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Photocatalytic Hydrogen Evolution Using a Ru(II)-Bound 
Heteroaromatic Ligand as a Reactive Site 
Takuya Sawaki,a Tomoya Ishizuka,a Nanase Namura,a Dachao Hong,a,b Mayuko Miyanishi,c Yoshihito 
Shiota,c Hiroaki Kotani,a Kazunari Yoshizawa,*c Jieun Jung,d Shunichi Fukuzumid,e and Takahiko 
Kojima*a 

A RuII complex, [RuII(tpphz)(bpy)2]2+ (1) (tpphz = tetrapyridophenazine, bpy = 2,2’-bipyridine), whose tpphz ligand has a 
pyrazine moiety, is converted efficiently to [RuII(tpphz-HH)(bpy)2]2+ (2) having a dihydropyrazine moiety upon 
photoirradiation of a water-methanol mixed solvent solution of 1 in the presence of an electron donor in 30% quantum yield. 
In this reaction, the triplet metal-to-ligand charge-transfer excited state (3MLCT*) of 1 is firstly formed upon photoirradiation 
and the 3MLCT* state is reductively quenched with an electron donor to afford [RuII(tpphz•–)(bpy)2]+, which is converted to 
2 without observation of detectable reduced intermediates by nano-second laser flash photolysis. An inverse kinetic isotope 
effect (KIE) was observed to be 0.63 in the N-H bond formation of 2 at the dihydropyrazine moiety. White-light (380 – 670 
nm) irradiation to a solution of 1 in a protic solvent, in the presence of an electron donor under inert atmosphere, afforded 
photocatalytic H2 evolution and hydrogenation of organic substrates. In the reactions, complex 2 is required to be excited 
to form its 3MLCT* state to react with a proton and aldehydes. In the photocatalytic H2 evolution, the H-H bond formation 
between the photoexcited 2 and a proton is involved in the rate-determining step with showing normal KIE to be 5.2 on H2 
evolving rates. Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations on the reaction mechanism 
of H2 evolution from the ground and photo-excited states of 2 were perfomed to have a better understanding of the 
photocatalytic processes. 

Introduction 
Photocatalytic reduction promoted by visible light to produce 
chemical energy sources such as H21-3 and to perform chemical 
conversion of organic substrates to useful products4 has been 
considered as one of important processes toward construction 
of a sustainable society.5 As a method to perform the reactions 
under mild conditions with visible-light irradiation, a robust and 
efficient photosensitizer, which exhibits a strong absorption 
band in the visible region, has been required to the 
photoexcited state of a photosensitizer that acts as an electron 
acceptor.6 
 Among organic and inorganic photosensitizers, 
ruthenium(II) complexes having diimine chelating ligands have 
been proven to be effective and useful in many kinds of  

 

Scheme 1 Schematic description of photoinduced ET reactions of a RuII-diimine 
complex. L: diimine ligand, D: electron donor, A: electron acceptor, Eox: the first oxidation 
potential, Ered: the first reduction potential. 

photoinduced reactions.7 Relatively long-lived triplet metal-to-
ligand charge transfer (3MLCT*) excited states of RuII-diimine 
complexes have been extensively utilised for various 
photoinduced catalytic reactions.8-10 Among the RuII-diimine 
complexes, [RuII(bpy)3]2+ (bpy = 2,2’-bipyridine) has been most 
frequently employed as a photosensitizing reagent for various 
photocatalytic reactions by virtue of the long-lived 3MLCT* 
state.11-21 The 3MLCT* state of [RuII(bpy)3]2+ has been known to 
exhibit dichotomic reactivity, i.e., oxidative quenching to 
release an electron to an electron acceptor to form 
[RuIII(bpy)3]3+ and also reductive quenching to accept an 
electron from an electron donor to afford [RuII(bpy•–)(bpy)2]+ 
(Scheme 1).11 A versatile oxidative quenching method involves 
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an electron acceptor such as [CoIIICl(NH3)5]2+ to form 
[RuIII(bpy)3]3+ (Ered = +1.26 V vs. NHE), which can act as a 
powerful oxidant to generate reactive species such as high-
valent metal-oxo complexes in photocatalytic oxidation 
reactions16,17 and also water oxidation.18 On the other hand, the 
3MLCT* state of [RuII(bpy)3]2+ can be reductively quenched in 
the presence of an electron donor such as triethylamine to 
afford [RuII(bpy•–)(bpy)2]+ (Eox = –1.28 V vs. NHE), which can 
serve as a strong reductant to afford reactive species in 
photocatalytic reduction reactions, including hydrogen 
evolution19,20 and reductive conversion of organic 
compounds.21 
 In the case of the reductive quenching of the 3MLCT* state 
of RuII-diimine complexes, ET reactions afford RuII complexes 
having an unpaired electron in the ligand p-systems as 1e–-
reductants. Since, in most cases, radical intermediates that are 
formed through 1e–-reduction of substrates by the 1e–-reduced 
RuII-diimine complexes lower the product selectivity, it is very 
useful to lead the 3MLCT* state of RuII complexes to stable 
forms having no unpaired electrons.22 As one of plausible 
strategies, we focused on proton-coupled electron transfer 
(PCET) from an electron donor to the 3MLCT* state of a RuII-
diimine complex having two proton-accepting sites. In the 
presence of proton and electron donors in a close contact to a 
protonated 1e–-reduced complex (RuII(HL•)), the complex can 
undergo further reduction and protonation to generate a 2H 
(2H+/2e–)-reduced species (RuII(H2L)).22-26 PCET allows us to 
stabilize the 2e– reduction products and also to lower the 
potential barriers of the reduction reactions in comparison with 
ET without proton transfer (PT) or PT without ET.24 Tanaka and 
co-workers have demonstrated photoinduced PCET reactions to 
obtain RuII complexes having 2H-reduced ligands with use of 
two-proton and 2e– accepting ligands such as 2-(2-
pyridyl)benzo[b]-1,5-naphthyridine to generate an analogue of 
reduced nicotinamide adenine dinucleotide (NADH) involving 
both C-H and N-H bond formation.22,27 They have also 
demonstrated that the 2H-reduced RuII complex can perform 
hydride transfer to external substrates such as carbon 
dioxide27d and dioxygen.22c 
 In this study, we have used a RuII complex with a p-expanded 
heteroaromatic diimine ligand having a pyrazine moiety, 
tetrapyrido[3,2-a:2’,3’-c:3”,2”-h:2’’’,3’’’-j]phenazine (tpphz) for 
photocatalytic hydrogen evolution. The pyrazine moiety of the 
tpphz ligand is expected to function as a 2H+ and 2e– acceptor, 
since the pyrazine moiety can be 2H-reduced to afford a 
dihydropyrazine derivative by accepting two protons at the two 
nitrogen atoms and two-electrons in a p* orbital; 
dihydropyrazine and its derivatives possess high reduction 
ability to turn back to the corresponding pyrazine derivatives by 
transferring two protons and two electrons to substrates by 
virtue of the aromatization as a driving force.28,29 Herein, we 
describe photochemical reduction of the RuII-tpphz complex (1; 
Chart 1) with use of an electron donor such as triethylamine 
(Et3N) to afford a RuII complex with a reduced tpphz ligand, 
whose pyrazine moiety is dihydrogenated.  

