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Photocatalysis

Hydrogen Photoevolution from a Green-Absorbing Iridium(III)–
Cobalt(III) Dyad
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Abstract: A bis-cyclometaling ligand afforded a novel IrIII–CoIII

dinuclear complex with vectorial electron transfer that evolved
hydrogen gas upon yellow-light irradiation. The supramolecular

Introduction

The future of a sustainable energy supply relies on profound
scientific and technological breakthroughs to provide efficient
systems for the conversion and storage of renewable energy
sources such as solar energy.[1] A photocatalytic hydrogen evo-
lution reaction (HER) appears to be a promising solution to this
issue.[2] Within a molecular approach, several components are
usually required for an efficient HER: a catalyst, a photosensi-
tizer (PS), a source of protons, and, in the case of half-reactions,
a sacrificial electron donor. For several years, cobalt derivatives
have drawn considerable attention as compounds that are
more efficient and less expensive[3] than colloidal platinum[4]

and palladium[5] catalysts. The catalyst and the PS may be
added either as separate entities or as covalently linked dinu-
clear complexes prior to homogeneous catalysis. For instance,
cobaloxime derivatives have been associated with transition-
metal-based photosensitizers such as platinum,[6] ruthenium,[7]

and rhenium[8] complexes. Recently, several Ru–Co dyads cova-
lently connected to each other were developed and were
shown to have higher photocatalytic activity than the inde-
pendent units.[9] In addition, Ir–Co dyads[9b,10] were also de-
signed to benefit from the superiority of IrIII complexes in terms
of photophysical and electrochemical tunability.[11] In these
photosystems, the archetypical bidentate [Ir(ppy)2(bpy)]+ com-
plexes (Figure 1, ppy = 2-phenylpyridine, bpy = 2,2′-bipyridine)
were frequently used as photosensitizers in excess amounts to
increase the turnover number (TON) of the catalytic cycle. To
the best of our knowledge, supramolecular Ir–Co assemblies
with terdentate ligands have not yet been described. A homo-
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photosystem provided increased stability during photocatalysis
with respect to that of classic bidentate systems.

leptic [Ir(phbpy)2]+ complex (Figure 1, phbpy = 6-phenyl-2,2′-
bipyridine) was used as a separate photosensitizer in a bimolec-
ular reaction in association with a palladium colloidal catalyst
and showed higher stability than their bidentate equivalents.[12]

As opposed to [Ir(ppy)2(bpy)]+ in which the LUMO is bpy cen-
tered and the HOMO is located on the Ir/ppy fragment,
[Ir(phbpy)2]+ has cyclometalating units on each of its two li-
gands (Figure 1), which hence dramatically affects the photo-
physics of the resulting complex, as described in other com-
plexes of strongly donating ligands.[13] In this work, the iridium
bis-terdentate [Ir(4′-Py-tpy)(4′-MeO-tppy)]+ {Figure 1, 4′-Py-
tpy = 4′-(4-pyridinyl)-2,2′;6′,2′′-terpyridine and 4′-MeO-tppy =
2,6-diphenyl-4-(4′-methoxyphenyl)pyridine} (termed hereafter
[Ir-Py]+) complex has two cyclometaling sites on the same ter-
dentate ligand, which centers the LUMO on the N N N tridentate
ligand. The absorption of [Ir-Py]+ is redshifted relative to that of
the cis-cyclometaling [Ir(ppy)2(bpy)]+ and [Ir(phbpy)2]+ com-
plexes (Figure 1), and this allows a wider range of visible light
to be harvested with significant absorptivity. In addition, the
pendant pyridine moiety allows for easy covalent tethering of
a cobaloxime onto the terpyridine ligand, which offers an effi-
cient assembly for the directional electron transfer required for
the HER.

Figure 1. Structure of bis-cyclometalated IrIII bidentate and tridentate com-
plexes used for the HER.

Results and Discussion
The synthesis of the [Ir-Py-Co]+ complex was achieved by re-
placing a chloro ligand from [Co(dmgH)(dmgH2)Cl2]+ (for which
dmgH and dmgH2 are dimethylglyoxime and dimethylglyox-
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imate, respectively) by free pyridine of the previously described
[Ir-Py]+ complex.[14] Crystals suitable for X-ray crystal diffraction
were obtained by slow diffusion of tetrahydrofuran into an
acetonitrile solution of the [Ir-Py-Co]+ complex at room temper-
ature.

