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Photocatalytic Production of Hydrogen by Disproportionation of One-
Electron-Reduced Rhodium and Iridium-Ruthenium Complexes in

Water**

Shunichi Fukuzumi,* Takeshi Kobayashi, and Tomoyoshi Suenobu

Photocatalytic production of hydrogen (H,) has attracted
increasing attention, because H, is a clean energy source for
the future to reduce dependence on fossil fuels and emissions
of greenhouse gases in the long term."?! Extensive efforts
have explored the development of photocatalytic H, evolu-
tion systems, which consist of an electron donor, a photo-
sensitizer, an electron mediator such as methyl viologen
(MV?), and a hydrogen-evolution catalyst."* Both hetero-
geneous catalysts such as platinum nanoclusters and molec-
ular homogeneous catalysts have been used for the photo-
catalytic hydrogen evolution.’'¥ Organorhodium complexes
were found to be useful in place of colloidal platinum for TiO,
photosensitized hydrogen evolution."”) However, the detailed
photocatalytic mechanism of one-electron transfer among
components has yet to be elucidated, because the two-
electron reduction of protons is required for H, production. In
particular, it should be clarified how photoinduced electron
transfer of a photosensitizer (a one-electron process) leads to
H, production (a two-electron process) to improve the
photocatalytic efficiency of H, production.

We report herein that water-soluble transition-metal
complexes  [Rh"(Cp*)(bpy)(H,0)](SO,) (L; Cp*=1’-
CsMes, bpy=2,2"-bipyridine)!'® and [Ir'(Cp*)(H,0)-
(bpm)Ru"(bpy),](SO,), (2; bpm =22"-bipyrimidine)'"”" act
as efficient catalysts for photocatalytic hydrogen evolution in
water at room temperature. The detailed kinetic analysis and
detection of the intermediates, such as a one-electron-
reduced complex, provide valuable insight into the mecha-
nism of the photocatalytic hydrogen evolution, in which the
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disproportionation of the one-electron-reduced complexes is
the key step for the two-electron reduction of protons to H,.

Photocatalytic hydrogen evolution experiments were
performed with [Ru(bpy);]*" (2.0x107°m), a catalyst (1:
1.0x 107 M, 2: 1.0 x 10~*m), ascorbic acid (H,A, 0.8m), and
sodium ascorbate (NaHA, 0.3m) at various pH values under
irradiation with visible light (1>430nm). No hydrogen
evolution was detected in the absence of [Ru(bpy);]*" under
otherwise identical experimental conditions. The formed
hydrogen was identified and quantified by gas chromatog-
raphy. The amount of evolved H, with 2 (1.0x10*m) at
pH 3.6 increased with irradiation time, and the turnover
number (TON) per molecule of 2 reached 410 in 100 min
(Figure S1 in the Supporting Information).

The quantum yield @ of the photocatalytic hydrogen
evolution was determined from the number of absorbed
photons and the maximum hydrogen production rate using
monochromatized light at 1 =450 nm (see the Experimental
Section). Under the present reaction conditions, in which the
concentration of [Ru(bpy);]** (2.0 x 103m) is 20 times larger
than the concentration of 2 (1.0x107*m), light is mainly
absorbed by [Ru(bpy)s]’" (Amax=450nm, &4500m=1.4x
10*°M'em™) rather than 2 (A, =414 nm, 575 nm; &4s50mm =
52x10°m'em ;" see Figure S2 in the Supporting Informa-
tion for the absorption spectra of [Ru(bpy);]*" and 2). The pH
dependence of @ is shown in Figure 1, where the maximum @
value (1.5 x107?) is achieved at pH 3.6 for catalyst 2.

The decrease of the @ value when the pH value is
decreased below 3.6 suggests that ascorbate ion (HA ™) rather
than H,A acts as an electron donor, because the pK, value of
H,A is 4.0.'%! The sharp decline in the @ value when the
pH value is increased above 3.6 may be explained by the
formation of the low-valent iridium complex [Ir'(Cp*)(H,O)-
(bpm)Ru"(bpy),]*", which has no catalytic activity for hydro-
gen evolution, because the pK, value of the iridium hydride
complex derived from 2 ([Ir'™(Cp*)(H)(bpm)Ru"(bpy),]*") is
3.9.07 The lower @ value at pH 3.6 for catalyst 1 (Figure 1) is
consistent with the lower catalytic activity of 1 for H,
evolution in the decomposition of formic acid."®!”! The
decrease of the @ value for complex 1 beyond pH 3.6 can
be ascribed to the decrease of the concentration of protons,
which react with the corresponding hydride [Rh™(Cp*)-
(bpy)(H)]*. It should be noted that no H, was produced when
2 was replaced by [Ir'™(Cp*)(bpy)(H,0)](SO,) without the
{Ru"(bpy),} unit, because the hydride complex [Ir"(Cp*)-
(bpy)(H)]" is stable at pH 3.6.1