 

Chart 1 Molecular structure of the photocatalyst 1. 

Mechanistic insights into photocatalytic hydrogen evolution by 
complex 1 in the presence of an electron donor is also 
presented. Thus, the catalytically active site of 1 is not the Ru 
centre but the p-expanded heteroaromatic diimine ligand in the 
hydrogen evolution.30 Furthermore, complex 1 also shows 
photocatalytic activity toward hydrogenation of organic 
substrates such as benzaldehyde. 

Results and discussion 
Electrochemical measurements and phosphorescence quenching of 
1. 

The RuII complex, 1,31,32 having two bpy molecules and one 
tpphz molecule as ligands, has been mainly employed in this 
study (Chart 1). As a counter anion of the complex, perchlorate 
was chosen to ensure the reasonable solubility into aqueous 
media. In the cyclic and differential-pulse voltammograms (CV 
and DPV, respectively) of 1·(ClO4)2 in acetonitrile (CH3CN) 
containing 0.1 M tetrabutylammonium hexafluorophosphate 
(TBAPF6) as an electrolyte, reduction waves were observed at –
0.98 and –1.12 V vs. SCE (Fig. S1), the former of which was 
assigned to the reduction of the tpphz ligand and the latter was 
to that of a bpy ligand.32,33 
 To explore the photochemical properties of 1, the reductive 
quenching of the triplet MLCT excited state of 1 (31*)34 was 
investigated with use of various electron donors. The emission 
spectrum of 1·(ClO4)2 with the excitation wavelength at 424 nm 
in the absence of reductants in a water-CH3OH mixed solvent 
(1 : 1, v/v) exhibited phosphorescence centred at 634 nm at 
room temperature (Fig. S2; black line). Upon addition of Et3N 
(1.8 M) as an electron donor, the phosphorescence was 
quenched by 76% (Fig. S2; red line); hence, 31* can be efficiently 
quenched by Et3N. The quenching efficiency with Et3N was 
investigated on the basis of the Stern-Volmer analysis35 (Fig. S3). 
The relative phosphorescence intensity (I0/I) was plotted 
against the Et3N concentration, which resulted in a linear 
relationship (Fig. S3a), and the Stern-Volmer equation (I0/I = 
kqt0[Et3N] + 1) was applied to obtain the quenching rate 
constant, kq. The quenching constant (kqt0) was determined to 
be 0.23 M–1 from the slope of the plot and the lifetime of the 
triplet excited state of 1 was determined to be 16.7 ns from the 
decay curve of the emission intensity (Fig. S3b). Therefore, the 
kq value was determined to be 1.4 ´ 107 M–1 s–1. 
 For seeking a better electron donor, phosphorescence 
quenching efficiencies were determined with use of other 
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reductants (Table S1). Among the electron donors examined in 
this work, L-ascorbic acid (As) and oxalic acid (Ox) exhibited 
comparable quenching efficiencies to that with Et3N; 89% for As 
and 61% for Ox, and N-ethylmorpholine (EtMor) performed 
quenching with lower efficiency of 12%. Ferrocene (Fc) as a 
reductant also showed weakened phosphorescence of 1. 
However, interference in light absorption of 1 by the absorption 
of Fc was very severe in the visible region (e = 82 for Fc at lmax 
= 440 nm), because a large excess amount of Fc, 1000 equiv 
relative to 1·(ClO4)2, was used in the experiment; thus, the 
incident light should be exclusively absorbed by Fc. Therefore, 
the quenching efficiencies could not be estimated correctly. The 
quenching efficiencies of Et3N, As, Ox, and EtMor can be 
elucidated by relation between the oxidation potentials (Eox) of 
the reductants and the reduction potential (Ered) of 31*; the 
calculated Ered of 31* is +1.06 V vs. SCE, and thus, 31* can be 
quenched by Et3N (Eox = +0.80 V vs. SCE), As (+0.15), Ox (+0.98) 
and EtMor (> +1.0), judging from the Eox values obtained from 
DPV measurements (Fig. S4). Additionally, as Eox of the 
reductant lowers, the quenching efficiency becomes higher, 
due to the increase in the driving force of ET from the 
reductants to 31*. 
 
Characterization of the photochemical product obtained from 1. 

To monitor the photochemical reaction of 1 in the presence of 
Et3N as an electron donor, UV-Vis and 1H NMR spectroscopies 
were applied. Complex 1·(ClO4)2 exhibited an MLCT absorption 
band at 450 nm and a p-p* transition band of the tpphz ligand 
around 380 nm in a water-CH3OH mixed solvent (1 : 1, v/v) 
containing Et3N (1.8 M) (light-blue trace in Fig. 1). Under 
photoirradiation with the white light (380 – 670 nm) to the 
solution of 1·(ClO4)2, the p-p* transition band, observed around 
380 nm, gradually decreased and the MLCT band gradually 
increased, concomitant with the appearance of a broad 
absorption band in the range of 500 – 800 nm (red trace in Fig. 
1); the broad lower-energy absorption band could be  

 
Fig. 1 UV-Vis spectral change under photoirradiation (380 – 670 nm) to the solution 
of 1·(ClO4)2 (25 µM) in a water-CH3OH-Et3N mixed solvent (1 : 1 : 1, v/v/v) at room 
temperature: before photoirradiation (light-blue trace) and after 10 min irradiation (red 
trace). Before the photoirradiation, the solution pH was measured with a digital pH 
meter to be 12.1. 

