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ABSTRACT: To utilize a wider region of the solar spectrum for solar-fuel production, we newly
synthesized a heteroleptic Ru(II)-picolinate complex, [Ru(Hadpbpy)2(pic)]” (Rupic; Hadpbpy =
Hadpbpy = 2,2'-bipyridine-4,4’-diphosphonic acid, Hpic = picolinic acid) as a red light-absorbing
molecular photosensitizer. Rupic exhibited metal-to-ligand charge-transfer (MLCT) absorption
and emission (Aabs and Aem =491 and 711 nm, respectively) over a longer wavelength region than
that observed with the bipyridine derivative [Ru(Hadpbpy)2(bpy)]*" (Rubpy, bpy = 2,2'-
bipyridine). The Ru(IIT)/Ru(Il) redox potential of Rupic (Eox =+1.07 vs NHE) was
approximately 0.27 V more negative than that of Rubpy, owing to the weaker ligand field
strength of pic than that of bpy. Moreover, as expected, owing to the red-light absorption ability
of Rupic, the photocatalytic H2 evolution reaction activity of the Rupic-sensitized Pt-TiO2
nanoparticles (apparent quantum yield, AQY ~3%) under red light illumination (A = 625 + 35
nm) was significantly higher than that of its Rubpy-sensitized analog (AQY ~0.5%). These
results indicate the superior photosensitizing performance of the Ru(Il)-picolinate complex for

Ha production under sunlight illumination.



1. Introduction

Recently, molecular photosensitizers (PSs) have been attracting considerable attention because
of their crucial role in solar energy conversion systems ranging from dye-sensitized solar cells
(DSSCs) to artificial photosynthetic reactions including water splitting and CO2 reduction.'™ One
of the most widely used molecular PSs is the Ru(I)-trisbipyridyl complex [Ru(bpy)s3]** (bpy =
2,2'-bipyridine), which exhibits strong visible absorption, at approximately 450 nm, originating
from the metal-to-ligand charge transfer (MLCT) transition.!*!* From the viewpoint of effective
utilization of sunlight energy, extending the absorption band of a PS to cover the whole visible
wavelength range is strongly required. The absorption ability of [Ru(bpy)3]** was limited to the
wavelength range below 560 nm because of the strong ligand field afforded by the three bpy
ligands; however, this limitation has been overcome by adjusting the field splitting and/or -
extension of the ligand.'™!" In this regard, the most successful photosensitizers used in DSSCs
are the Ru(Il)-isothiocyanate complexes [Ru(H2dcbpy)2(NCS)2] and [Ru(Hstetpy)(NCS)s]-, the
so-called red and black dyes (H2dcbpy = 2,2'-bipyridyl-4,4'-dicarboxylic acid, Hstctpy =
(2,2":6',6""-terpyridyl-4,4" 4" -tricarboxylic acid), respectively, which can almost absorb the full
visible light range below 800 nm.'*!¢ Unfortunately, however, these complexes are not suitable
PSs for artificial synthesis such as water splitting because both the coordination bond with
monodentate isothiocyanate ligands and carboxylate linkage are easily dissociated in highly

polar solvents such as water.!”2

Replacing the isothiocyanate ligands of the red and black dyes with a chelating ligand of
comparable ligand field strength is a well-established method to overcome the instability in the

solution state. This is because of the larger stability constant and chelate ring closure in the d—d



