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ABSTRACT: Two heteroleptic Ir(IIl) complexes bearing two diethyl phosphonate groups,
[Ir(ppy-PE)2(bpy)](PF¢) and [Ir(ppy).(bpy-dPE)](PF¢) (1pPE and 1bPE; Hppy = 2-
phenylpyridine, Hppy-PE = 4-(diethylphosphonomethyl)-2-phenylpyridine, bpy = 2,2'-
bipyridine, bpy-dPE = 4,4'-bis(diethylphosphonomethyl)-2,2'-bipyridine), were successfully
synthesized, and their photophysical properties were investigated by UV—visible absorption and
emission spectroscopic and electrochemical measurements. Both 1pPE and 1bPE complexes
exhibited similar UV—visible absorption and emission spectra and cyclic voltammograms as
those of nonmodified complex [Ir(ppy)2(bpy)](PFs) (1), indicating the suitability for
photocatalytic Hy-evolution reaction. *MLCT emissions of both 1bPE and 1pPE were quenched

by electron transfer from triethylamine (TEA) sacrificial electron donor, but the quenching rate



of 1pPE was lower than that of nonmodified complex 1 and 1bPE. In contrast, the quenching
rate of 1bPE by an electron-accepting [Co(bpy)s]*" moiety was slightly lower than 1 or 1pPE.
These results suggest that the two diethylphosphonate ester groups regulate the direction of
photoinduced electron-transfer reaction at the *MLCT excited state due to their steric bulkiness.
In addition, the photocatalytic activity for H, evolution in the presence of K,PtCly precatalyst
clearly showed remarkably extended longevity for both 1pPE and 1bPE compared to that of 1,
indicating that the two diethyl phosphonate groups attached on 1pPE and 1bPE also play an
important role in the extended longevity of H,-evolution activity of in-situ-generated Pt colloidal
catalyst from K,PtCly. The deactivation pathway of 1pPE and 1bPE during photo H, evolution
reaction is mainly due to the substitution of the bpy-type ligand by CH;CN solvent of the one-

electron reduced Ir(IT) species like the non-substituted complex 1.
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Introduction

Solar water-splitting reaction driven by photocatalysts is one of the most attractive reactions to
solve global energy issues, because sunlight energy can be converted into the chemical energy of
molecular hydrogen (H;) and oxygen (0,)."? Considerable efforts have been devoted not only to
develop new photocatalysts using semiconductor materials,” but also to clarify the mechanisms
of water-splitting reaction,”® i.e., photoinduced charge separation, water reduction, and water
oxidation processes. In this context, photocatalytic systems composed of a molecular
photosensitizer and water reduction or oxidation catalyst enable to investigate the reaction steps

in more detail than heterogeneous photocatalytic systems such as oxide-based semiconductor



materials. Especially, cyclometalated Ir(II) complexes combined with both homogeneous and
heterogeneous catalysts have been reported to exhibit a high catalytic activity for water reduction
reaction.”'® One of the noteworthy features is that the photocatalytic system does not need any
electron-transfer mediators such as methylviologen.”'® Such a simple photocatalytic system
enables us to investigate the reaction mechanism in more detail than the systems containing
electron-transfer mediators. Since the pioneering works by Bernhard and co-workers,”!
considerable efforts have been paid to the development of photocatalytic H, production systems

composed of Ir(II) complexes of diverse homogeneous/heterogeneous catalysts.” '

Recently, several heteroleptic Ir(III) complexes bearing some pendant functional groups on the
ligand have been developed to connect the Ir(III) molecular photosensitizer with the
heterogeneous metal catalyst.'” ** A typical example was reported by Bernhard et al. involving
heteroleptic Ir(IIT) complexes bearing a vinyl group on the ligand, [Ir(ppy)2(mVbpy)]" (Hppy =
2-phenylpyridine, mVbpy = 4-vinyl-4'-methyl-2,2'-bipyridine); the vinyl-functionalized
complexes combined with an in-situ-generated Pt colloidal catalyst exhibited a better
photocatalytic activity, probably because of the effective connection between the molecular

Ir(IIT) photosensitizer and Pt colloidal catalyst.19 Further, several different functional groups such