assigned to that due to decomposed products derived from 1e–

-oxidized Et3N.36 The disappearance of the p-p* transition band 
of the tpphz moiety indicates shrinkage of the p-conjugation 
circuit expanding to the whole tpphz ligand. The change was 
completed within 10 min, and the quantum yield of the change 
with incident light at 440 nm was determined to be 30% by a 
typical actinometer method.37 This quantum yield is quite high 
for this kind of photochemical reactions.27a,38 Similar spectral 
changes including decrease in p-p* transition around 380 nm 
were observed with use of other reductants (Fig. S5).39,40 In 
addition, a similar spectral change was also observed in the case 
of the electrolytic reduction at –1.4 V vs. Ag/AgCl in the 
presence of tetramethylammonium chloride (Me4NCl) as an 
electrolyte in a CH3OH-borate buffer (pH 9.5) mixed solvent (1 : 
1, v/v) (Fig. S8). 
 Photoirradiation of a D2O-CD3OD mixed solvent solution (1 : 
1, v/v) of 1·(ClO4)2 (0.3 mM) and Et3N (71 mM) with white light 
(380 – 670 nm) resulted in upfield shifts of the 1H NMR signals 
of the tpphz ligand in 1, whereas those of the bpy ligands were 
almost intact (Fig. 2). This photoreaction proceeded 
quantitatively, since no signals due to side products were 
observed in the spectrum. Small shifts of the 1H NMR signals 
ascribable to those of the bpy ligands after photo-irradiation 
also support that the valence number (2+) of the Ru centre and 
the total charge of the cationic moiety of the complex are intact 
after the photoreduction of the tpphz ligand. 
 The NH atoms of the reduced pyrazine moiety in the 
reduced form (2) cannot be observed by 1H NMR spectroscopy 
in deuterated protic solvents due to the fast H/D exchange with 
deuterated protic solvents. Therefore, to confirm the 
hybridization change of the two nitrogen atoms of the pyrazine 
moiety from 1 to 2, 15N NMR spectra were measured using (1-
15N)·Cl2, whose two nitrogen atoms in the pyrazine  

 
Fig. 2 Molecular structures of 1 (a) and 2 (b). 1H NMR spectra of 1·(ClO4)2 (0.3 mM) 
in a D2O-CD3OD mixed solvent (1:1, v/v) in the presence of Et3N (71 mM) (c) and after 
photoirradiation with white light (380 – 670 nm) for 30 min at room temperature (d). 
The red signals indicate those derived from the hydrogen atoms of the tpphz moiety, and 
the symbols indicate the positions of protons in the structures of 1 and 2 shown above. 
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Scheme 2 Photoinduced PCET reduction of 1. 

moiety of the tpphz ligand were labelled with 15N (98%), under 
high concentration conditions. Note that, to improve the 
solubility of 1-15N in CH3OH, Cl– ions were employed as the 
counter ions in place of ClO4–. In the 15N NMR spectrum of (1-
15N)·Cl2, a singlet signal was observed at d 308.22 ppm, 
calibrated with an external reference of (NH4)2SO4 (20.55 
ppm),41 at room temperature (Fig. 3a). On the other hand, after 
the white-light irradiation of a CH3OH solution of (1-15N)·Cl2 for 
4 h in the presence of Et3N (71 mM), the 15N NMR signal was 
shifted to 68.86 ppm at room temperature (Fig. 3b and c). These 
results indicate that the hybridization of the N atoms of the 
pyrazine moiety is changed from sp2 to sp3 hybridization in the 
course of the photochemical reduction. Thus, we propose that 
the reduced product 2 is a Ru(II) complex having a 
dihydropyrazine moiety as shown in Scheme 2. Upon lowering 
the temperature to 195 K, the 15N NMR signal of (2-15N)·Cl2 was 
shifted to 73.43 ppm and the signal was split into a doublet due 
to coupling with a 1H nucleus (JNH = 81.6 Hz), indicating that the 
15N atoms at the pyrazine moiety in the photochemical product 
(2-15N)·Cl2 connect directly to one H atom (Fig. 3d). These 
observations strongly support the hydrogenation of the 
pyrazine nitrogen atoms of the tpphz ligand as the results of 
photoinduced PCET, in which protons are derived from the 
solvent (MeOH) and electrons are from Et3N. 

 
Fig. 3 15N NMR spectra in a CH3OH-benzene-d6 mixed solvent (9 : 1, v/v) of (1-15N)·Cl2 
(a) and after photoirradiation (380 – 670 nm) in the presence of Et3N at room 
temperature (b and c) and at 195 K (d). Arrows in (a) and (b) indicates the signals assigned 
to the 15N atoms of the pyrazine moiety of 1-15N and the corresponding 15N atom of the 
photochemical product, 2-15N, respectively. *: artefact at the frequency centre. 

 In addition, complex 2·(ClO4)2 is highly air-sensitive: Once it 
was exposed to air, it immediately turned back to 1,  

 

Fig. 4 DFT calculations on 2 at the B3LYP level of theory in vacuum: (a) optimized 
structure of 2 and (b) frontier MOs of 2. 

exemplifying the high reactivity of 2 as a reductant (Fig. S9). 
After quenching 2·(ClO4)2 with air, the solution was analysed 
with iodometry. When an NaI solution was added to the 
reaction mixture after the exposure to dioxygen, the 
absorbance around 350 nm did not increase (Fig. S10). If the 
solution contains H2O2, absorption around 350 nm should 
appear due to I3– formed by oxidation of I– with H2O2.42 The lack 
of the absorption around 350 nm due to I3– after the treatment 
of the solution with NaI indicates that the product from the 
reaction of O2 with 2 is not H2O2. In addition, another attempt 
to detect H2O2 was also made with [TiIV(O)(TPyPH4)]4+ (TPyP = 
5,10,15,20-tetra(4-pyridyl)porphyrinato) (Fig. S11);43 however, 
no significant absorption change was observed on the basis of a 
reaction with H2O2 and [TiIV(O)(TPyPH4)]4+ to rule out the 
formation of H2O2. 
 Density functional theory (DFT) calculations were 
performed to optimize the geometry of 2 at the B3LYP level of 
theory44-46 combined with the SDD basis set47 for the Ru atom 
and the D95** basis set48 for the other atoms. The reduced 
tpphz ligand is very slightly distorted and the NH atoms are 
slightly deviated from the tpphz plane to the same direction (Fig. 
4). Additionally, the LUMO is localized to the two bpy ligands 
and the Ru-side phenanthlorine moiety of the reduced tpphz 
ligand, and the p-conjugation on the whole tpphz moiety, as 
observed in 1,32b disappears after the reduction (Fig. 4b). This is 
consistent with the fact that the p-p* transition band around 
380 nm, derived from the tpphz ligand, weakened in the course 
of the photochemical reduction (Fig. 1). 
 
