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The requirement to develop clean and sustainable sources of
energy has stimulated new approaches for the conversion and
storage of solar energy other than by photovoltaic cells. Of
these approaches, the photocatalytic evolution of hydrogen
from water is at the forefront.[1] The photochemical produc-
tion of hydrogen by mimicking natural photosynthesis is
considered to be one of the most attractive and potentially
useful approaches.[2] In nature, the interconversion of protons
and hydrogen is efficiently catalyzed by metalloenzymes
known as hydrogenases, which exist in many microorganisms
and rely on metals abundant on earth.[3] Since the biological
structures and the functionalities of the active sites of
hydrogenases were proposed, chemists have made tremen-
dous efforts to model hydrogenases for energy conversion.[4]

Of these modeling studies, those on diiron hydrogenase have
inspired further research, and analogues of the active sites of
hydrogenase have been developed that have high fidelity and
result in a significant improvement in the catalytic intercon-
version of H2 and H+.[5] Diiron hydrogenase mimics for the
photochemical production of hydrogen have been con-
structed by various strategies.[6] However, only a few systems
have reached turnovers on the order of hundreds and
turnover frequencies of several hundreds per hour under
visible light irradiation.[7] Recently, a hybrid system compris-
ing ZnS and a hydrogenase mimic driven by UV light resulted
in turnovers of over 2600 being obtained.[8] The reported
quantum yields for the diiron hydrogenase mimic are just
a few percent. Therefore, the construction of robust hydro-
genase models with high photocatalytic activity and efficiency
remains a great challenge.

As is the case with most natural enzymes, the active site of
hydrogenase is buried within a protein matrix that modulates
the reactivity and protects the active center so as to facilitate
catalysis (Figure 1 a).[3] Inspired by the natural enzymes,
a hydrogenase mimic may be constructed by utilizing the
distinct architecture of a dendrimer. Dendrimers are well-
defined and hierarchically branched macromolecules which

Figure 1. a) Schematic illustration of the active site of diiron hydro-
genase encapsulated in a protein matrix, derived from protein crystal-
lographic database. X = CH2, NH, O. b) Structures of dendritic hydro-
genase mimics Hy-Gn (n = 1–4) bearing {(m-S)2Fe2(CO)6}, a model of
the active site of hydrogenase, as the catalytic center (asymmetry of
the sulfur–carbon bond is omitted).
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have widespread applications in enzyme mimics, catalysts,
and biomedical materials.[9] Much effort from our research
group in recent years has been devoted to dendritic mimics of
the natural light harvesting complex for photochemical
conversion.[10] Here we report bio-inspired hydrogenase
mimics with dendritic architectures that encapsulate the
active-site model of diiron hydrogenase at the core and
demonstrate unprecedented catalytic photochemical produc-
tion of hydrogen in a homogeneous system.

The hydrogenase mimics (Hy-Gn ; generation number n =

1–4) were constructed by attaching two Fr�chet-type den-
drons (Gn, n = 1–4)[11] to a {(m-S2)Fe2(CO)6} subunit (Fig-
ure 1b), one of the most common and primitive [2Fe2S]
clusters used in mimics of the active site of diiron hydro-
genase. [(m-S2)Fe2(CO)6] was treated with LiBHEt3 in tetra-
hydrofuran and subsequently treated with different genera-
tions of dendron bromides to give the corresponding artificial
hydrogenase. The structures of the synthetic hydrogenase
mimics were characterized by NMR and IR spectroscopy as
well as mass spectrometry (see the Supporting Information).
The IR spectra of Hy-Gn are similar, and the three bands of
n(CO) at 1989, 2033, and 2069 cm�1 show negligible shifts in
the different generations, thus indicating the relative inde-
pendence of the electronic state of the [2Fe2S] core on the
dendrimer generation (see Figure S3 in the Supporting
Information). The identical absorption spectra of Hy-Gn in
the visible region, where the absorption of the [2Fe2S] unit
lies, also suggest that there is no measurable interaction
between the dendrons and the [2Fe2S] core of Hy-Gn in the
ground state (see Figure S5 in the Supporting Information).