21,22 23-26

as pyridyl,* nitrile,”'** carboxylate, and carboxyl ester”’ groups have been introduced on the
ppy or bpy ligand; some of them combined with a Pt colloidal catalyst improved the
photocatalytic activity. However, a phosphonate and its ester group have been rarely introduced
on the ligand of a heteroleptic Ir(III) complex,27 even though the phosphonate group is well
known as a useful functional group to immobilize the molecular photosensitizer on oxide
electrodes or nanoparticles (e.g., immobilization of [Ru(bpy)3]2+ moiety on TiO,

29-31

nanoparticles). Herein, we report the syntheses, photophysical properties, and photocatalytic



H;,-evolution reaction of luminescent heteroleptic Ir(IIl) complexes, [Ir(ppy-PE).(bpy)]PFs and
[Ir(ppy)2(bpy-dPE)]PF (abbreviated as 1pPE and 1bPE as shown in Scheme 1; Hppy-PE = 4-
(diethylphosphonomethyl)-2-phenylpyridine, bpy = 2,2'-bipyridine, bpy-dPE = 4,4'-
bis(diethylphosphonomethyl)-2,2'-bipyridine), bearing two phosphonate ester groups at the ppy
or bpy ligand. In this study, we demonstrate that the phosphonate ester groups enhance the
longevity of photocatalytic Hp-evolution activity in the presence of an in-situ-generated Pt
colloidal catalyst, probably because of the weak coordination to the surface of Pt colloid via the
phosphonate ester groups. The decomposition pathway of these phosphonate-ester-functionalized

Ir(IIT) photosensitizers are also discussed.
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Scheme 1. Molecular structures of complexes 1, 1pPE, and 1bPE used in this study.



Experimental section
Materials and Syntheses

Caution! Although we had no difficulties, most of the chemicals used in this study are potentially
harmful and should be used in small quantities and handled with care in a fume hood. All the
commercially available starting materials were used as received without purification. The
starting compounds, bpy-dPE,* 4-bromomethyl-2-phenylpyridine (ppy-Br),” dichloride-bridged
[Ir(ppy)>Cl]s,** nonsubstituted Ir(IIT) complex, [Ir(ppy).bpy]PFs>>, and Co(Il) electron relay
[Co(bpy)s](PFs).," were prepared following reported procedures. The two heteroleptic Ir(IIT)
complexes, 1pPE and 1bPE bearing two diethyl phosphonate groups, were synthesized in
moderate yields using a well-known synthetic route with some minor modifications as shown in

Scheme 2.
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Scheme 2. Synthetic routes for Ir(III) complexes, 1pPE and 1pPE, bearing two phosphonate

ester groups on the ligand.

ppy-PE

ppy-Br (186 mg, 0.75 mmol) and triethyl phosphite (400 pL, 2.25 mmol) were dissolved in
CHCI; (5 mL), and the mixture was refluxed at 80 °C under N, atmosphere for 16 h. The solvent
was removed under reduced pressure. The crude product was purified by silica gel column

chromatography using a mixture of ethyl acetate/EtOH (9:1 v/v), and the solvent was removed



under reduced pressure, affording ppy-PE as a pale yellow oil. Yield: 144 mg (0.5 mmol, 66%).
'H NMR (CDCls, 298 K): 6 8.62 (dm, 1H), 7.88 (d, 2H), 7.67 (m, 2H), 7.34 (dd, 2H), 7.15 (m,
1H), 4.01 (q, 4H), 3.14 (d, 2H), 1.19 (t, 6H). Anal. Calcd. (%) for C;cH20NOsP: C, 62.94; H,

6.96; N, 4.59. Found: C, 62.60; H, 6.58; N, 4.50.