Kinetic studies on the photochemical formation of 2. 

To gain mechanistic insights into the formation of 2,  
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Fig. 5 A plot of the initial rates of the formation of 2·(ClO4)2 from 1·(ClO4)2 through a 
photochemical process against transmittance of irradiation light. The reactions were 
performed in a CH3OH-H2O mixed solvent solution (3 mL, 1 : 1, v/v)  of 1·(ClO4)2 (25 µM) 
in the presence of Et3N (1 mL) under irradiation of white light (380 – 670 nm). The 
transmittance of irradiation light was controlled by a ND-filter equipped to the light 
source unit. The initial rates were obtained from the linear analysis on the basis of the 
absorbance changes at 380 nm. 

dependence of the rate (v) of the photochemical process on the 
concentration of 1 and on the irradiation power were explored. 
The progress of the reaction was monitored with the change of 
absorbance at 380 nm, which derives from the p-p* transition 
in the tpphz ligand of 1. The rate of the formation of 2·(ClO4)2 
was determined to be 2.4 ´ 10–7 M s–1, when the initial 
concentration of 1 was 10 µM. The v value increased in 
accordance with an increase in the concentration of 1·(ClO4)2 in 
the range of 0 – 60 µM, showing saturation behaviour around 
60 µM (Fig. S12). Also, the irradiation power of a light source 
affected the formation rate of 2·(ClO4)2; a linear dependence of 
the v value was observed on the irradiation power of white light 
controlled by ND-filter (Fig. 5). The linear irradiation-power 
dependence indicates that the photochemical process to form 
2 proceeds as a unimolecular reaction of 1 working as a 
photocatalyst, rather than a bimolecular reaction such as 
disproportionation between two molecules of 1e–-reduced 1. In 
addition, the saturation behaviour observed in Fig. S12 can be 
explained by the fact that the concentration of photoexcited 1 
(1*) is dominant for determining the rate in photochemical 
formation of 2. 
 To investigate kinetic isotope effect (KIE) on the formation 
of 2·(ClO4)2, photoirradiation of H2O-CH3OH and D2O-CD3OD 
mixed solvent solutions of 1·(ClO4)2 in the presence of Et3N as 
an electron donor was performed using the white light. The 
progress of the reaction was monitored by the change in 
absorbance at 380 nm, which derives from the p-p* transition 
in the tpphz ligand of 1 (Fig. 6). The reaction in the deuterated 
solvent proceeded faster than that in the non-deuterated 
solvent; the initial rate in the non-deuterated solvent (vH) was 
determined to be 0.88 ´ 10–6 M s–1 and that in the deuterated 
solvent (vD) was 1.4 ´ 10–6 M s–1. Thus, the KIE value (vH/vD) was 
determined to be 0.63 for the formation of 2·(ClO4)2. 
Additionally, the quantum yield in the deuterated solvent (FD) 
was higher than that in the non-deuterated solvent (FH): FH = 
0.30 and FD = 0.48. The inverse KIE indicates that a bond-
forming process involving an H atom (= H+ + e–) should occur in  

 

Fig. 6 Absorbance change at 380 nm in the initial step of the photo-chemical 
reduction of 1·(ClO4)2 (25 µM) with Et3N (1.8 M) in H2O-CH3OH (1 : 1, v/v, filled circles, 
blue line) and D2O-CD3OD (1 : 1, v/v, filled squares, red line) mixed solvents under 
photoirradiation (l = 420 nm) at 297 K. 

the rate-determining step (RDS) in the formation of 2.49 
Therefore, the RDS in the photochemical formation of 2 should 
be the N-H bond formation at the pyrazine moiety. A similar 
inverse KIE (0.4) was reported for PCET from both toluene and 
[RuII(bpy)3]2+ to [(N4Py)FeIV(O)]2+  (N4Py = N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methyl-amine), when HOTf was 
replaced by DOTf.50 
 
Photocatalytic hydrogen evolution with 1·(ClO4)2 as a catalyst. 

Further irradiation of a water-CH3OH mixed solvent solution 
(1:1, v/v, 3 mL) of 1·(ClO4)2 (25 µM) in the presence of Et3N (1.8 
M) as a sacrificial reductant with the white light (380 – 670 nm) 
for 6 h after forming 2 at room temperature resulted in  
evolution of 0.08 µmol of H2 that was detected by gas 
chromatography (GC). No Ru nanoparticle formation was 
observed by dynamic light scattering (DLS) measurements (Fig. 
S13). The turnover number (TON) based on the catalyst 1 was 
determined to be 1. Therefore, complex 2, formed in the first 
photochemical process, probably acts as an intermediate in the 
hydrogen evolution catalysed by 1.30,51 Photocatalytic hydrogen 
evolution was also performed with the other reductants 
employed for the reductive quenching experiments (see 
above); however, the amount of H2 evolved was not related to 
the quenching efficiencies. Using Et3N as the reductant afforded 
the highest rate of hydrogen evolution among them (Table S1). 
The low efficiency for As as a reductant is probably due to the 
back ET, because the redox process of As is exceptionally 
reversible among the reductants used in this study.52 Dilution of 
the catalyst to 2.5 µM and further elongation of the reaction 
time to 380 h, 1.6 µmol of H2 evolved was detected and then 
the TON was improved to 160. The highest TON was obtained 
with use of tri-ethanolamine as a reductant, and the TON of the 
hydrogen evolution was determined to be 620 for 380 h. 
 A photoelectrocatalytic reaction53 was also performed to 
gain higher efficiency in hydrogen evolution. Firstly, 
dependence of the electric current on the irradiation of white 
light (380 – 670 nm) was examined in a CH3OH-borate buffer 
(pH 9.5) mixed solvent solution (1 : 1, v/v) with a continuous  
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Fig. 7 Electric currents with (red background) and without (white background) 
photoirradiation of white light (380 – 670 nm) to the solution of 1·(ClO4)2 (300 µM) in a 
CH3OH-borate buffer (pH 9.5) mixed solvent (1:1, v/v), applying a continuous voltage at 
–1.4 V vs. Ag/AgCl on the working electrode. Working electrode: glassy carbon. Counter 
electrode: Pt wire. Reference electrode: Ag/AgCl. 

voltage at –1.4 V vs. Ag/AgCl loaded on the GC disk electrode of 
1.6 mm diameter as the working electrode (Fig. 7). The current 
clearly increased upon photoirradiation, indicating that a 
catalytic reaction can proceed in the presence of 1·(ClO4)2 under 
photoirradiation accompanying bulk electrolysis. When 
photoirradiation with white light (380 – 670 nm) was performed 
for 3 h on the glassy-carbon working electrode surface (See the 
Experimental section), on which a continuous voltage was 
loaded at –1.40 V vs. Ag/AgCl in a CH3OH-borate buffer (pH 9.5) 
mixed solvent solution (1 : 1, v/v, 5 mL) of 1·(ClO4)2 (300 µM) 
containing no chemical electron donors, 76 µmol of hydrogen 
was evolved (total loaded charge: 13.1 C) and the TON based on 
the catalyst was determined to be 51. In contrast, only the 
electrolysis at the same applied voltage in the dark did not 
exhibit any hydrogen evolution. Additionally, only the 
photoirradiation without electrolysis did not afford any signs of 
hydrogen evolution. Therefore, both light irradiation and 
electrolysis are necessary for the hydrogen evolution by 
1·(ClO4)2. 
 