excited state, which prevents the chelating ligand from being replaced by solvent molecules at
the Ru center.?! For example, Hanan et al. reported on the red light-driven photocatalytic Hz
evolution reaction using a tris-diimine complex, [Ru(qpy)3]** (qpy = 4,4":2',2"":4"" 4"""-
quaterpyridine), as the PS in the presence of [Co(dmgH)2]** as the molecular catalyst and
triethanolamine as the sacrificial electron donor (SED).?? Recently, Sakai and co-workers
reported that trinuclear Ru(II) complex, [Ruz(dmbpy)s(u-HAT)]®" (dmbpy=4,4'-dimethyl-2,2'-
bipyridine, HAT=1,4,5,8,9,12-hexaazatriphenylene) acted as the near-infrared absorbing PS up
to 800 nm for photocatalytic H2 production in the presence of L-ascorbate SED.?* Another
simple example is the heteroleptic Ru(Il) complex comprising a bidentate picolinate ligand
[Ru(bpy)2(pic)]* (Hpic = picolinic acid).?*?® This complex shows red-shifted 'MLCT absorption
and *MLCT phosphorescence compared to those of [Ru(bpy)s]*>" and is stable in water even
under visible light irradiation. Further, Tamaki et al. recently achieved photocatalytic CO2
reduction under red light irradiation (A >620 nm) using the dimethyl-functionalized derivative
[Ru(dmbpy)2(pic)]” as the PS in the presence of the Re(I) complex catalyst [Re(dmbpy)(CO)3Br]
and the SED 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH).?¢ Although
development of red light-absorbing Ru(Il) PSs in homogeneous photocatalytic systems has been
extended to supramolecular PSs and photocatalysts,>’2® there has been little effort to utilize red

light-absorbing Ru(II) PSs for heterogeneous nanoparticle photocatalysts in water reduction.?*-!

In this study, we newly synthesized a phosphonate-functionalized derivative,
[Ru(Hadpbpy)2(pic)]” (Figure 1; Rupic; Hadpbpy = 2,2'-bipyridine-4,4'-diphosphonic acid), to
develop a red light-absorbing and water-stable dye-sensitized photocatalyst for water reduction.
Herein, we report on the synthesis and photophysical properties of the as-synthesized Rupic

complex and discuss the photocatalytic H2 evolution activity of a Rupic-sensitized Pt-TiO2



nanoparticle photocatalyst (Rupic@Pt-Ti02) in the presence of the SED L-ascorbate in aqueous
solution. The phosphonate group was selected as the stable linker in water to immobilize Ru(II)
complexes on the TiO2 surface as reported in several literatures.?**233 We found that Rupic
exhibited a strong MLCT absorption band up to a wavelength of 640 nm and has a suitable
photoredox potential to inject the photoexcited electron into TiO2 and receive electrons from the
electron donor, L-ascorbate. Further, Rupic@Pt-TiO2 exhibited remarkably higher photocatalytic
H: evolution activity than the bpy-derivative Rubpy@Pt-TiO2 (Rubpy =

[Ru(Hadpbpy)2(bpy)]*") under red light irradiation (A = 625 + 35 nm).

Figure 1. Schematic representation of the surface structure of the RuL@Pt-TiO: nanoparticle

(L. = bpy or pic).



2. Material and Methods

2.1 Synthesis

All the commercially available starting materials were used as received without further
purification. TiO2 nanoparticles (SSP-M; ~15 nm diameter) were purchased from Sakai
Chemical Industry Co., Ltd. The Pt cocatalyst-loaded TiO2 nanoparticles were prepared using a
previously reported photodeposition method.>* The loading amount of the Pt cocatalyst was
estimated to be 1.1 wt% by X-ray fluorescence spectroscopy. Rubpy and cis-[Ru(Hadpbpy)2Cl2]
were synthesized using previously reported methods.?***> A Biotage Initiator” microwave
synthesizer (Biotage Japan Ltd.) was used for the syntheses under microwave irradiation.
Ultracentrifugation was conducted using a Himac CS120FNX ultracentrifuge (Eppendorf Himac
Technologies Co. Ltd.).