[Ir(ppy-PE):Cl];

ppy-PE (678 mg, 2.35 mmol) and IrCl;-3H,0 (243 mg, 0.69 mmol) were added into a mixture of
20 mL 2-ethoxyethanol/water (3:1 v/v); the reaction mixture was heated at 130 °C under N,
atmosphere for 3 d. The solvent was removed under reduced pressure, and ice-cooled water (40
mL) was added. The yellow precipitate was filtered, affording the target complex [Ir(ppy-
PE),Cl], as a yellow powder. Yield: 330 mg (0.4 mmol, 58%). "H NMR (CDCls, 298 K): 9 9.18
(d, 1H), 7.85 (d, 1H), 7.77 (ddd, 1H), 7.41 (d, 1H), 6.78 (ddd, 1H), 6.73 (td, 1H), 5.72 (s, 1H),
3.68 (m, 4H), 2.73 (dd, 2H), 0.94 (td, 6H). Anal. Calcd. (%) for CesH76ClaIroN4O,,P4-3H,0: C,

44.52;: H, 4.79; N, 3.24. Found: C, 44.14; H, 4.28; N, 3.27.

[Ir(ppy-PE):(bpy)|PFs (1pPE)

[Ir(ppy-PE),Cl]; (87.4 mg, 0.054 mmol) and bpy (19.5 mg, 0.125 mmol) were added into a
mixture of 15 mL MeOH/CH,Cl, (1:1 v/v); the mixture was refluxed under N, atmosphere for 14
h. The solvent was removed under reduced pressure, affording a yellow powder. The yellow
powder was dissolved in a small amount of MeOH, and NaPF¢ (100 mg, 0.6 mmol) was added.
After stirring at room temperature for 2 h, the yellow precipitate was filtered and washed with a
small amount of water for three times. The crude product was recrystallized by the slow liquid-
phase diffusion of diethyl ether to a MeOH solution, affording [Ir(ppy-PE).(bpy)]PFs as an

orange-yellow crystalline powder. Yield: 80.9 mg (0.072 mmol, 58%). '"H NMR (DMSO-dg, 298



K): 0 8.85 (d, 1H), 8.24 (t, 1H), 8.20 (t, 1H), 7.90 (t, 1H), 8.82 (t, 2H), 7.66 (t, 1H), 7.51 (d, 1H),
7.10 (t, 1H), 6.89 (d, 1H), 6.09 (s, 1H), 3.65 (m, 4H), 2.89 (d, 2H), 1.00 (t, 3H), 0.95 (t, 3H).
Anal. Calcd. (%) for C4HasFsIrN4OgP3-H,O: C, 45.04; H, 4.32; N, 5.00. Found: C, 45.01; H,

3.96; N, 5.01. ESI-TOF MS (CH;CN, positive): m/z 957.14 ([Ir(ppy-PE)2(bpy)]».
[Ir(ppy)2(bpy-dPE)|PF¢ (1bPE)

[Ir(ppy)2Cl], (602 mg, 0.6 mmol) and bpy-dPE (547 mg, 1.2 mmol) were added into a mixture of
100 mL MeOH/CH,Cl, (1:1 v/v); the reaction mixture was refluxed under N, atmosphere for 23
h. The solvent was removed under reduced pressure, affording a yellow powder. The yellow
powder was dissolved in a small amount of MeOH, and NaPF¢ (800 mg, 4.8 mmol) was added.
After stirring at room temperature for 2 h, the yellow precipitate was filtered and washed with a
small amount of water for three times. The crude product was recrystallized by the slow liquid-
phase diffusion of diethyl ether to a MeOH solution, affording [Ir(ppy).(bpy-dPE)]PFs as an
orange-yellow crystalline powder. Yield: 1.172 g (1.06 mmol, 88%). '"H NMR (DMSO-ds, 298
K): 0 8.68 (s, 1H), 8.27 (d, 1H), 8.20 (t, 1H), 7.94 (t, 2H), 7.78 (d, 1H), 7.60 (t, 2H), 7.15 (t, 1H),
7.02 (t, 1H), 6.90 (t, 1H), 6.20 (d, 1H), 3.95 (m, 4H), 3.55(d, 2H), 1.07 (t, 3H), 1.05 (t, 3H). Anal.
Calcd. (%) for C4oHaeFeIrN4OgP3-H,O: C, 45.04; H, 4.32; N, 5.00. Found: C, 44.94; H, 4.01; N,