The solid-state structure (Figure 2) reveals that the cobalt
complex coordinates to the pyridine ring, which is twisted by
32° with respect to the terpyridine ring. For the iridium moiety,
distances and angles between atoms are in agreement with
data described for a similar complex.[15] As a result, the Ir–C
bonds [Ir1–C2 2.071(7) Å and Ir1–C14 2.117(10) Å] are longer
than the peripheral Ir–N distances [Ir1–N32 2.022(5) Å and Ir1–
N44 2.044(5) Å] owing to a strong mutual trans effect between
both the C2 and C14 cyclometalated carbon atoms. The central
Ir–N distances [Ir1–N8 1.988(15) Å and Ir1–N38 1.921(5) Å] are
shorter than the peripheral Ir–C and Ir–N ones, which is in
agreement with distances measured for previous similar struc-
tures.[15] The diphenylpyridine ring and the methoxyphenyl
group are twisted by 35° with respect to one another. The six-
coordinate cobalt(III) metal is chelated by two dmgH ligands, a
chloride, and the bridging pyridine ring. The bond lengths and
angles in [Ir-Py-Co]+ [Co56–N53 1.967(5) Å] are in agreement
with those measured for [Co(dmgH)2PyCl],[16] [Co(dmgH)2-
(4-CNPy)Cl],[17] and [Co(dmgH)2(4-MeO2CPy)Cl][6a] (with Co–
Npyridine distances = 1.959, 1.963, and 1.959 Å, respectively),
which reveals that the structure of the dinuclear complex is not
significantly different from that of the separate IrIII and CoIII

units. These data confirm the supramolecular structure of the
dyad in the ground state.

The electrochemical data measured for [Ir-Py-Co]+ in aceto-
nitrile are gathered in Table 1. Values obtained for
[Ir(ppy)2(bpy)]+, [Ir(phbpy)2]+, and [Ir-Py]+ are also given for
comparison purposes. For the dinuclear complex, a reversible
one-electron oxidation wave was observed at +1.21 V that cor-
responds to the oxidation of the cyclometalated iridium frag-
ment (Ir-C N C). This value is slightly more positive than that
found for a similar [Ir-Py]+ complex owing to the electron-with-
drawing effect of the cobalt moiety.

Figure 2. ORTEP representation of [Ir-Py-Co]+ at the 50 % probability level. Hydrogen atoms, counterions, and co-crystallized solvent molecules are omitted
for clarity.
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Table 1. Electrochemical data of [Ir(ppy)2(bpy)]+, [Ir(phbpy)2]+, [Ir-Py]+, and
[Ir-Py-Co]+ in acetonitrile.

Complex Eox
[a] [V] Ered

[a] [V]

[Ir(ppy)2(bpy)]+ +1.29 (84) –1.36 (66)
[Ir(phbpy)2]+ +1.31 (83) –1.38 (66)
[Ir-Py]+ +1.16 (70) –1.16 (72)
[Ir-Py-Co]+[b] +1.21 (58) –0.30 (ir); –0.93 (54); –1.08 (50)

[a] Potentials are given in V vs. Ag/AgCl. [b] Electrochemical data were meas-
ured with Bu4NClO4 0.1 M at 100 mV s–1 with a complex concentration of
10–4 mol L–1. For reversible waves, the difference between the anodic and
cathodic peak potential [mV] is given in parentheses.

In the case of [Ir-Py-Co]+, an irreversible one-electron reduc-
tion wave at –0.30 V corresponding to the reduction of CoIII to
CoII is observed. This value suggests that solvolysis of the CoIII–
Cl bond occurs in solution similarly to that noticed for a Ru–Co
complex.[9a] At a more negative potential, two reversible reduc-
tion waves centered at –0.93 and –1.08 V are found, which cor-
respond to CoII/I reduction and reduction of the terpyridine
moiety, respectively. These values are slightly less negative than
those measured for the parent complexes [CoIII(dmgH)2(py)Cl]
(–0.98 V)[18] and [Ir-Py]+ (–1.16 V) because the metal centers in
the assembly are more electron-withdrawing than those in the
separate complexes.

The spectroscopic data in acetonitrile are gathered in Table 2
and are shown in Figure 3. For [Ir-Py-Co]+, on the basis of previ-
ous studies on cyclometalated IrIII complexes, the intense ab-
sorption bands between 282 and 325 nm are ascribed to li-
gand-centered (LC) transitions.[19] Absorption bands also ap-
pear in the visible region with two maxima at ca. 455 and
525 nm. These transitions correspond to metal/ligand-to-ligand
charge transfer (MLLCT) from the cyclometalated iridium frag-
ment (Ir-C N C) to the terpyridine ligand. The energies of the
transitions in the visible region of this complex are redshifted
relative to those of [Ir(ppy)2(bpy)]+ and [Ir(phbpy)2]+ because
the LUMO energy of the 4′-Py-tpy ligand is much lower than
that of bpy and phbpy.[11g] The lower energy absorption relative
to that of [Ir-Py]+ is due to the electron-withdrawing effect of
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Table 2. Spectroscopic data of [Ir(ppy)2(bpy)]+, [Ir(phbpy)2]+, [Ir-Py]+, and [Ir-Py-Co]+ in degassed acetonitrile at room temperature.