2.1.1 Synthesis of Et;NH[Ru(Hsdpbpy):(2-pic)] (Rupic)

The starting materials, cis-[Ru(H4dpbpy)2(bpy)2Cl2] (121.7 mg, 0.127 mmol, 1 eq), 2-pyridine
carboxylic acid (26.3 mg, 0.213 mmol, 1.7 eq), ethanol (19.5 mL), and triethylamine (192 uL
1.37 mmol, 10.8 eq) were mixed in a 20 mL vial. The mixture was then stirred at 293 K for 5
min and then reacted at 150 °C for 15 min under microwave irradiation. Subsequently, excess
acetone was added to the reaction solution to afford a reddish-brown solid. Yield: 99.8 mg (0.17
mmol, 74%). '"H NMR (MeOD, 298 K): 8.80(m, 5H), 8.12(d, 2H), 7.94(m, 4H), 7.80(ddd, 1H,),
7.74(dd, 1H), 7.45(m, 1H), 3.18 (q, 6H), 1.30 (t, 9H). HRMS (MALDI-TOF) m/z: [M — Et3NH +
2H"]" Caled for C26H24N5014P4Rui: 855.46. Found: 856.01. Anal. Calcd. (%) for
C26H22N5014P4Rui-(C2Hs)3NH-4H20: C, 37.40; H, 4.51; N, 8.18. Found: C, 37.27; H, 4.41; N,

8.67.



2.1.2 Preparation of Ru(II) dye-sensitized Pt-TiO> nanoparticles

Rupic@Pt-TiO2: Powdered Pt-TiO2 nanoparticles (30 mg) were dispersed in a 1.25 mM
aqueous solution of Rupic (6 mL) acidified by the addition of an HCI aqueous solution (pH 2.0).
After sonication for 5 min, the mixture was stirred continuously overnight to immobilize Rupic
onto the Pt-TiO2 surface. The obtained Rupic-immobilized Pt-TiO2 nanoparticles (Rupic@Pt-
TiO2) were collected by ultracentrifugation (50,000 rpm; 15 min) after which the supernatant
solution was removed. After washing twice with an aqueous HCl solution (pH 2.0), the

Rupic@Pt-TiO2 sample was dried in vacuo at 298 K for 1 d.

Rubpy@Pt-TiO2: Powdered Pt-TiO2 nanoparticles (30 mg) were dispersed in a 1.25 mM
aqueous solution of Rubpy (6 mL). After sonication for 5 min, 50 uL of a 60% HC1O4 aqueous
solution was added, and the mixture was stirred continuously overnight to immobilize Rubpy on
the Pt-TiOz surface. The obtained Rubpy-immobilized Pt-TiO2 nanoparticles (Rubpy@Pt-TiO2)
were collected by ultracentrifugation (50,000 rpm, 15 min), after which the supernatant solution
was removed. After washing twice with a 0.1 M HClOs aqueous solution, Rubpy@Pt-TiO2 was

dried in vacuo at 298 K for 1 d.

The amount of each Ru(Il) dye immobilized on the Pt-TiO2 nanoparticle surface was
estimated by X-ray fluorescence and UV-vis absorption spectroscopy of the supernatant solution

(see the Supporting Information).

2.2 Measurements

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

conducted at the analysis center of Hokkaido University. MALDI-TOF MS measurements were



carried out using a Bruker Autoflex Speed instrument with a-cyano-4-hydroxycinnamic acid as
the matrix. Energy-dispersive XRF spectra were recorded using a Bruker S2 PUMA analyzer.
Dynamic light scattering (DLS) analysis was performed using an OTSUKA ELSZ-1000SCI
analyzer. UV-vis absorption and luminescence spectra were recorded on a Hitachi U-3000
spectrophotometer and JASCO FP-6600 spectrofluorometer, respectively; quartz cells with a 1-
cm optical path length were used for both spectroscopic analyses. Prior to luminescence
measurements, the sample solutions were degassed by N2 bubbling for 20 min. Emission
quantum yields (®Pem) were measured using a Hamamatsu C9920-02 absolute photoluminescence
quantum yield measurement system equipped with an integrating sphere apparatus and a 150-W
continuous-wave Xe light source. Emission lifetime measurements were conducted using a
Hamamatsu Photonics C4334 system equipped with a streak camera as the photodetector and
nitrogen laser as the excitation light source (dex = 337 nm). Cyclic voltammetry (CV) was
performed using a HOKUTO DENKO HZ-3000 electrochemical measurement system equipped
with a glassy carbon, Pt wire and Ag/AgCl electrodes as the working, counter and reference
electrodes, respectively. Aqueous solution adjusted with pH 4.0 acetate buffer containing 0.1 M
sodium perchlorate (NaClOs4) as the supporting electrolyte was deaerated by N2 bubbling for 20

min and subsequently used in the CV experiments.