4.95. ESI-TOF MS (CH;CN, positive): m/z 957.24 ([Ir(ppy)2(bpy-dPE)]").

Measurements

Elemental analyses and electrospray ionization time-of-flight (ESI-TOF) mass spectrometry

were performed using a MICRO CORDER JM 10 analyzer and JEOL JMS-T100LP



spectrometer, respectively, at the Analysis Center, Hokkaido University. The "H NMR spectrum
of each sample was obtained using a JEOL EX-270 NMR spectrometer at room temperature.
UV-visible diffuse reflectance and absorption spectra were obtained using a Shimadzu UV-
2400PC spectrophotometer. Luminescence spectra were obtained using a JASCO FP-6600
spectrofluorometer. Quartz cells with a 1-cm optical path length were used for UV—visible
absorption and luminescence spectroscopies. The sample solutions were degassed by Ar
bubbling for 20 min before the luminescence measurements. Emission quantum yields (@ep)
were measured using a Hamamatsu C9920-02 absolute photoluminescence quantum yield
measurement system equipped with an integrating sphere apparatus and a 150-W continuous-
wave xenon light source. Emission lifetime 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 (1ex = 337 nm). Cyclic voltammetry (CV) was recorded using a
HOKUTO DENKO HZ-3000 electrochemical measurement system equipped with glassy carbon,
Pt wire, and Ag/AgCl electrodes as the working, counter, and reference electrodes, respectively.
A solution of CH3CN containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) as
the supporting electrolyte and a solution of 2.5 mM Ir(111) complex were used in the CV
experiments. All the solutions were deaerated by N, bubbling for 30 min before the CV

measurements.
Photocatalytic H,-evolution reactions

For photochemical Hj-evolution reactions, each sample was prepared using a hand-made
Schlenk-flask-equipped quartz cell (257 mL in volume). A Pt colloid catalyst protected with
polyvinylpyrrolidone (PVP) was synthesized following the published method.” Under the dark

condition, the Ir(Ill) complex, triethylamine (TEA), and K,PtCls or Pt-PVP colloid were added



to the quartz cell as the photosensitizer, sacrificial electron donor, and H,-evolution catalyst,
respectively. The total sample volume was adjusted to 10 mL by adding a mixture of
CH;CN/water (4:1 v/v), where the standard concentrations of the Ir(IIl) complex, TEA, and Pt
used in this study were 1 mM, 0.5 M, and 30 pM, respectively. Each sample flask was doubly
sealed using rubber septa and degassed by N, bubbling for 30 min. Before the irradiation, gas
(0.3 mL) was collected from the headspace using a gas-tight syringe (Hamilton 1001LTN) and
analyzed by GC to confirm N, purging. Then, the samples were irradiated using a 300-W xenon
lamp (MAX-303, ASAHI Spectra) in a water bath combined with a visible-light-passed mirror
module (385 nm <A <740 nm) at room temperature. The gas samples (0.3 mL) were collected
from the headspace at each analysis time for the determination of the amount of H, evolved as a

function of the irradiation time.

Theoretical Calculations

1% and

Density functional theory (DFT) calculations were performed using the B3LYP functiona
the LANL2DZ basis®” set using the Gaussian 03 program.® Geometry optimization was
achieved using the same functional and basis set. Cartesian coordinates of the optimized
structures are shown in Tables S1-3. Visual representation of the molecular orbitals was obtained

using the Winmostar V5 program.®®
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Results and Discussion
Photophysical and electrochemical properties

As mentioned in Introduction, cyclometalated Ir(III) complexes are well known to exhibit bright
phosphorescence originating from the *MLCT excited state. To clarify the effect of the
introduction of two diethyl phosphonate groups to the ligands (ppy or bpy), UV—visible
absorption and emission spectra of the complexes in DMF solutions were measured. Figure 1
shows a comparison of the UV—visible absorption and emission spectra of 1bPE and 1pPE with
those of nonsubstituted complex 1. The photophysical data are summarized in Table 1. The
nonsubstituted complex 1 has been reported to exhibit singlet ligand-to-ligand charge-transfer
('LLCT) and singlet and triplet metal-to-ligand charge-transfer ('MLCT and *MLCT) absorption
bands at ~370, 405, and 470 nm, respectively.*>* Very similar absorption spectra as those of 1
were observed for 1bPE and 1pPE, indicating that the introduction of two diethyl phosphonate
groups to the ligands hardly affected the electronic absorption property of [Ir(ppy).bpy]” moiety.
DFT calculations for these complexes (Figure S1) also indicate that the characteristics of frontier
molecular orbitals (MOs) are almost the same as each other, and the two diethyl phosphonate
groups did not contribute to these MOs. The DFT calculation for 1 quantitatively agree with the
previous reports.'' The highest occupied molecular orbital (HOMO) is composed of the 5d
orbital of Ir atom, and the = orbital is mainly delocalized on the phenyl ring of the
cyclometalated ppy ligand. The lowest unoccupied molecular orbitals (LUMOSs) of these
complexes were localized on the ©* orbital of bpy ligand with a small contribution of the 5d

