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Introduction

Developing new semiconductor materials to utilize solar
energy is a promising method to solve environmental pol-
lution and energy shortage."
have always been regarded as one of the most popular semi-
conductor materials due to their good stability and high
Nowadays, crystalline titanium-oxo cluster
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photoactivity.
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Ferrocene-sensitized titanium-oxo clusters with
effective visible light absorption and excellent
photoelectrochemical activityt

Chao Wang, & * Shoujuan Wang, Fangong Kong and Ning Chen

Sensitized Ti-oxo clusters have attracted growing attention as analogous molecular model compounds of
dye-sensitized titanium dioxide solar cells. However, reports on the introduction of metal complexes as
photosensitizers into Ti-oxo clusters are still very rare. Herein, with the use of an organometallic complex
[Tig(ps-
0)4(Dipa)s(Fcdc)4(O'Pr)1ol-2HO'Pr (HoFede = 1,1-ferrocene dicarboxylic acid, Dipa = diisopropanolamine,
and HO'Pr = isopropanol, TigFcdcs) and [Ti1o(pg-O)2(p3-O)a(Fcdc),(pa-OEt)g(OEL) 1 0l-2HOEL (TijgFedcy)
have been successfully synthesized. Their molecular structures, light absorption, charge transfer, and
photoelectrochemical properties were systematically investigated. It is demonstrated that the incorpor-
ation of Fcdc ligands shows a significant influence on the light absorption of the resulting clusters, and

ferrocene as a sensitizer, two novel ferrocene-sensitized Ti-oxo clusters, namely,

their absorption band edge is extended to about 580 nm. Furthermore, experimental measurements and
theoretical calculations showed that the intense intramolecular charge transfer occurs from the Fcdc
ligands to the Ti-oxo core. Based on these advantages, clusters TigFcdcy and TijoFcdc, were used as
photoelectrode precursors to carry out photoelectrochemical experiments, and both exhibited clear
photocurrent responses. The molecular structure, light absorption, and effective charge transfer of
materials have a direct bearing on their photoelectrochemical performances. This work not only provides
novel structural models for sensitized Ti-oxo clusters towards the modulation of photoelectric properties
but also provides new insights into further understanding the structure—property relationships of sensi-
tized clusters.

mechanistic explanations.'®° However, the light absorption

of traditional Ti-oxo clusters is usually limited to the ultra-
violet region, which greatly hinders the highly efficient utiliz-
ation of solar energy. Ligand modification has been proven to
be one of the effective solutions to reduce the band gap of tra-
ditional Ti-oxo clusters.’™ It is demonstrated that the elec-
tronic effect of ligands can effectively regulate the light absorp-
tion of the Ti-oxo clusters owing to the intense electronic inter-

3 Titanium dioxide materials

materials, as good molecular model compounds of titanium
dioxide semiconductors, have attracted growing interest.'>®
The potential motivation not only comes from the intrinsic
properties of the titanium dioxide materials but also lies in
the acquisition of precise molecular structural information,
which contributes to further theoretical calculation and
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actions between the ligands and the Ti-oxo core.**™*
Consequently, reasonable optimization of functionalized
ligands is very important for the synthesis of novel titanium-
oxo clusters with a narrow band gap and excellent photo-
physical and photochemical properties.

Organometallic complex ferrocene, as an efficient and
stable electron donor, has been widely used in the construc-
tion of a variety of molecular materials.”> Many ferrocene-func-
tionalized complexes have been reported to date.>® However, to
the best of our knowledge, there are only a few examples of Ti-
oxo clusters with ferrocene-derived functional ligands being
reported.”®" Dai and Fan’s groups made a great contribution
in this field and synthesized a series of ferrocene-sensitized Ti-
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oxo clusters.>>™ More recently, Lan and co-workers reported
the synthesis and CO, photoreduction of ferrocene-sensitized
Ti-oxo clusters.®® It is worth mentioning that Liu’s group syn-
thesized the biggest ferrocene-sensitized {Tiy;Fc,} cluster.®!
Despite the above successful cases, the diversity of ferrocene-
sensitized Ti-oxo clusters applied in structural model research
studies is still unknown. In addition, the structure-property
relationship of ferrocene-sensitized Ti-oxo clusters is worth
further investigation.