2.3 Photocatalytic H: evolution reactions

Under dark conditions, an L-ascorbic acid aqueous solution (0.02 M, pH 4.0) containing a
Ru(I)-photosensitizer (100 uM Ru(Il) complex) was placed into a homemade Schlenk flask-
equipped quartz cell (volume = 255 mL) with a small magnetic stirring bar. Each sample flask
was doubly sealed with a rubber septum. The mixed solution was deoxygenated by bubbling

with Ar for 1 h. The flask was then irradiated from the bottom with blue (A =470 £ 10 nm, 70



mW), red (A = 625 £ 25 nm, 53 mW) LED lamps (Opto-Device Lab. Ltd., OP6-4710HP2 and
OP6-6310HP2, respectively) or Xe lamp (A = 420-740 nm, 70 mW, Asahi Spectra Co., MAX-
303). The temperature was controlled at 293 K using a custom-made Al water-cooling jacket
with a water-circulating temperature controller (EYELA CCA-1111). Gas samples (0.6 mL) for
each analysis were collected from the headspace using a gastight syringe (Valco Instruments Co.
Inc.). The amount of evolved H2> was determined using gas chromatography (Agilent 490 Micro
Gas Chromatograph). The turnover number (TON) and turnover frequency (TOF) were
estimated from the amount of evolved H2, which required two photoredox cycles of the Ru(II)-
photosensitizer to reduce one water molecule. The apparent quantum yield (AQY) was

calculated using the following equation:

AQY = Ne / Np = ZNHZ/Np (eq 1)

where Ne, Nu2, and N, are the numbers of reacted electrons, evolved H2 molecules, and incident
photons, respectively. When calculating the AQY, the wavelengths of all irradiated photons were

assumed to be 470 and 625 nm for blue and red light, respectively.

2.4 Theoretical calculations

A density functional theory (DFT) calculation for Rupic was performed using the Gaussian 09
software package.*® Geometry optimization was performed in the ground state using the B3LYP
functional *”*® LANL2DZ effective core potentials and associated basis set were used.*>*! The
Cartesian coordinate of the geometrically optimized Rupic is shown in the supporting

information. Visual representation of the molecular orbitals was obtained using GaussView 5.0.%?



3. Results and Discussion

3.1 Photoelectrochemical properties

Figure 2 shows the UV-vis absorption and emission spectra of the Rupic and Rubpy complexes
in aqueous solution at 298 K, while Table 1 summarizes the photophysical and electrochemical
properties of these two complexes. Rubpy, which comprises three bpy-type ligands, presented
similar absorption and emission spectra to those reported for the simple [Ru(bpy)3]**
complex,®>* with t—n* and 'MLCT absorption and *MLCT emission bands at 288, 460, and 643
nm, respectively. Rupic exhibited similar absorption and emission spectra to those of Rubpy,
with, however, a notable difference in the MLCT transition. Specifically, the !MLCT absorption
and *MLCT emission bands of Rupic (491 and 711 nm) were located at a significantly longer
wavelength region than those of Rubpy. Notably, the lower *MLCT emission band of Rupic
(approximately 85 nm lower than that of Rubpy) was also observed in the MeOH/EtOH frozen
glass state at 77 K (Figure S1). This red shift of the MLCT transition induced by the introduction
of the pic ligand is already discussed in the literature** through the comparison of
[Ru(bpy)2(pic)]* and [Ru(bpy)3]** without a phosphonate group. Briefly, coordination of the pic
ligand carboxylate group stabilizes the MLCT transition state by electron donation to the Ru**
state, resulting in lower MLCT absorption and emission energies. This is supported by the
electrochemical measurements (Figure S2), wherein the cyclic voltammogram of Rupic clearly
showed a quasi-reversible redox wave assignable to the Ru**/Ru** couple at 1.07 V (vs NHE)
that was negatively shifted by approximately 0.27 V compared to that of Rubpy. Specifically,
this negative shift indicates that the Ru*" state of Rupic is more stable than that of Rubpy
because of the weaker ligand field splitting of the pic ligand. The 'MLCT absorption band of