It is well known that the emission of the excited state of
[Ru(bpy)s]*" ([Ru(bpy);]**) at A=600nm is efficiently
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Figure 1. pH-dependence of the quantum yield (@) of photocatalytic
H, evolution under irradiation of [Ru(bpy);]*" (2.0x107*m) with
monochromatized light (1=450 nm) in a deaerated buffer solution
containing 1 (2, 1.0x10*m) or 2 (0, 1.0x 10 *M) in the presence of
H,A/NaHA (1.1 m) at various pH values at 298 K (light path length:
1cm).

quenched in the presence of NaHA by photoinduced electron
transfer from HA™ to [Ru(bpy),]*™* (Figure S3 in the
Supporting Information).” The occurrence of the photo-
induced electron transfer was confirmed by laser flash
photolysis measurements. Nanosecond laser excitation at
A=455nm of a deaerated buffer solution containing [Ru-
(bpy);]*", H,A, and NaHA results in formation of [Ru(bpy);]*
(Figure 2). The transient absorption bands at A =360 and
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Figure 2. Transient absorption spectra after laser excitation of
[Ru(bpy)s]*" (8.0x107° M) at =455 nm in the presence of H,A (0.8 m)
and NaHA (0.3 m) in deaerated H,O at pH 3.6 at 298 K.

510 nm are assigned to [Ru(bpy),]*.”" The absorption arising
from ascorbate radical anion (A*"), which is produced by
deprotonation of ascorbate radical (HA"),?? is overlapped at
A=360 nm. The decay of these transient absorption bands
occurs by back electron transfer (BET) from [Ru(bpy);]*
A"~ to reproduce [Ru(bpy);]*" and HA". The quantum yield
of the generated [Ru(bpy);]" in the presence of H,A and
NaHA was determined to be 10% using the comparative
method (see the Supporting Information).!

When 1 is added to the [Ru(bpy);]*"/H,A/NaHA system
described in Figure 1, the same absorption bands (4,,,, =350
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and 510 nm) arising from [Ru(bpy);]* and A~ are observed
4 us after laser excitation of a deaerated buffer solution at
pH 3.6 containing [Ru(bpy);]*, 1, and H,A/NaHA (Fig-
ure 3a). However, the decay of the absorption bands at 1 =
350 and 510 nm is accompanied by the appearance of an
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Figure 3. a) Transient absorption spectra after laser excitation of
[Ru(bpy)s]*" (8.0x107° m) at 1 =455 nm in the presence of 1
(1.6x107*m), H,A (0.8 M), and NaHA (0.3 m) in deaerated H,O at

pH 3.6 at 298 K. b) Decay time profile of the absorbance at A =750 nm
arising from [Rh" (Cp*) (bpy)]™. Inset: Second-order plot.

absorption band at A =750 nm. The newly formed absorption
band at 1 =750 nm is assigned to the one-electron-reduced
species of 1 ([Rh™(Cp*)(bpy)] "), because a similar absorption
band has been reported for the Rh™ complex with a bipyridine
derivative, [Rh"(Cp*)(4,4-(COOH),bpy)]*.®! This finding
indicates that electron transfer from HA™ to the excited state
([Ru(bpy);]**) is followed by electron transfer from the
resulting [Ru(bpy);]* to 1 to produce the Rh" complex.

The decay of transient absorption at A =510 nm, assigned
to [Ru(bpy)s;]*, obeys pseudo-first-order kinetics, and the
pseudo-first-order rate constant increases linearly with con-
centration of 1 (Figure 4). The rate constant of electron
transfer from [Ru(bpy);]* to 1 was determined from the slope
of the plot in Figure 4b to be 1.3 x10°M's™",

The decay of the transient absorption at A=750 nm,
assigned to [Rh™(Cp*)(bpy)(H,O)]", at prolonged reaction
time obeys second-order kinetics (Figure 3b) and does not
obey first-order kinetics (Figure S4 in the Supporting Infor-
mation). This result indicates that disproportionation of
[Rh"(Cp*)(bpy)(H,O)]" occurs to produce 1 and the Rh'
complex [Rh'(Cp*)(bpy)(H,0)].['"! This resulting Rh' com-
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Figure 4. a) Decay time profiles at A =510 nm arising from [Ru(bpy),]*
in the presence of various concentrations of 1 in deaerated H,0
containing [Ru(bpy);]*" (8.0x10°m), H,A (0.8 m), and NaHA (0.3 m)
at pH 3.6 at 298 K. b) Plot of the pseudo-first-order rate constant (kyps)
for electron transfer from [Ru(bpy);]" to 1 versus [1].

plex is immediately protonated at pH 3.6 to produce the
rhodium hydride complex ([Rh™(Cp*)(H)(bpy)]"), which
reacts with a proton to generate H,, accompanied by
regeneration of 1.