orbital of Ir atom. The HOMO-LUMO energy gaps of the three complexes were also

11



comparable, ~2.7 eV, consistent with similar UV—visible absorption spectra of the three Ir(III)

complexes.

Although similar emission spectra were also observed for these two complexes, a small
difference was observed in the emission decay. A *"MLCT phosphorescence band was observed
at 609 nm for 1, and the two functionalized complexes also showed the band at almost the same
wavelength with a marginal shift (within 5 nm). The emission quantum yields of the three
complexes were also comparable. In contrast, the estimated emission lifetime (Figure S2) of
1pPE (0.232 ps) was comparable to that of 1 (0.241 ps), whereas a shorter lifetime was observed
for 1bPE (0.177 ps). The radiative and nonradiative rate constants estimated from both the
quantum yield and lifetime are shown in Table 1. The k,; of 1bPE was slightly larger than that of
1 or 1pPE, indicating that the sterically bulky diethyl phosphonate groups attached on the bpy

ligand affect the nonradiative decay process from the "MLCT emissive state.

g/ 10 M'em™

AJsus)u| UoISSILIT PaZIBWION
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Figure 1. UV-visible absorption (broken lines) and luminescence spectra (solid lines; A = 400

nm) of 1 (black), 1bPE (blue), and 1pPE (red) in DMF at 298 K.
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Table 1. Photophysical data of three Ir(III) complexes.

Complex Aabs (M) Aem® (M) Tem” (US) o° YOGS kG
1 375, 405, 470 609 0.241 0.10 41x10°  3.7x10°
1pPE 380, 410, 473 610 0.232 0.11 47x10° 3.8x10°
1bPE 376, 405, 467 605 0.177 0.09 51x10°  5.1x10°

“ Emission maximum. ” Emission lifetime. ¢ Photoluminescence quantum yields. ¢ Radiative
rate constants (k;) were estimated using the equation @/z.,, Nonradiative rate constants (ky;)
were estimated using the equation k(1 — @)/®.

Figure 2 shows the cyclic voltammograms of the three Ir(III) complexes in a CH3CN solution.
Quasi-reversible oxidation and reduction waves were observed at 1.53 Vand —-1.14 V,
respectively, for the nonsubstituted complex 1; these were assigned to the oxidation of the Ir
center and reduction of the bpy ligand, respectively. ** As expected from the UV—visible
absorption and emission spectroscopic results, similar redox waves were also observed for 1pPE
and 1bPE at almost the same potentials (within several ten mV shifts), as summarized in Table 2.
Thus, the effect of the introduction of the two diethyl phosphonate groups to the ppy or bpy
ligand on the ground and excited-state redox property of 1 is negligibly small. In other words, the
two complexes 1pPE and 1bPE as well as the nonsubstituted complex 1 acted as the redox

photosensitizers for H, production.
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E/V vs NHE

Figure 2. Cyclic voltammograms of 2.5 mM CH;CN solution of complex 1 (black, top), 1pPE
(red, middle), and 1bPE (blue, bottom) containing 0.1 M TBAPF; as the supporting electrolyte
and glassy carbon, Pt wire, and Ag/AgCl as the working electrode, counter electrode, and

reference electrode, respectively.

Table 2. Ground and excited-state redox properties of the three Ir(Ill) complexes.

on Ered E* ox E >l<red
Complex
(V vs NHE) (V vs NHE) (V vs NHE) (V vs NHE)"
1 1.53 -1.14 -0.51 0.90
1pPE 1.56 -1.13 -0.47 0.90
1bPE 1.52 -1.11 -0.53 0.94

“E*ox and E*q were estimated using the following equations E*, = Eox — Ego and E*eq = Ereq
+ Eoo, where Eyy was approximated as Ay (Table 1).