Rupic was located at a longer (by ~8 nm) wavelength than that of [Ru(bpy)2(pic)]*. This was



attributed to the lower n* orbital of the dpbpy ligand, with its four electron withdrawing
phosphonate groups, than that of the simple bpy ligand. Our DFT calculation suggests that the
highest-occupied molecular orbital (HOMO) distributes not only on the 4d orbital of Ru center
but also the & orbital of carboxy group of pic ligand, while the lowest-unoccupied molecular
orbital (LUMO) consists of m* orbital of dpbpy ligand (Figure S3). This result suggests that the
lowest energy transition observed at around 500 nm should be the '"MLCT transition from the Ru
center to dpbpy ligand with the slight contribution of ligand-to-ligand (pic-to-dpbpy) charge

transfer character.
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Figure 2. UV-vis absorption (solid lines) and emission (dotted lines) spectra of Rupic (red) and
Rubpy (blue) measured in aqueous solution; Aex = 490 and 470 nm for Rupic and Rubpy,

respectively.



Table 1. Photophysical and electrochemical data of Rubpy and Rupic in aqueous solution.

Aabs }Lem,RT a 7\;em,77K a Tem b ke d ke € onf E *ox g
Complex OR
/ nm / nm / nm / ns /s7! /57! / VysNHE  / V vsNHE
Rubpy 288, 460 643 597 483 0.05 1.0x10° 2.0x10° +1.34 -0.73
Rupic 300, 491 711 682 68 0.01 1.5x10° 1.5x107 +1.07 -0.75

¢ Emission maximum; ? emission lifetime; ¢ photoluminescence quantum yield. ¢ Radiative rate

constants (kr) were estimated from the equation & = ®/7em. © Non-radiative rate constants (knr)
were estimated from the equation kur = k(1— ®@)/®. / Estimated by CV measurement (Figure S2).
g E*ox was estimated using the equation E"ox = Eox — Eoo, where Eoo was approximated as Aem,77K.

The emission decay and quantum yield of both complexes in aqueous solution were next
evaluated (Table 1). Although the emission lifetime and quantum yield of Rupic (tem =68 nm, @
= 0.01) were significantly lower than those of Rubpy (tem =483 nm, ® = 0.05; Figure S4), the
radiative rate constant (k) based on these results was comparable in the 103 s™! range. Thus, the
emission origins of both complexes could be assigned to the same *MLCT phosphorescence. The
shorter lifetime and lower quantum yield of Rupic should originate from its approximately 10-
fold larger non-radiative rate constant (knr) compared to that of Rubpy. This difference is
reasonable from the viewpoint of the energy gap law, and the less steric pic ligand of Rupic may
contribute to its higher knr value. This is also supported by DFT calculation (Figure S3); the
HOMO of Rupic distributes to the carboxy group of pic ligand that may promote the vibrational
relaxation from MLCT transition state through solvent water molecules. The redox potential in
the SMLCT excited state (Eox*) was estimated based on the *"MLCT phosphorescence energy
(em) at 77 K and the Ru**/Ru?* redox potential in the ground state (Eox). Although the Eox of

Rupic was more negative than that of Rubpy because of the weaker ligand field splitting of the



pic ligand, the estimated Eox* for both complexes are comparable at approximately —0.7 V vs
NHE, owing to the lower *MLCT emission energy of Rupic compared to that of Rubpy. The
Eox* values of both Rupic and Rubpy are sufficiently negative to inject the photo-excited
electron to the conduction band of TiO2 (conduction band minimum, CBM = —0.40 V vs NHE at
pH 4.0).** Considering that the electron injection from photoexcited Ru(Il)* complexes to TiO>
was reported to occur within 1 ns after photoexcitation®* that is quite shorter than Tem of both
complexes (see Table 1), the electron injection efficiency of both complexes should be

comparable.