Similar results were obtained for 2 by laser flash
photolysis of a deaerated buffer solution at pH 3.6 containing
[Ru(bpy);]*t, 2, and H,A/NaHA (Figure 5). The rate constant
of electron transfer from [Ru(bpy);]* to 2 after electron
transfer from HA~ to [Ru(bpy);]*'* was determined to be
1.4x10°m's™' (Figure S5 in the Supporting Information),
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Figure 5. Transient absorption spectra after laser excitation of
[Ru(bpy)s]*" (8.0x107° m) at 1 =455 nm in the presence of 2
(8.9%107° M), H,A (0.8 M), and NaHA (0.3 m) in deaerated H,O at
pH 3.6 at 298 K.
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which is virtually the same value as for 1. The decay of the
transient absorption at A =450 nm, assigned to [Ir"(Cp*)-
(H,0)(bpm)Ru"(bpy),]*", obeys second-order kinetics (Fig-
ure S6 in the Supporting Information). The remaining
absorption band, which extends into the NIR region, agrees
with that of the Ir' complex [Ir'(Cp*)(H,O)(bpm)Ru'-
(bpy),J*".'"! This finding clearly indicates that disproportio-
nation of the Ir" complex occurs to produce 2 and [Ir'(Cp*)-
(H,0)(bpm)Ru"(bpy),]*". The Ir' complex is protonated at
pH3.6 to produce the iridium hydride complex ([Ir''-
(Cp*)(H)(bpm)Ru"(bpy),]*"), which reacts with a proton to
generate H,, accompanied by regeneration of 2.'”)

Thus, the proposed mechanism of the photocatalytic
generation of H, using HA", [Ru(bpy);]*", and 1 or 2 is
summarized in Scheme 1. The photoinduced electron transfer
from HA™~ to [Ru(bpy);]*"* occurs to produce [Ru(bpy),]",

[RU(bpy)alz**
Dlsproportlonatlon

HA- [Ru(bpy 3]2+ 7 m e
HA® [Ru(bpy)a] >< mi M"' X H,

HA" = Ascorbate lon XV2 M =Rhin 1orilrin2

Scheme 1. Photocatalytic generation of H,.

which reduces 1 and 2 to form [Rh"™(Cp*)(bpy)(H,0)]" and
[Ir"(Cp*)(H,0)(bpm)Ru' (bpy),]*", respectively. Dispropor-
tionation reactions of [Rh"(Cp*)(bpy)(H,O)]" and [Ir"(Cp*)-
(H,0)(bpm)Ru"(bpy),]*" proceed to produce [Rh'(Cp*)-
(bpy)(H,0)] and [Ir'(Cp*)(H,0)(bpm)Ru"(bpy),]**, which
are protonated to form the hydride complexes [Rh™"-
(Cp)(E)(bpY)]*  and  [Ir"(Cp*)(ED)(bpm)Ru"(bpy),]™,
respectively. Hydrogen is evolved in the reaction of the
hydride complexes with a proton. No hydrogen evolution was
detected upon irradiation of these hydride complexes when
they were produced independently by reducing reagents such
as formic acid or sodium borohydride.

In summary, photoinduced electron transfer from HA™ to
[Ru(bpy);]*"* (a one-electron process) leads to the two-
electron reduction of protons to produce H, by disproportio-
nation of the one-electron-reduced species of 1 and 2 to afford
the two-electron-reduced metal complexes, which are pro-
tonated to give the metal hydride complexes. Hydrogen is
produced by reactions of the metal hydride complexes with
protons to regenerate 1 and 2. Thus, disproportionation of the
one-electron-reduced metal complexes has been demon-
strated as the key step to enable the two-electron process
(H, production) based on photoinduced electron transfer (a
one-electron process).

Experimental Section

Compounds 1, 2, and [Ru'(bpy),(bpm)](SO,) were synthesized
according to literature procedures.'®!”" All experiments were carried
out under an Ar or N, atmosphere using standard Schlenk techniques
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unless otherwise noted. Purification of water (18.2MQcm) was
performed with a Milli-Q system (Millipore; Direct-Q 3 UV).

The pH values of the solutions were determined by a pH meter
(TOA, HM-20J) equipped with a pH combination electrode (TOA,
GST-5725C). The pH value of the solution was adjusted using
ascorbic acid (H,A) and sodium ascorbate (NaHA).

An ascorbic acid buffer (H,A/NaHA; 2.2 mmol, 2.0 mL) con-
taining [Ru(bpy);]** (2.0 mm) and 1 or 2 (0.10 mm) was deaerated by
freeze—pump-thaw cycles (three times) and flushed with nitrogen gas.
The solution, contained in a quartz cuvette (light path length =1 cm),
was then irradiated with a xenon lamp (USHIO Optical ModuleX
X500) through a cut-off filter (Toshiba Y-43) transmitting A > 430 nm
at room temperature. The amount of evolved hydrogen gas was
analyzed by a Shimadzu GC-14B gas chromatograph (N, carrier,
active carbon with a particle size of 60-80 mesh at 353 K) equipped
with a thermal conductivity detector.

The spectroscopic procedures and methods for quantum yield
determination are described in the Supporting Information.
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