14



Emission quenching experiments

Luminescence quenching experiments of all the three Ir(III) complexes were conducted using
sacrificial electron-donating TEA and electron-accepting [Co(bpy)s]*" moieties to better
understand the effect of the two diethyl phosphonate groups on the photophysical properties of
1pPE and 1bPE. Figure 3 shows the Stern—Volmer plots obtained using various concentrations
of TEA or [Co(bpy)s]*". The estimated quenching rate constants are shown in Table 3. In both
the cases, the emission of nonsubstituted complex 1 was most effectively quenched by TEA and
[Co(bpy)s]*" than those of 1pPE and 1bPE, and the estimated kq qualitatively agreed with the
early report by Bernhard ez al.'® Notably, the order of the emission quenching rate of 1bPE by
electron-donating TEA was comparable to that of 1, whereas that of 1pPE was smaller by about
half of the other two moieties (Figure 3a). In contrast, a completely reverse trend in the emission
quenching rate (1 = 1pPE > 1bPE) was observed using the electron-accepting [Co(bpy)s]*"
moiety as the quencher (Figure 3b). These contrasting results indicate that the effect of the two
diethyl phosphonate groups on the emission quenching of 1 certainly depends on the position of
functionalization. In other words, the two phosphonate groups attached on the ppy ligands (e.g.,
1pPE) suppress the quenching by electron-donating TEA, whereas those attached on the bpy
ligand (e.g., 1bPE) hinder the quenching by [Co(bpy)g]%. This inverse trend clearly correlates to
the HOMO and LUMO of 1, i.e., the HOMO is mainly localized on both Ir 5d orbital and the
phenyl ring of the ppy moiety, whereas the LUMO is localized on the * orbital of the bpy
ligand (Figure S1). Thus, the diethyl phosphonate groups attached on the two ppy ligands would
block the access of electron-donating TEA molecules to close to the phenyl ring of 1pPE,

resulting in a smaller quenching rate constant than the other two moieties. Inversely, the diethyl

15



phosphonate groups on the bpy ligand suppress the emission quenching by electron-accepting

[Co(bpy)s]*" moiety due to their steric bulkiness.

5 (@) D R po
6L . J "'ipPE
B ° _~1bPE 3 5 o ]
o o,. - o . o p
s 1 = i 1bPE
* ) ol A . #
: ApPE d
2 F kT P 4 I ol
A _ - *
Ty . 1&’/ ]
T 1 | 1 1 1 T L | 1 1 1 1
0 0.2 04 0.6 0.8 1 0 1 2 3 4 5
[TEA]/M [Co(bpy))* / mM

Figure 3. Stern—Volmer plots of 1 (black open square), 1bPE (blue closed circle), or 1pPE (red
closed triangle) of 1 mM solution in the presence of various concentrations of (a) TEA or (b)
[Co(bpy)s]** at room temperature. A mixture of CH3CN/H,O (4:1 v/v) was used for these

measurements.

Table 3. Quenching rate constants of 1, 1bPE, and 1pPE using TEA or [Co(bpy)s]*".

TEA [Co(bpy)s]**
Complex sta kq (S—l) b sta kq (S—l) b
1 6.56 2.7 x 10’ 560 2.3x10°
1pPE 2.11 9.1 x 10° 510 2.2 x 10°
1bPE 5.26 3.0 x 10’ 340 1.9 x 10°

2 Estimated from the slope in the Stern—\Volmer plot shown in Figure 3. ° Estimated using the equation kg =
Ksv/ %em. The values of 7, shown in Table 1 were used in this calculation.