3.2 Characterization of Ru(Il)-sensitized Pt-TiO; nanoparticles

The Ru(Il) dye-sensitized Pt-TiO2 nanoparticles (Rupic@Pt-TiO2 and Rubpy@Pt-Ti02) were
characterized using X-ray fluorescence and UV-vis diffuse reflectance spectroscopy (Figure 3).
All the nanoparticles exhibited strong Ti Ko and K3 radiation in addition to the Pt Lot and L3
radiation derived from the TiO2 nanoparticles and Pt cocatalyst, respectively. Ru Ka radiation
was clearly observed at 19.2 keV for both Rupic@Pt-TiO2 and Rubpy@Pt-TiOz, indicating the
successful immobilization of these two Ru(II) dyes on the TiO2 nanoparticle surface. Moreover,
the intensity of the Ru Ka radiation indicated that a comparable amount of Ru(Il) dye was
immobilized on the Pt-TiO2 surface. Ru(Il) dye immobilization was further confirmed by UV-vis
diffuse reflectance spectroscopy (Figures 3b and 3c), whereby the Rupic@Pt-TiO2 and
Rubpy@Pt-TiO2 nanoparticles in the solid state exhibited very similar spectra with a
characteristic '"MLCT absorption band similar to that of the dye in aqueous solution. The amount
of immobilized dye was estimated from the UV-vis absorption spectra of the supernatant

solutions obtained in the dye sensitization process (see Figure S5 in the Supporting Information).



From the spectral data, we estimated the immobilized amounts of Rupic and Rubpy per 1 mg of
Pt-TiOz2 to be 142 and 121 nmol, respectively (Table 2). These values are almost comparable to
those of a similar Ru(II) dye comprising only two phosphonate groups, [Ru(bpy)2(Hdpbpy)]**
(116 nmol), which fully covered the TiO2 nanoparticle surface.* Particle size distributions and
zeta potentials of these nanoparticles were evaluated using a dynamic light scattering (DLS)
technique to reveal the effect of Ru(Il) dye surface modification (Table 2). The average particle
sizes of Rupic@Pt-TiO2 and Rubpy@Pt-TiO2 were of the same order (Figure S6), suggesting
that the dispersibility of these nanoparticles in water was hardly affected by ligand replacement,
from bpy to pic, of the immobilized Ru(Il) dye. This is consistent with their zeta potentials,
whereby both nanoparticles exhibited a large negative potential below —30 mV that originated
from the surface-immobilized and negatively charged Ru(Il) molecules by deprotonation of the
phosphonic acid groups. The more negative zeta potential of Rupic@Pt-TiO2 compared to that

of Rubpy@Pt-TiO:2 could be ascribed to the larger negative molecular charge of Rupic, which

comprises a monoanionic pic ligand.
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Figure 3. (a) XRF spectra of Pt-TiOz (black), Rupic@Pt-TiO:z (red), and Rubpy@Pt-TiO2

(blue) at 293 K. All spectra are normalized by the Ti Ka peak intensity. UV-vis diffuse

reflectance spectra of (b) Rupic@Pt-TiO2 and (¢) Rubpy@Pt-TiO2 in the solid state at 293 K.

Dotted lines in panels (b) and (c) show the absorption spectra in aqueous solution.

Table 2. Characterization of Rupic@Pt-TiO2 and Rubpy@Pt-TiOx.