The photocatalytic evolution of hydrogen by the synthetic
hydrogenase mimics was examined by adopting a three-
component homogeneous catalyst system. This system com-
prises [Ir(ppy)2(bpy)]PF6 (ppy = 2-phenylpyridine, bpy = 2,2’-
bipyridine) as the photosensitizer to absorb light, Hy-Gn as
the proton reduction catalyst, and triethylamine (TEA) as the
sacrificial electron donor (Figure 2). A solvent mixture of
acetone and water was used to solubilize all the components.
Irradiation of the catalyst system with visible light resulted in
the immediate production of hydrogen, which was quantified
by gas chromatography, with the turnover numbers (TONs)
calculated from the amount of H2 molecules generated versus

the number of artificial hydrogenase molecules. Control
experiments in the absence of Hy-Gn showed no detectable
photochemical production of H2, thus verifying that the
dendritic diiron complex is essential for the photocatalytic
evolution of H2. The performance of the photocatalyst system
was dramatically affected by the reaction conditions, such as
the water content of the solvent mixture as well as the
concentrations of Hy-Gn and TEA. An optimization of the
reaction conditions was conducted to improve the efficiency
of the photochemical production of H2 (see Table S1 in the
Supporting Information).

An acetone/water ratio of 9:1 results in the best catalytic
activity when all the other conditions are kept identical. The
optimal concentrations of the catalyst and TEA were
confirmed to be approximately 1 mm and 0.6m, respectively,
with IrIII complex at 0.5 mm. The photocatalytic performance
of Hy-Gn (n = 1–4) was evaluated upon irradiation with
visible light from a xenon lamp (16 mW cm�2) under the
optimal conditions; the TONs over the course of the
irradiation are depicted in Figure 3. H2 was generated rapidly

in all four photocatalytic systems during the first 1 h of
irradiation, with initial turnover frequencies (TOFs) of up to
6190, 6360, 7000, and 7240 h�1 for the dendritic diiron
complex of generations 1–4, respectively. The evolution of
H2 slowed down gradually with prolonged irradiation time,
and reached a maximum plateau after about 8 h irradiation.
The corresponding TONs were up to 18 100, 19 000, 21500,
and 22200 for the hydrogenase mimics of generations 1–4,
respectively. The increase in the initial TOF and TON with an
increase in the catalyst generation indicates that the catalytic
activity and stability of the catalyst were improved by the
dendritic frameworks. These TOF and TON values represent
the highest efficiency and stability to date for H2 evolution
based on [2Fe2S] catalysts. The cessation of the H2 production
is mainly attributed to the inactivation of the catalysts, as

Figure 2. The homogeneous photocatalytic system. Hy-G4 acts as the
catalyst for the photochemical generation of H2.

Figure 3. Photochemical production of hydrogen by the Hy-Gn cata-
lysts. Turnover numbers versus time during H2 production by the Hy-
Gn catalysts in an acetone/water mixture (9:1, v/v) under irradiation
with visible light (16 mWcm�2). The concentrations of Hy-Gn, the IrIII

complex, and TEA are 1 mm, 0.5 mm, and 0.6m, respectively.
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evident from the recovery of the catalysis on adding more
dendritic complexes. Moreover, the decomposition of the IrIII

complex also accounts for the decrease in the H2 production
rates, because re-addition of the photosensitizer is needed to
fully recover the efficiency of the catalyst systems.

The catalysts are most active at low concentrations.
Figure 4 shows the effect of concentration on the rate and

overall evolution of hydrogen in the case of Hy-G3, with an
increase observed as the catalyst concentration increases. The
initial rate of hydrogen evolution, which is calculated from the
first hour of illumination, is proportional to the catalyst
concentration when the catalyst concentration is� 0.5 mm, but
does not increase linearly with the catalyst concentration at
> 0.5 mm (inset of Figure 4). This finding can be rationalized
by the limitation in the amount of reductive photosensitizer
(the reductive quenching mechanism is discussed below), and
further confirmed by the dependence of the hydrogen
evolution on the intensity of the irradiation. When we
decreased the illumination intensity from 16 mW cm�2 to
4 mW cm�2, the initial rate for hydrogen evolution decreased
markedly (see Figure S6 in the Supporting Information).
When the intensity of the irradiation is reduced, fewer
photons are absorbed by the catalyst system, which reduces
the amount of reductive photosensitizer formed; conse-
quently, the initial rate of hydrogen evolution decreases.
However, more intense illumination also does not benefit the
catalytic performance (see Figure S6 in the Supporting
Information). Under the intense illumination, the catalyst
system demonstrates a higher TOF at the cost of shortening
the working time, which may be attributed to photochemical
damage of the catalyst and the photosensitizer. When the

irradiation is too weak, the catalytic rate is lowered and
a gradual decomposition of the catalyst and the sensitizer may
be the cause of the lower performance of the catalyst.