Exploration of the catalytically active site in 1 for the hydrogen 
evolution. 

To confirm the assumption that complex 2 is the active intermediate 
of the hydrogen evolution catalysed by 1, the catalytic activity was 
examined for other four RuII complexes having similar structures to 
that of 1. Complex 354 with a p-expanded diimine ligand, in which the 
two nitrogen atoms at the h- and j-pyridine rings of the tpphz ligand 
are replaced by C-Hs (Fig. 8). [RuII(bpy)3]2+ (4; Fig. 8), and 
[RuII(bpy)2(bpm)]2+ (bpm = 2,2’-bipyrimidine, 5; Fig. 8), the former of 
which had no diimine and pyrazine moieties but only a RuII centre 
and the latter of which had no pyrazine moiety but uncoordinated 
diimine one, were also examined as catalysts for hydrogen evolution 
under the same conditions as those applied to 1. In consequence, 
complex 3·(ClO4)2 exhibited the catalytic activity for hydrogen 
evolution with a comparable or slightly better efficiency as compared 
with that of 1·(ClO4)2, whereas no hydrogen evolution was observed 

for complexes 4·(ClO4)2 and 5·(ClO4)2 (Fig. 9). Therefore, it is 
concluded that the active site of 1 for the catalytic hydrogen 
evolution is neither the RuII centre nor the terminal vacant diimine 
moiety, but the pyrazine moiety at the 

 
Fig. 8 Molecular structures of ruthenium(II)-polypyridine complexes, 3, 4 and 5. 

 

Fig. 9 Amount of dihydrogen evolved in the photocatalytic reaction (lirr = 380 – 670 
nm) of 1·(ClO4)2 (red filled square), 3·(ClO4)2 (black filled circle), 4·(ClO4)2 (orange triangle) 
and 5·(ClO4)2 (green inverted-triangle). The concentration of the catalyst in the solution 
was set as 25 µM in a water-MeOH-Et3N mixed solvent (1 : 1 : 1, v/v/v). 

centre of the tpphz ligand in 1. In addition, complex 3 also 
afforded a reduced intermediate (6), similar to 2, under 
photoirradiation in the presence of Et3N as an electron donor, 
as evidenced by the 1H NMR spectral change (Fig. S14). 
 
Mechanistic insights into photocatalytic hydrogen evolution by 1. 

To confirm the reaction mechanism of the hydrogen evolution 
from the intermediate 2, the dark reaction of 2 was explored. 
When the solution of 2·(ClO4)2 was kept in the dark, the UV-Vis 
and 1H NMR spectra indicated the recovery of 1·(ClO4)2 from 
2·(ClO4)2. In the UV-vis spectral changes, the absorption from 
400 to 900 nm initially increased (Fig. S15a), which was assigned 
to that due to decomposed products derived from 1e–-oxidized 
Et3N.36 Subsequently, the absorption assigned to the p-p* 
transition of the tpphz ligand recovered (Fig. S15b). Also in the 
1H NMR spectral changes, the signals due to 2·(ClO4)2 were 
initially broadened, and subsequently, the  
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Fig. 10 The amount of H2 evolved in the photocatalytic reaction with 1·(ClO4)2 (25 µM) 
in H2O-CH3OH (filled circles, blue line) and D2O-CD3OD (filled diamonds, red line) mixed 
solvents (1 : 1, v/v), under photoirradiation of a white light (380 – 670 nm) at 297 K. 

signals due to 1·(ClO4)2 recovered (Fig. S16). The spectrum was 
completely changed into the same as the spectrum of 1·(ClO4)2 
after 86 h. During the dark reaction, however, hydrogen 
evolution was not observed at all, and the reaction rate of the 
dark reaction was very slow in comparison with those of the 
photocatalytic hydrogen evolution. Therefore, in the dark 
reaction, the recovery from 2 to 1 probably occurs through the 
reaction of 2 with decomposed products derived from 1e–-
oxidized Et3N formed in photoinduced ET from Et3N to 31*.55 
Thus, the hydrogen evolution process from the intermediate 2 
requires further photoirradiation. This result matches to the 
fact that hydrogen evolution required both photoirradiation 
and electrolysis in the photoelectrocatalytic reaction, while the 
reaction did not occur only by the electrochemical reduction at 
the same potential (see above). 
 The amounts of H2 evolved from the catalytic reactions were 
monitored using GC in both H2O-CH3OH and D2O-CD3OD mixed 
solvents (Fig. 10) under photoirradiation. In sharp contrast to 
the result of the photochemical process to form the 
intermediate 2·(ClO4)2 (see above), the hydrogen evolution in 
the non-deuterated solvent was faster than that in the 
deuterated solvent. The initial rates were determined to be 7.8 
nmol h–1 in the non-deuterated solvent and 1.5 nmol h–1 in the 
deuterated solvent, respectively, indicating the KIE value to be 
5.2 for the final hydrogen evolution process from 2·(ClO4)2. The 
rate of the H2 evolution were much slower than those of the 
formation of 2·(ClO4)2. Therefore, the RDS of the whole catalytic 
hydrogen evolution by 1·(ClO4)2 is not the photochemical 
process to afford the intermediate 2·(ClO4)2 but the hydrogen 
evolution process from 2·(ClO4)2. The normal KIE observed in 
the hydrogen evolution process clearly indicates that the RDS in 
the process should be the cleavage of a bond involving a 
hydrogen atom. 
 Dependence of the hydrogen evolution rates on proton 
concentration was also investigated. With increasing the 
amount of HClO4 added to the sample solution, the hydrogen 
evolution rates increased proportionally (Fig. S17). Thus, 
protons are involved in the hydrogen evolution process. Based 
on the observations, we propose that the hydrogen evolution 
occurs through an intermolecular coupling between a proton 
and one of NH of 2 as a hydride donor, followed by aromati-
zation to recover the pyrazine moiety and simultaneous  