Complex λabs [nm] (ε [ × 102 M–1 cm–1]) λmax em [nm] τ[a] [μs] Φ[b] (Ar) kr
[c] [ × 103 s–1]

[Ir(ppy)2(bpy)]+ 420 (29), 375 (60), 314 (169), 265 (425) 602 0.28 0.093 338.2
[Ir(phbpy)2]+ 460 (12) 580 0.55 0.039 70.9
[Ir-Py]+ 514 (55), 445 (91), 324 (416), 283 (536) 705 1.05 0.006 6.1
[Ir-Py-Co]+ 527 (81), 457 (128), 326 (539), 282 (671) –[d] –[d] –[d] –[d]

[a] Excited state time. [b] Quantum yield was measured in air by using [Ru(bpy)3]2+ as a reference, Φref = 0.028 in CH3CN,[20] λex = 450 nm, 293 K. [c] Radiative
rate constant determined under an atmosphere of argon at 293 K (kr = Φ/τ). [d] Not emissive.

the cobalt(III) moiety, which stabilizes the LUMO of the 4′-Py-
tpy.

Figure 3. Absorption spectra (solid lines) of [Ir-Py-Co]+ (red) and
[Ir(ppy)2(bpy)]+ (black) in MeCN at 298 K under an atmosphere of argon as
well as the emission spectra (dashed lines) of light-emitting diodes used as
irradiation sources (blue, green, yellow).

The maximum emission wavelength of [Ir-Py]+ is redshifted
relative to that of [Ir(ppy)2(bpy)]+ and that of [Ir(phbpy)2]+ to
705 nm. The quantum yield dramatically decreases from 3.9 %
for [Ir(phbpy)2]+ and 9.3 % for [Ir(ppy)2(bpy)]+ to 0.64 % for [Ir-
Py]+, whereas the excited state lifetime of [Ir-Py]+ is double and
triple (1.05 μs) that of the two other complexes. These observa-
tions are in agreement with the dramatic decrease in the radia-
tive rate constant if the two cyclometalated carbon atoms are
on the same ligand. Interestingly, [Ir-Py-Co]+ is not emissive at
room temperature. This luminescence quenching could be due
to photoinduced electron transfer from the IrIII center to the
CoIII unit.

The spectroscopic and electrochemical data suggest that
among other IrIII derivatives, [Ir-Py-Co]+ is the ideal candidate
to evolve molecular hydrogen under irradiation. First, photoin-
duced electron transfer will be directed from the cyclometal-
ated iridium fragment towards the terpyridine ligand, which is
the LUMO of the 1MLLCT excited state and is closer to the co-
balt catalyst.[14] Furthermore, with extended absorption spectra
up to 600 nm, [Ir-Py-Co]+ should allow hydrogen photoproduc-
tion to occur at lower energy than the classic IrIII complexes of
phenylpyridine. To prove this effect, three light-emitting diodes
(LEDs) with narrow wavelengths centered at 452, 525, and
595 nm were used for the HER. To compare the activity of
[Ir-Py-Co]+, a nonlinked [Ir(ppy)2(bpy)]+ system with
[Co(dmgH)2PyCl] in the same molar concentration was analyzed

Eur. J. Inorg. Chem. 2016, 1779–1783 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1781

in parallel experiments as a reference. All photoreactions were
performed in acetonitrile with triethanolamine as the sacrificial
electron donor and aqueous tetrafluoroboric acid as the proton
source.

The photocatalytic HERs show no evidence for an induction
time under blue and green irradiation for both systems, which
suggests that the same molecular systems are involved in the
photocatalytic reaction. Using blue light at 452 nm, the [Ir-Py-
Co]+ system reaches a TON of 225 over 35 h versus a TON of
22 for [Ir(ppy)2(bpy)]+/[Co(dmgH)2PyCl] over the same time, but
the latter catalyst system is completely deactivated after the
first 0.5 h (Figure 4). The photocatalytic performances of [Ir-Py-
Co]+ are comparable to those of the [(ppy)2Ir(L-pyr)Co-
(dmgBF2)2(OH2)]+ device (TON = 210 after 15 h)[9b] and the tri-
dentate dissociated system [Ir(phbpy)2]+/Pd 2+[12] (TON = 137
after 5 h).