The quantum yields of hydrogen evolution were measured
by irradiation of the solutions under the optimal conditions
(Hy-Gn = 1 mm, IrIII complex = 0.5 mm, TEA = 0.6m in 10 mL
acetone/H2O = 9:1) with a laser operating at a wavelength of
440 nm for 2 h. The quantum yields were determined to be
0.18, 0.21, 0.24, and 0.28 for Hy-Gn of generations 1–4,
respectively, which means that of the 100 photons absorbed by
the photosensitizer, 18–28 photons are stored as chemical
energy. These are the best quantum yields for [2Fe2S]-based
catalysts so far.

The photocatalytic evolution of H2 from the homoge-
neous three-component systems involves a photosensitizing
mechanism which begins with excitation of the photosensi-
tizer followed by delivery of an electron to the catalyst, either
by direct oxidative quenching or after reduction by the
sacrificial electron donor.[12] An estimation of the change in
the free energy DG indicated that direct electron transfer
from the excited photosensitizer *[Ir(ppy)2(bpy)]+ to the
[2Fe2S] core of Hy-Gn (n = 1–4) is thermodynamically
unfavorable (see Table S3 in the Supporting Information).
Alternatively, *[Ir(ppy)2(bpy)]+ can be reductively quenched
by TEA to generate a reduced photosensitizer [Ir(ppy)2-
(bpy)], which is sufficiently reductive (based on the DG value
derived from the reduction potentials) to donate an electron
to the [2Fe2S] center (i.e. FeIFeI), thereby generating
[2Fe2S]� (i.e. Fe0FeI). Therefore, we infer that the electron
transfer occurs between the reduced photosensitizer and the
[2Fe2S] center, which is further validated by transient
absorption spectroscopy studies. Pulsed laser photolysis of
the photosensitizer in the presence of TEA shows an intense
transient absorption of *[Ir(ppy)2(bpy)]+ with a maximum at
380 nm. The decay of this species is accompanied by a rise of
new absorption bands at around 390 and 530 nm, which are
assigned to the reduced species [Ir(ppy)2(bpy)] (see Fig-
ures S9 and S11 in the Supporting Information). The transient
absorption of [Ir(ppy)2(bpy)] decays faster when the dendritic
catalyst is added to the system, and a new shoulder at around
400 nm appears, which is assigned on the basis of spectroe-
lectrochemical observations to the reduced catalyst core
[2Fe2S]� (see Figures S10 and S12 in the Supporting Infor-
mation). A control experiment in the absence of TEA shows
no formation of the reduced species of either the photo-
sensitizer or the catalyst (see Figure S13 in the Supporting
Information), thus confirming that the excited photosensitizer
is reductively quenched by the sacrificial electron donor first
and then oxidized by the catalyst. After quenching the
photosensitizer, TEA undergoes decomposition to produce
a proton, acetaldehyde, and diethylamine in the presence of
water.[13]

Effective charge separation has been considered to be
a key factor for both natural photosynthesis and artificial
photochemical conversion.[2a, 14] The increase in the initial rate
and quantum yield of hydrogen evolution as the dendrimer
generation of the catalyst increases can be interpreted by the
lifetimes of the charge-separated states. These lifetimes were
obtained by analyzing the kinetic traces by transient absorp-