16



Photocatalytic H, evolution

As mentioned in previous sections, two Ir(II) complexes with two diethyl phosphonate groups at
the ligands, 1bPE and 1pPE, exhibited similar photophysical and electrochemical properties as
those of the nonsubstituted complex 1, and the two phosphonate ester groups attached on the ppy
and bpy ligands provide a certain effect on the electron-transfer quenching process. To clarify
the effect of these functional groups on the photoredox sensitizing ability of the Ir(III) complex,
photocatalytic H,-evolution reaction was investigated in the presence of K,PtCly as the
precatalyst or PVP-protected Pt colloid (Pt-PVP) as the catalyst. These two catalysts have
already been reported to evolve H, photocatalytically in the presence of 1 as the photosensitizer,
and K,PtCly is reduced with one-electron-reduced Ir(IT) species, forming an active Pt colloid
catalyst.'' Figures 4(a) and 4(b) show the results of photocatalytic H,-evolution reactions in the
presence of K,PtCly precatalyst or Pt-PVP colloid catalyst. The amount of H,, turnover numbers
(TONSs), and turnover frequencies (TOFs) are summarized in Table 4. Although only a negligibly
small difference was observed in the initial 1-h irradiation in the presence of K,PtCly precatalyst
among the three reaction systems (Figure 4(a) and the initial TOF values shown in Table 4), the
photocatalytic activity of the system containing 1 rapidly lost within 2 h. In contrast, the
activities of two functionalized complexes 1bPE and 1pPE were retained up to 4 h and 6 h,
respectively, resulting in larger H,-evolution amounts than 1. Considering that the emission
quenching rates of 1bPE and 1pPE by TEA were comparable and slightly smaller than that of 1,
respectively (see the previous section “Emission quenching experiments”), these extended
photocatalytic activities indicate that two diethyl phosphonate groups of 1pPE and 1bPE

improved the longevity of Ir(IIl) photosensitizer itself and/or in-situ-generated Pt colloid catalyst.
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Similar enhanced activities were reported by Bernhard et al. for Ir(II) complexes bearing some

pendant pyridyl or phenyl groups attached on the bpy ligand.*
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Figure 4. Photocatalytic H; evolution of a system containing 1 mM complex 1 (black open

square), 1bPE (blue closed circle), or 1pPE (red closed triangle) as the photosensitizer, 0.5 M

TEA as the sacrificial electron donor in a mixture of CH;CN/H,0 (4:1 v/v). (a) 30 uM K,PtCly

or (b) Pt-PVP colloid (30 uM as the Pt atom) was used as the H,-evolution (pre)catalyst.

Table 4. Photocatalytic H, evolution using Ir(III) complexes.

Complex Catalyst H, (umol)® TON®"  Initial TOF (s™)
K,PtCl, 4.02 15.5 6.4 x 102
1

Pt-PVP colloid 10.79 415 9.9x107°
K,PtCl4 9.27 35.7 8.4 x10°°

1pPE
Pt-PVP colloid 5.8 22.3 5.5 x 107
K,PtCl4 7.16 27.5 79x10°°

1bPE
Pt-PVP colloid 5.32 20.5 6.4 %1073

“After 4-h irradiation. "TON = 2n(H,)/n(Ir).
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We also investigated the photocatalytic Hp-evolution reaction driven by Pt-PVP colloid catalyst,
where the PVP polymer effectively suppressed the Ostwald ripening (growth) of Pt colloid in the
dispersed state. Therefore, we assume that the Hp-evolution catalytic activity of the Pt colloid

was retained during the reaction. Interestingly, in the presence of Pt-PVP colloid as the H»-
evolution catalyst (Figure 4(b)), the photocatalytic H,-evolution activity of the system containing
1 was found to be higher than that of 1bPE or 1pPE even in the initial 1-h irradiation, and the
activity retained up to 6 h was three times longer than the system using K,PtCl, precatalyst. Thus,
the shorter longevity of 1 in the presence of K,PtCly precatalyst can be mainly attributed to the
loss of Hj-evolution activity of the in-situ-generated Pt colloidal catalyst. The estimated TOFs of
1pPE and 1bPE coupled with Pt-PVP colloidal catalyst were less than that obtained with
K,PtCly precatalyst. Because the emission quenching rate of 1bPE by TEA was comparable to
that of 1, smaller TOFs of these phosphonate-functionalized Ir(IIT) complexes can be attributed

to the slower electron-transfer efficiency from one-electron-reduced Ir(II) species to the Pt-PVP
colloidal catalyst, probably because of the sterically bulky phosphonate ester groups of 1pPE