Figure 4. Hydrogen evolution of [Ir-Py-Co]+ (blue) and [Ir(ppy)2(bpy)]+ with
[Co(dmgH)2PyCl] (red). Solid line: TON, dashed line: TOF. Reaction conditions:
0.1 mM PS, 0.1 mM catalyst, 1 M triethanolamine, 0.1 M HBF4. Solvent: aceto-
nitrile, under an atmosphere of argon. Irradiation centered at 452 nm (see
Figure 3).

The rate of activity for [Ir-Py-Co]+ remains constant within
130 mmolH2

molPS
–1 min–1 during the first 15 h. Upon turning

the lamp on, [Ir(ppy)2(bpy)]+ rapidly reaches its maximum activ-
ity at ca. 4500 mmolH2

molPS
–1 min–1 before a rapid decrease

involving the decomposition of the photocatalytic system (Fig-
ure 4), albeit with a lower overall TON than [Ir-Py-Co]+ (Table S5
in the Supporting Information). The rate of activity for [Ir-Py-
Co]+ is about one order of magnitude lower than that of the
reference complex, and it lasts up to 66 h (TON = 440) if 4 equiv.
of dmgH2 is added to the reaction mixture,[8a] which is unusu-
ally long for IrIII and CoIII/CoII systems (see Table S5). Clearly,
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the use of an excess amount of the expensive [Ir(ppy)2(bpy)]+

photosensitizer is not optimal.
The green-light LED centered at 525 nm covers the tail of

the [Ir(ppy)2(bpy)]+ absorption spectrum and overlays the [Ir-
Pyr-Co]+ band with appreciable molar absorptivity (see Figure 4
and Table 2). A molar absorptivity lower in the range of green
light than in the range of blue light results in a concomitant
decrease in hydrogen production; however, the tridentate sys-
tem has more sustained hydrogen evolution: TON of 113 for
[Ir-Py-Co]+ and a TON of 12 for the reference system
[Ir(ppy)2(bpy)]+/[Co(dmgH)2PyCl] (Figure 5). Concerning rate of
activity, the overall decrease is remarkably different, as the ref-
erence system drops by over 4000 mmolH2

molPS
–1 min–1 and

[Ir-Py-Co]+ decreases by only 30 mmolH2
molPS

–1 min–1 and re-
mains homogeneous. For the bidentate model system, how-
ever, the rate does not decay as rapidly as it does for blue light.
Under yellow irradiation centered at 595 nm, [Ir-Py-Co]+ starts
a low production of hydrogen (TOF = 4 mmolH2

molPS
–1 min–1)

after 5 h, and no activity is detected for [Ir(ppy)2(bpy)]+

(Table S5). The [Ir-Py-Co]+ system has low but sustainable activ-
ity from the start of the photoreaction until the end, which
suggests that tridentate systems are much more stable with IrIII

than with RuII.[21] The low quantum yield of [Ir-Py]+ could be
related to the fact that this photoinduced electron-transfer rate
is slower than that of [Ir(ppy)2(bpy)]+ (the low homogeneous
activity of the Ir–Co assembly could also characterize directional
electron transfer through the pyridylterpyridine to cobalox-
ime[19]). The pendant pyridine ring of [Ir-Py]+ could act as an
electron relay from the PS to the catalyst, as it links both enti-
ties[9d] and is the coordination site for cobaloxime. Coordination
of cobaloxime to the PS appears to be a crucial factor for the
efficiency and stability of the system.[9]

Figure 5. Hydrogen evolution of [Ir-Py-Co]+ (blue) and [Ir(ppy)2(bpy)]+ with
[Co(dmgH)2PyCl] (red). Solid line: TON, dashed line: TOF. Reaction conditions:
0.1 mM PS, 0.1 mM catalyst, 1 M triethanolamine, 0.1 M HBF4. Solvent: aceto-
nitrile, under an atmosphere of argon. Irradiation centered at 525 nm (Fig-
ure 3).

Conclusion
In summary, the new [Ir-Py-Co]+ dyad presents much greater
robustness than the bidentate equivalent for [Ir(ppy)2(bpy)]+
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upon examining the HER at equivalent quantities of the Ir pho-
tosensitizer and the Co catalyst. The bis-cyclometalating ligand
gives a HOMO with both metal and ligand nature that is rela-
tively high in energy, while maintaining a low energy LUMO
owing to the terpyridine ligand in the role of ancillary ligand of
the IrIII complex. This shift in ligand composition in comparison
to phenylbipyridines allows greater control of the direction of
the MLLCT transition towards the Co catalyst and also allows
the HER to occur at lower energy than classic IrIII compounds.

CCDC 1419882 (for [Ir-Py-Co]+) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
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