Figure 4. Photocatalytic evolution of H2 in acetone/H2O =9:1 with
different concentrations of Hy-G3. Hydrogen production was calcu-
lated on the basis of the amount of hydrogen generated in 10 mL of
the sample solution over 8 h irradiation (16 mWcm�2). [Ir(ppy)2-
(bpy)PF6] = 5 � 10�4

m, [TEA]= 0.6m, [Hy-G3]= 0.25–1.0 mm. Inset: Ini-
tial rate of hydrogen evolution versus [Hy-G3].
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tion spectroscopy at 400 nm. In the absence of the catalyst,
the kinetic trace at 400 nm fits well with a monoexponential
process, thus giving the lifetime of the reduced photosensi-
tizer [Ir(ppy)2(bpy)] as 5.3 ms (see Figure S11 in the Support-
ing Information). When Hy-Gn is present, the kinetic trace at
400 nm can only be fitted with a double exponential process
because of the evident absorption overlap of [Ir(ppy)2(bpy)]
and [2Fe2S]� , and gives two lifetimes (see Figure S12 in the
Supporting Information): the one in milliseconds is assigned
to [Ir(ppy)2(bpy)], which is shorter than 5.3 ms because of
electron transfer from [Ir(ppy)2(bpy)] to the [2Fe2S] core, and
the other in microseconds is attributed to the charge-
separated state [2Fe2S]� , which was determined to be 27.2,
42.4, 66.1, and 86.3 ms for Hy-Gn of generations 1–4,
respectively (see Table S4 in the Supporting Information).
The increase in the lifetime of the charge-separated state can
be attributed to the contribution made by the dendritic
frameworks. The site isolation effect stabilized the encapsu-
lated [2Fe2S]� unit that is formed, thereby resulting in an
enhanced catalyst performance as the generation number
increases.[15]

Generally, electron transfer requires strong electronic
orbital overlap between a donor and an acceptor, and
therefore the thick dendritic framework of the higher
generation catalysts should hinder the electron transfer
between the [Ir(ppy)2(bpy)] and the [2Fe2S] core, and
consequently results in a decrease in the hydrogen evolution.
However, in the present study, the higher generation catalyst
is more catalytically active, which suggests that the dendritic
structure plays a positive role in the catalytic process.
Compared with the bulk polar solvent, the dendritic structure
provides a hydrophobic microenvironment. The neutral
reduced photosensitizer [Ir(ppy)2(bpy)] prefers to penetrate
into the dendritic interior, thereby resulting in electron
transfer with the [2Fe2S] unit. After the electron transfer,
the photosensitizer species is restored to its cationic form
[Ir(ppy)2(bpy)]+ and tends to escape from the dendritic
architecture into the polar solvent phase, which suppresses
the unwanted back electron transfer and facilitates the
evolution of hydrogen.

Moreover, the better catalytic performance of the higher
generation catalyst suggests a possible unimolecular catalytic
mechanism. The charge-separated state Fe0FeI needs to react
with a proton to form an H·FeIIFeI intermediate so that the
catalytic process may continue. However, to obtain H2, the
transfer of a second electron to the diiron core and the total
uptake of two protons are necessary. The precise mechanism
of the further reduction of the diiron core and formation of
dihydrogen is still ambiguous for hydrogenase mimics
because the intermediates remain spectroscopically unchar-
acterized. Multiple mechanistic pathways have been proposed
for the production of H2 based on the high catalytic
activities.[12a,16] The experiments on the relationship between
the rate of H2 evolution and the catalyst concentration were
conducted in the present study. The rate of H2 evolution
increases linearly with an increasing concentration of Hy-G3
in the low concentration region when other reaction con-
ditions are kept identical (inset of Figure 4). This finding
indicates that H2 is probably not generated through bimolec-

ular or disproportional catalysis, but possibly through a uni-
molecular catalytic pathway. H·FeIIFeI can be reduced and
protonated successively, thereby resulting in the production
of H2 and recovery of FeIFeI, or undergo a secondary
protonation to form a dihydride intermediate that undergoes
a subsequent reduction and H2 liberation.[6a]

In summary, our observations on dendritic hydrogenase
mimics with remarkably high quantum yield, turnover
numbers, and turnover frequency demonstrate a promising
approach toward the conversion of solar energy into hydro-
gen. The catalytic center demonstrates high catalytic activities
and the dendritic frameworks provide a distinct microenvir-
onment to regulate the electron-transfer process and protect
the active site, similar to natural proteins, thus consequently
advancing the photocatalysis. The experiment design shown
here provides an unsophisticated way to construct promising
photocatalysts as well as artificial photosynthesis systems.
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