Amount of immobilized

Photocatalyst Ru(IT) dye Average particle size Zeta potential
(nmol/1 mg TiO2)“ (nm)” (mV)’
Rupic@Pt-TiO2 119 367.4+90.9 —41.99
Rubpy@Pt-TiO2 94.6 276.1 £90.7 -30.24

“ Estimated from the UV-vis absorption spectrum of the supernatant solution; ® Estimated using
the dynamic light scattering method in water.



3.3 Photocatalytic H; evolution

The photocatalytic H2 evolution activities of the dye-sensitized photocatalysts, Rupic@Pt-
TiO2 and Rubpy@Pt-TiOz, were evaluated in 20 mM L-ascorbic acid (H2A) solution (pH 4.0,
0.5 M acetate buffer) under blue (A =470 + 10 nm, 70 mW cm2) and red (A = 625 + 35 nm, 53
mW cm™) light irradiation and the results are shown in Figures 4(a) and 4(b), respectively. The
estimated TOF per one Ru(II) photosensitizing dye and AQY for the first hour of reaction are
listed in Table 3. Under blue light irradiation, both Rupic@Pt-TiO2 and Rubpy@Pt-TiO:
exhibited very high photocatalytic activities for H2 evolution, and the turnover number per one
Ru(II) photosensitizing dye (PS TON) for 3 h irradiation reached 400, which is the upper limit
for consuming all the H2A as the two-electron donor. The AQY value of Rubpy@Pt-TiO2 was
remarkably high (13.6%) even in a relatively dilute electron donor (20 mM), indicating the
superior performance of this dye-sensitized photocatalyst. The TOF of Rubpy@Pt-TiO2 was
approximately 1.7-fold higher than that of Rupic@Pt-TiO2. One plausible origin is the higher
absorbance of Rubpy at 470 nm than that of Rupic. Indeed, the calculated absorbances at 470
nm based on the molar absorption coefficient of these dyes were 1.34 and 0.96, respectively,
suggesting that 95.4% and 88.9% of the irradiated photons were absorbed by Rubpy and Rupic,
respectively. The second plausible factor is the reactivity difference with the SED (Scheme 1),
where the potential difference between the Ru**/Ru** couple of the Ru(Il) dye and the oxidation
potential of HA~ was estimated to be larger for Rubpy (0.63 V) than for Rupic (0.36 V),
suggesting faster dye regeneration.® In fact, the emission quenching experiment using H2A in
aqueous solution revealed that the *"MLCT emission of Rubpy was more effectively quenched by
H:A than that of Rupic (Figure S7 and Table S2). In addition, the less negative zeta potential of

Rubpy@Pt-TiO2 compared to that of Rupic@Pt-TiO2 could reduce the electrostatic repulsion



between the photocatalyst surface and negatively charged HA™ electron donor. On the other

hand, the rate of electron injection from the photoexcited Ru(Il)* dye to TiO2 was expected to be

comparable because both Rupic and Rubpy have the same four phosphonate linkers and show a

comparable redox potential in the *MLCT excited state (Eox*).
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the Ru(I) complex in 0.5 M acetate buffer, pH 4.0) under (a) blue (Aex, 470 = 10 nm) and (b) red

(Aex = 625 + 35 nm) light irradiation and Ar atmosphere.



Table 3. Results of the photocatalytic H2 evolution in the presence of 20 mM L-ascorbic acid.

[Ru] Aex Abs. TOF AQY
Photocatalyst 4 b
(uM) (nm) at Aex (h™) (%)
) 100 470 £ 10 0.96 156 7.9
Rupic@Pt-TiO2
100 625 £ 35 0.03 59 3.0
) 100 470 £ 10 1.34 258 13.6
Rubpy@Pt-TiO2
100 625 £ 35 <0.01 12 0.5

¢ Turnover frequency and ” apparent quantum yield for the first hour of reaction.
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Scheme 1. Estimated energy diagrams of Rupic@Pt-TiO:2 (red) and Rubpy@Pt-Ti0O: (blue) in