 

Scheme 3 A proposed reaction mechanism of the photocatalytic hydrogen evolution 
with 1. 

deprotonation of the remaining N-H proton to recover 1 (See 
Scheme 3). 
 Based on the results described above, we propose a 
plausible reaction mechanism of the photocatalytic hydrogen 
evolution with 1 in the presence of an electron donor in a 
CH3OH-H2O mixed solvent as shown in Scheme 3. The 
photoexcitation of 1 produces the 31* state as the first step, 
which is reductively quenched with Et3N to afford a radical 
intermediate, [RuII(tpphz•–)(bpy)2]+. The reduced tpphz ligand in 
[RuII(tpphz•–)(bpy)2]+ catches a proton and an electron from 1e–

-oxidized Et3N (Et3N•+) in the solvent cage to generate the 
intermediate 2.22,27,38 
 We performed CVs and DPVs of 1 also in MeCN/H2O as 
shown in Fig. S18. A reversible redox wave was observed at –
1.25 V (vs. Fc/Fc+) and assigned as a 2e– redox process, since the 
peak current in the DPV was almost doubled relative to that at 
+0.94 V. This result suggests that, after the proton-coupled 1e– 
reduction of 1 to form [RuII(tpphz-H•)(bpy)2]2+, the subsequent 
1e–-reduction of [RuII(tpphz-H•)(bpy)2]2+ occurs very fast to form 
2 as shown in Scheme 3. We also scrutinized the reaction of 
[RuII(tpphz-H•)(bpy)2]2+ to form 2 by using nanosecond laser-
flash photolysis of a CH3OH-H2O solution of 1 (25 µM) in the 
presence of excess Et3N (100 mM) under photoexcitation at 426 
nm. Formation of [RuII(tpphz-H•)(bpy)2]2+ was not observed in 
the presence of Et3N, because the subsequent reaction to form 
2 proceeds rapidly in the solvent cage without releasing 
detectable 1e–-reduced intermediates. 
 Subsequently, a H2 molecule is formed via the reaction of 
the photoexcited intermediate of 2, which is assumed to be the 
triplet MLCT excited state of 2 (32*), with a proton present in the 
solvent. This assumption is supported by the requirement of 
photo-excitation of 2 for the hydrogen evolution (See the first 
paragraph of this section) and the dependence of the efficiency 
on proton concentration (Fig. S17). In addition, the slower rate 
and the KIE observed for the rate of the hydrogen evolution 
catalysed by 1 indicate that the RDS throughout all the process 
is the H-H bond formation between the intermediate 2 and a 
proton. 
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TD-DFT assessment on the photocatalytic H2 evolution by 1. 

The proposed mechanism of hydrogen evolution in the second half 
of the catalytic cycle is shown in Scheme 3. Fig. 11 shows a computed 
energy diagram for the reaction pathway from 2 to 1 in the hydrogen 
evolution process in the singlet ground state. The method of choice 
here is the B3LYP level of theory,44-46 as mentioned in the figure 
caption. Solvent effects of water were considered by using the 
polarizable continuum model (PCM)56 in the DFT calculations. When 
hydronium coordinates to a pyridine N atom, the reaction system of 
2-H3O+ is significantly stabilized in energy. As a result, this branch 
would not participate in the main reaction of hydrogen evolution. On 
the other hand, the attack of hydronium to a bridging NH of 2 in the 
initial stages of the reaction gives rise to hydrogen evolution with a 
water molecule via transition state (TS), which can connect reactant 
complex (RC) and product complex (PC). Hydronium or H2O + H+ is 
regenerated in the final stages of the reaction. However, the barrier 
height from RC to TS is computed to be 32.1 kcal/mol, which is 
considered to be too high for a thermal process. Clearly, this barrier 
is not thermally accessible at room temperature. Photoirradiation is 
therefore necessary for the reaction from 2 to 1 to take place 
through excited states. 

 We next carried out time-dependent density functional 
theory (TD-DFT)57 calculations to have a better insight into the 
reaction mechanism of the photocatalytic H2 evolution with 1 
under visible-light irradiation. Fig. 12 shows a schematic 
representation of the photocatalytic process as a function of the 
reaction coordinate obtained from intrinsic reaction coordinate 
(IRC)58 analysis with respect to TS. The 1R species on the S0 
surface is initially photoexcited to the 1R* species (on the S2 
surface), which lies 68.9 kcal/mol (2.93 eV) compared to the 1R 
species. This process can occur in the vicinity of the reactant 
complex RC shown in Fig. 11 by the irradiation of visible light. 
The computational result in particular on the energy difference 

between 1R and 1R* is fully consistent with experiment. 
 Then, the 1R* species on the S2 surface is converted to the 
3I* species on the T1 surface near the transition state TS shown 
in Fig. 11 via the first intersystem crossing (ISC). The 3I* species 
moves to the 3P* species on the T1 surface. Finally, the 3P* 
species comes down to the 1P species on the S0 surface via the 
second ISC. This process can occur in the vicinity of the product 
complex PC shown in Fig. 11. In this way visible-light irradiation, 
which is necessary for the photoexcitation of RC, is able to drive 
the reaction from 2 to 1 with hydrogen evolution. 
 Fig. 13 shows a computed UV-Vis absorption spectrum for 
reactant complex 1R. The electron-density-difference pictures 
show that charge transfer occurs from the yellow regions to the 
light-blue regions. There are main two peaks at 430 and  

 
Fig. 12 Schematic representation of the photocatalytic process as a function of the 
reaction coordinate from 2 to 1. 

350 nm in the calculated spectrum. We see that metal-to-ligand 
charge transfer (MLCT) processes such as 1e– excitations from 
HOMO–3 to LUMO+2 (f = 0.112), from HOMO–2 to LUMO+2 (f 
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Fig. 11 Energy diagram (in units of kcal/mol) for the catalytic process from 2 to 1 in the singlet ground state computed at the B3LYP level of theory in water. RC: reactant 
complex, TS: transition state, and PC: product complex. 
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= 0.096) and from HOMO–1 to LUMO+3 (f = 0.094) should 
significantly contribute to the main 430 nm peak. The first and 
second ones can be assigned to MLCT (bpy) and the third one 
MLCT (tpphz) on the basis of the electron-density-difference 
pictures. On the other hand, a 1e– excitation from HOMO to 
LUMO+10 has large oscillator strength (f = 0.136) and it 
contributes to the 350 nm peak. This ET occurs within the tpphz 
ligand; it is assignable to the p-p* transition in Fig. 1. The small 
two peaks at 581 and 619 nm correspond to 1e– excitations 
from HOMO to LUMO+3 and from HOMO to LUMO, respectively. 
The computed UV-Vis spectral shape is very similar to the 
observed one in this study. 