and 1bPE. Notably, the longevities of the photocatalytic H,-evolution activities of 1pPE and
1bPE seem to be independent of the catalyst. This difference between the reactions driven by the
in-situ-generated Pt catalyst and Pt-PVP colloidal catalyst indicates that the diethyl phosphonate
groups of 1pPE and 1bPE improve the catalytic longevity of H, evolution of K,PtCl, precatalyst,
probably because of the weak coordination of the phosphonate ester groups to the surface of the

in-situ-generated Pt colloid.**

From the view point of the longevity of photocatalytic H, evolution activity, the stability of
photosensitizing Ir(IIT) complex is crucial. Therefore, we also investigated the stabilities of these

Ir(IIT) photosensitizers by using several spectroscopic techniques. UV—visible absorption spectral
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changes of these three Ir(IIl) photosensitizers were also measured in the presence of TEA and
K,PtCly precatalyst to determine the stabilities of photosensitizers; all the three Ir(II) complexes
gradually and similarly decomposed under light irradiation (Figure S3). In contrast, 'H NMR
spectra of these Ir(III) photosensitizers in CD3CN solution did not changed at all under light
irradiation in the absence of sacrificial electron donating TEA (Figure S4), clearly indicating that
the decomposition could occur not in the photoexcited state, but in the one-electron reduced
Ir(I) state. In fact, similar UV-Vis absorption spectral changes were observed under light
irradiation in the absence of K,PtCly precatalyst (Figure S5) and the ESI-TOF mass spectra of
the solutions clearly indicated that the main products are the bpy-ligand-substituted species
[Ir(L),(CH3CN),]" (L = ppy or ppy-PE) (Figure S6). In addition, new green emission bands at
around 500 nm, which are characteristic of the emission of CH3;CN-bound Ir(III) complexes
[Ir(ppy)2(CH3CN),]", were clearly observed in these processes (Figure S7),* suggesting that the
ligand substitution reaction from the bpy ligand to CH3CN solvent molecules occurs. These
spectroscopic data suggest that the major decomposition process of all three Ir(Il) complexes
could commonly be the ligand substitution from the bpy-type ligand to the CH3;CN solvent
molecules in the one-electron reduced Ir(Il) states, which was already reported pathway of non-
substituted Ir(IIT) photosensitizer 1,'". Thus, these similar results among three Ir(IIT)
photosensitizers suggest that the photo- and redox-stabilities of [Ir(ppy)2(bpy)]” moiety would be

hardly affected by the introduction of two phosphonate ester groups at the ppy or bpy ligands.
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Conclusion

Two Ir(II) heteroleptic complexes 1pPE and 1bPE bearing two diethyl phosphonate groups on
the cyclometalated ppy ligand or diimine bpy ligand of a well-known [Ir(ppy)2(bpy)]” (1)
photosensitizer were synthesized, and their photophysical and photosensitizing properties were
investigated. The UV—visible absorption and emission spectroscopic and electrochemical
measurements showed that the effect of the two phosphonate ester groups on the photophysical
properties (e.g., absorption and emission wavelengths and redox potentials) was not obvious,
indicating that 1pPE and 1bPE complexes as well as the nonmodified complex 1 can act as
suitable photoredox sensitizers for H, evolution. In the presence of sacrificial TEA electron
donor and K,PtCl, precatalyst, both the phosphonate-functionalized complexes exhibited a better
photocatalytic performance than 1, whereas the best photocatalytic performance for 1 was
obtained using PVP-protected Pt colloidal catalyst instead of K,PtCly precatalyst. Emission
quenching experiments indicate that the two diethyl phosphonate groups of 1pPE and 1bPE
moderately regulate the electron-transfer quenching efficiency, probably because of the steric
hindrance of these functional groups. Although the phosphonate-ester groups hardly prevent the
Ir(III) photosensitizing moiety from the decomposition by the bpy-type ligand substitution,
extended longevities of the photocatalytic activities of 1pPE and 1bPE obtained using K,PtCly
precatalyst in this study indicate the importance of the interactions between the photosensitizer
and H-evolving catalyst. Further study on the immobilization of Ir(III) photosensitizer on other

metal or oxide substrate via the coordination of phosphonate groups is now in progress.
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