L-ascorbate (HA™) aqueous solution (pH 4.0). The conduction band minimum of TiO2 and

oxidation potential of HA™ are reproduced from the literature.*>%°

Contrasting results of the photocatalytic H2 evolution were obtained under red light irradiation,
as shown in Figure 4(b). After 8 h of reaction, the PS TON for Rupic@Pt-TiO:2 reached 400,
indicating that all the H2A was oxidized by the photocatalytic H2 evolution reaction. This is

further supported by the fact that the photocatalytic H2 evolution reaction restarted following the



further addition of H2A donor (Figure S8). In contrast, Rubpy@Pt-TiOz exhibited a PS TON of
less than 100 even after 8 h of irradiation. The estimated TOF and AQY of Rupic@Pt-TiO: for
the first hour of red light irradiation were approximately five times higher than those of
Rubpy@Pt-TiOz. This inverted order of photocatalytic activity under red light irradiation can be
ascribed to the higher molar absorption coefficient of Rupic under red light. Rupic@Pt-TiO:
exhibited a moderate 'MLCT absorption band tail (¢= 972 and 324 M"'cm™! at 590 and 625 nm,
respectively; Figure 3b), while negligible absorption was observed for Rubpy@Pt-TiO2 (=79
and 0 M' cm™ at 590 and 625 nm, respectively; Figure 3¢). This large difference in the red light
absorption should overcome the smaller driving force of Rupic* dye regeneration by the H2A
donor compared to that of Rubpy, resulting in the higher photocatalytic activity of Rupic@Pt-
TiO2 under red light irradiation. In fact, these two photocatalysts exhibited almost comparable
activity under wider range of visible light irradiation (A = 420-740 nm, Figure S9), suggesting
that the superior light absorption ability of Rupic than Rubpy can cancel out the smaller driving
force for the electron donation from Hz donor. Interestingly, the estimated AQY of Rupic@Pt-
TiO: for the first hour of red light irradiation (~3%)*® was comparable to that of a state-of-the-art
heterogeneous Hz evolution photocatalyst consisting of Pt-TiO2 nanoparticles and a dibenzo-
BODIPY -phenothiazine conjugate dye (AQY = 3.57% at 670 nm),*’ suggesting that the
heteroleptic coordination structure of Rupic may contribute to the superior performance on the

photo-induced charge-separation at the PS-TiO: interface.



4. Conclusions

In this work, we newly synthesized a red light-absorbing Ru(II)-picolinate photosensitizer
with four phosphonate linkers, Rupic, and evaluated its photophysical and electrochemical
properties by comparing them with the properties of its bipyridyl analog, Rubpy. The
characteristic MLCT absorption and emission bands were red shifted by approximately 31 and
68 nm, respectively, in the solution state at 298 K by replacing the bpy ligand with pic, because
of the weaker ligand field. Photophysical and electrochemical measurements revealed that the
redox potentials of Rupic in the photoexcited and ground states (Ru(IIT)/Ru(Il)* = —0.75 V and
Ru(IIT)/Ru(Il) = +1.07 V vs NHE) are sufficient to inject the photoexcited electron to TiO2 and
receive electrons from various electron donors such as L-ascorbate. The dye-sensitized
photocatalyst Rupic@Pt-TiO; stably produced Hz in the presence of 20 mM L-ascorbate SED
under blue- and red-light irradiation (A =470 + 10 and 625 + 35 nm, respectively). The activity
under red-light irradiation was estimated to be approximately five-fold higher photocatalytic H2
evolution activity than its bipyridine analog, Rubpy@Pt-TiO2, because of the effective red light
absorption ability. Further development of Rupic derivatives and dye layering based on

coordination bonding to cover the entire visible range is currently in progress.
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Highlights

¢ Ru(Il)-picolinate photosensitizer bearing four phosphonate groups was synthesized
¢ Replacement of bipyridine with picolinate red-shifted the MLCT transition

¢ Rupic@Pt-TiO2 showed higher activity than Rubpy@Pt-TiO2 under red light irradiation



