)]2‒) exhibits a photo-hydrogen-evolving activity, as depicted in 

Chapter 3. Although the turnover number (TON) of 4.6 at pH = 6.2 (12 h) is lower 

compared with other photo-hydrogen-evolving molecular devices, [PtCl(tctpy)]2‒ 

displays a very unique pH-dependent behavior owing to the proton acceptor ability of 

carboxylate substituents. Furthermore, the water-soluble character of the 

one-electron-reduced form of [PtCl(tctpy)]2‒ enables us to elucidate the reaction 

mechanism of HER photocatalyzed by [PtCl(tctpy)]2‒. Specifically, tbe 

one-electron-reduced form of [PtCl(tctpy)]2‒, which is generated by the reductive 

quenching of the triplet metal-to-ligand charge transfer state of [PtCl(tctpy)]2‒ by EDTA, 

drives thermal HER with the driving force of 150 meV. Extended studies are actively in 

progress. 
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