 
Fig. 13 Computed UV-Vis spectrum for 1R with electron-density-difference pictures. 
Light blue: electron-density increase, yellow: electron-density decrease. As a result of ET, 
the electron density of the light-blue regions is increased while that of the yellow regions 
is decreased. Absorptions shown in the calculated spectrum as triangle, circle, rectangle, 
square, filled circle, and filled square were assigned to respective transitions depicted as 
orbital distributions above. 

Photocatalytic hydrogenation of organic substrates. 

To explore further reactivity of the hydrogenated species 2, 
photocatalytic hydrogenation of organic substrates was also 
examined with 1 as a catalyst in the presence of Et3N as a 
sacrificial reductant. A CD3OD solution of 1 (0.26 mM), 
benzaldehyde (0.14 M) and Et3N (0.21 M) was irradiated with 
white light (380 – 670 nm) and the reaction was monitored with 
1H NMR spectroscopy. As a result, hydrogenation of 
benzaldehyde proceeded to give benzyl alcohol59 as a product 
and the TON was determined to be 29 at 48 h (Fig. S20). The 

linearity of the time-course of the benzyl alcohol production 
clearly demonstrates the robustness of 1 as a photocatalyst for 
the hydrogenation. In sharp contrast, when an excess amount 
of benzaldehyde was added to the solution of 2, which was 
formed under photoirradiation to the solution of 1, and the 
mixture was kept in the dark, the 1H NMR signals of 2 and 
benzaldehyde were intact even after 24 h. Therefore, the 
hydrogenation of organic substrates also requires further 
photoexcitation of 2, as in the case of the photocatalytic 
hydrogen evolution mentioned above. Photocatalytic reduction 
of other organic substrates with 1 were also performed and only 
benzophenone, benzaldehyde and the derivatives were 
hydrogenated to give the corresponding benzhydrol and benzyl 
alcohol derivatives (Table S2). 

Conclusions 
Photocatalytic hydrogen evolution has been demonstrated in 
an aqueous media with use of 1, having the p-expanded tpphz 
ligand, as a catalyst in the presence of an electron donor under 
white-light irradiation at room temperature. Photoirradiation of 
1 in the presence of an electron donor allows us to observe the 
efficient and selective formation of the 2H-reduced complex 2, 
whose pyrazine moiety in the tpphz ligand is dihydrogenated at 
the two nitrogen atoms, as clarified by 1H and 15N NMR 
spectroscopies. Complex 2 is selectively formed, through the 
formation of the short-lived 1e–-reduced species of 1, as the 
sole product of photoinduced PCET, in which an electron is 
delivered from an electron donor and a proton from a protic 
solvent such as water as well as 1e–-oxidized species of the 
electron donor to show an inverse KIE. The important point of 
the characteristics of 2 is that the N-H proton can bear a hydride 
character in the photoexcited state to react with proton to 
afford H2 and to hydrogenate carbonyl groups. It should be 
noted that the detection of an intermediate in photocatalytic 
hydrogen evolution has been seldom reported and the clear 
elucidation on the formation mechanism of such an 
intermediate would be valuable for the development of 
efficient photocatalytic hydrogen-evolving system. The 
plausible mechanism of hydrogen evolution has been revealed 
to involve a photoinduced reaction of 2 with a proton to form 
the H-H bond, i.e. H2, as the final rate-limiting step in the 
hydrogen evolution, to show a normal KIE. As for catalytic 
hydrogen evolution reactions, it is very rare that the catalytic 
centre is not the metal centre to generate metal-hydride 
intermediates60 but an organic ligand.30 The results presented 
herein would be suggestive for mechanistic insight into 
photocatalytic hydrogen evolution using heteroaromatic 
materials including semiconducting melem polymers61 and 
triphenylarenes.62 The fact that a heteroaromatic ligand can act 
as an active site for the hydrogen evolution reaction suggests 
that facile adjustment of the properties of organic ligands 
should be effective to develop more efficient catalytic systems 
based on RuII-polypyridine complexes. In addition, the 
intermediates of photocatalytic hydrogen evolution can be 
applied to efficient photocatalytic hydrogenation of organic 
substrates, as demonstrated in this study. 
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Experimental 
General. 

All reactions and measurements were carried out under argon. 
[RuII(bpy)2(tpphz)](ClO4)2 (1·(ClO4)2),31 [RuII(bpy)2- 
(taptp)](ClO4)2 (taptp = 4,5,9,18-tetraaza-phenanthreno[9,10-
b]triphenylene, 3·(ClO4)2),54 [RuII(bpy)3](ClO4)2 (4·(ClO4)2)63 and 
[RuII(bpy)2(bpm)](ClO4)2 (5·(ClO4)2)64 were synthesized 
according to the literature methods. NMR measurements were 
performed on a Bruker AVANCE-600 spectrometer. Chemical 
shifts of 15N NMR spectra were calibrated relative to that of an 
external reference of (15NH4)2SO4 (d 20.55 ppm)41 in H2O. UV-vis 
absorption spectra were recorded with use of Shimadzu UV-
3600 and UV-2450 spectrometers. Emission spectra were 
recorded on a HORIBA FluoroMax-4 spectrometer. 
Electrochemical measurements were performed using a BAS 
ALS-710D electrochemical analyser. A decay curve of 
phosphorescence intensity of 1·(ClO4)2 was obtained using a 
HORIBA Fluorolog-3 + DeltaFlex/Pro spectrometer. Gas 
chromatography was performed on a Shimadzu GC-2014 
equipped with a thermal conductivity detector (TCD) and a 
capillary column packed with molecular sieves 5A. ESI-TOF- and 
GC-MS(EI) spectra were measured on JEOL JMS-T100CS and 
SHIMADZU GC-2010 Plus spectrometers, respectively. 
Photoirradiation of the sample was performed by using a Xe 
light source (300 W) on an ASAHI SPECTRA MAX-301 at room 
temperature. Dynamic light scattering (DLS) was measured on 
an Otsuka electronics FDLS-3000. 
Synthesis. 

Formation of 2·(ClO4)2. The reaction to form 2 and its NMR 
measurements were performed in a sealed NMR tube under Ar. A 
white light (380 – 670 nm) was irradiated to the solution containing 
1·(ClO4)2 (0.3 mM) and Et3N (71 mM) in CD3OD : D2O mixed solvent 
(1:1, v/v, 0.7 mL) for 30 min under Ar at room temperature. After 
photoirradiation, the 1H NMR spectrum of the sample was directly 
measured at room temperature without isolation of 2. 1H NMR 
(CD3OD : D2O = 1 : 1, v/v): d 8.98 (d, J = 5.0 Hz, 2H; tpphz-Ha), 8.75 (d, 
J = 8.2 Hz, 4H; tpphz-Ha’ and bpy-H3), 8.72 (d, J = 8.0 Hz, 2H; bpy-H3’), 
8.62 (dd, J = 5.0, 1.2 Hz, 2H; tpphz-Hc’), 8.18 (td, J = 8.0, 1.4 Hz, 2H; 
bpy-H4), 8.10 (td, J = 8.0, 1.2 Hz, 2H; bpy-H4’), 8.01 (t, J = 5.3 Hz, 2H; 
tpphz-Hc), 7.96 (dd, J = 5.5, 1.0 Hz, 2H; bpy-H6’), 7.83 - 7.77 (m, 4H; 
tpphz-Hb and tpphz-Hb’), 7.70 (dd, J = 8.0, 1.5 Hz, 2H; bpy-H6), 7.55 
(td, J = 7.9, 1.4 Hz, 2H; bpy-H5), 7.39 (td, J = 8.0, 1.4 Hz, 2H; bpy-H5’). 
Formation of (2-15N)·Cl2. The synthetic procedure of 15N-labelled 
1·(ClO4)2 ((1-15N)·(ClO4)2) and the ion-exchange method to obtain (1-
15N)·Cl2 are described in the ESI. The reaction to form (2-15N)·Cl2 was 
performed in a sealed NMR tube under Ar at room temperature. The 
solution containing (1-15N)·Cl2 (1 mM) and Et3N (0.2 M) in a CH3OH-
benzene-d6 mixed solvent (0.7 mL, 9:1, v/v) was irradiated by white 
light (380 – 670 nm) for 4 h under Ar. After photoirradiation, the 15N 
NMR spectrum of the sample was directly measured at room 
temperature without isolation of (2-15N)·Cl2. 15N NMR (CH3OH : 
benzene-d6 = 9 : 1 v/v, at 195 K): d 73.43 (d, JNH = 81.6 Hz). 
Measurements. 

Photocatalytic hydrogen evolution catalysed by 1·(ClO4)2. 
Photocatalytic hydrogen evolution was carried out at room 
temperature in a quartz cuvette with five transparent faces (cell 
volume: 5.34 mL), which was capped by a rubber septum and whose 
inside was filled with Ar. Before photoirradiation, the solution (total 
volume: 4 mL) was degassed by bubbling with Ar for 30 min. A white 
light in the range of 380 – 670 nm, which was generated from a Xe 
lamp equipped with a mirror module to remove the UV light, was 
irradiated to the cuvette from the underneath with a path length of 
4 cm. After photoirradiation, 0.1 mL of the gas phase in the cell was 
taken with a gas-tight syringe and analysed by GC. 
Photoelectrocatalytic hydrogen evolution catalysed by 1·(ClO4)2. 
Photoelectrocatalytic hydrogen evolution was carried out at room 
temperature in a sealed reaction vessel, equipped with three 
electrodes and separated to two cells by a membrane (Fig. S21). The 
light source used for the photocatalytic hydrogen evolution was also 
employed here (See above). Degassing and monitoring the reaction 
products were performed with the same procedure for the 
photocatalytic hydrogen evolution (See above). 
ns-Laser flash photolysis measurements. Nanosecond time-resolved 
transient absorption measurements were performed using a laser 
system provided by UNISOKU Co., Ltd. according to the following 
procedure. A deaerated mixture solution in a quartz cell (1 cm ´ 1 
cm) was excited by a Nd:YAG laser (Continuum SLII-10, 4-6 ns fwhm, 
lex = 426 nm, 10 mJ pulse–1). The photodynamics was monitored by 
continuous exposure to a xenon lamp for the visible region and 
halogen lamp for the near-IR region as a probe light and a 
photomultiplier tube (Hamamatsu 2949) as a detector. 
Hydrogenation of organic substrates by 1·(ClO4)2. Photocatalytic 
hydrogenation of organic substrates was performed at room 
temperature under Ar in NMR tubes, which were capped by a rubber 
septum. The solution containing 1·(ClO4)2 (0.26 mM), a substrate 
(0.14 M), Et3N (0.21 M) and sodium 4,4-dimethyl-4-silapentane-1-
sulfonate (DSS) (0.10 mM) in CD3OD was transferred to an NMR tube 
and degassed by bubbling with Ar for 30 min. A white light (380 – 670 
nm) was irradiated to the NMR tube. The amounts of the substrate 
and the corresponding products after photoirradiation were 
determined on the basis of the integral values of the signals in the 1H 
NMR spectra after photoirradiation, with use of DSS as an internal 
standard. 
DFT calculations. 

Density functional theory (DFT) and time-dependent density 
functional theory (TD-DFT)57 calculations were performed by 
using the Gaussian 09 program.65 The method of choice is the 
B3LYP level of theory44-46 combined with the SDD basis set47 for 
the Ru atom and the D95** basis set48 for the other atoms. 
Solvent effects of water (dielectric constant = 78.36) were 
considered by using the polarizable continuum model (PCM)56 
in the DFT calculations. Cartesian coordinates of all the 
geometry-optimized reaction species are given in Table S3. 
 First, we optimized the transition-state structure (TS) and 
then obtained the minimum energy pathway (MEP) connecting 
2 and 1 via TS using intrinsic reaction coordinate (IRC)58 analysis. 
After that, we performed TD-DFT calculations at sampling 
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points along the MEP to have excited states of spin singlet (SN) 
about N = 1-30. Next, we calculated single-point calculations of 
spin triplet using the sampling points along the MEP to obtain 
the T1 pathway. Then we obtained the TN pathways about N = 
2-31 using TD-DFT calculations. Graphics of all the obtained 
structures were produced by using VESTA.66 To analyse the 
electronic distribution of the excited states, the electron density 
difference maps were visualized by using the GaussSum 3.0 
program.67 
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