We have been working on the synthesis, structure, and
photorelated properties of Ti-oxo clusters.®>”®” In continuation
of our research and in consideration of the characteristics of
the ferrocene ligands, we carried out research on the synthesis
of ferrocene-sensitized Ti-oxo clusters and their photoelectro-
chemical properties. Herein, two novel ferrocene-sensitized Ti-
oxo clusters, namely, [Tig(p3-0)s(Dipa),(Fede),(O'Pr)y]-2HO'Pr
(Dipa = diisopropanolamine and HO'Pr = isopropanol,
TigFedey) and [Tijo(pa-0)a(p3-O)a(Fede),(p-OEt)g(OEL) 1 o]- 2HOEL
(HOEt = ethanol, TijeFedc,), are successfully synthesized and
structurally characterized. The light absorption, charge trans-
fer, and photoelectrochemical properties of these two Ti-oxo
clusters are investigated. We found that the light absorption
range of clusters TigFede, and TijoFede, can be significantly
extended to the visible-light region, which is mainly caused by
the intense intramolecular charge transfer from the Fedc elec-
tron donor to the Ti-oxo core. Furthermore, the light absorp-
tion and the molecular structures of the resulting clusters have
a direct bearing on their photoelectrochemical activity.
Notably, the bridged Fecdc ligands in cluster TigFede, can
provide additional transmission channels for charge transfer
between the two sub-clusters, thereby achieving enhanced
photocurrent response (higher photoinduced charge transfer
rate) in comparison with that of cluster Ti;oFedc,. Our work
provides novel structural models for sensitized Ti-oxo clusters
towards understanding the electron communication mecha-
nism and regulating the photoelectric properties.

Experimental

Reagents and instrumentation

Ti(O'Pr), (97%), 1,1-ferrocene dicarboxylic acid (98%), diiso-
propanolamine (98%), isopropanol (99.5%), and ethanol were
purchased from Aladdin. X-ray diffraction (XRD) data were col-
lected using a Bruker Dg Focus diffractometer (CuKa, A =
1.5406 A). Thermogravimetric analysis (TGA) data of the
cluster samples were recorded using a TGAQ50 instrument.
UV-vis spectra were obtained using a Cary 4000 UV-vis
spectrophotometer. Infrared spectroscopy (IR) measurements
were performed using a Nicolet 6700 spectrometer. X-ray
photoelectron spectroscopy (XPS) investigation was performed
using a Thermo Scientific ESCALABXi + instrument.

Crystal structure determination

An Agilent Gemini E diffractometer with an Eos CCD detector
was used to collect the crystallographic data of the clusters.
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The structures are solved by the inherent phase method in the
SHELXT program and refined by the least square method in
the SHELXL program.®® Both programs are used coupling with
OLEX2.%*° Some restraints such as DFIX, SADI, DELU, and
SIMU were applied. Table S1{ shows unit-cell and refinement
parameters. CCDC 2119700 and 2119701 (TigFede, and
Ti,oFedc,) contain additional crystallographic details.

Photoelectrochemistry (PEC) measurements

All photoelectrochemistry measurements (photocurrent, the
Mott-Schottky plots and electrochemical impedance spectra)
were carried out using a CHI660E electrochemical workstation
in a three-electrode system, with the sample coated indium tin
oxide (ITO) glass as the working electrode, a Pt wire as the
counter electrode, and a saturated Ag/AgCl electrode as the
reference electrode. The working electrode was ITO glass plates
coated with a cluster-slurry and the electrolyte was Na,SO, (0.2
M) aqueous solution. For the preparation of working photo-
electrodes, the crystal sample (about 3 mg) was dissolved in
ethanol (1 mL), which was then dropped onto a precleared ITO
glass (1 ecm?). The working photoelectrode was obtained after
evaporation. The Mott-Schottky plots were also measured over
an alternating current frequency of 1000 Hz. Electrochemical
impedance spectra (EIS) measurements were recorded over a
frequency range of 100 kHz-0.1 Hz.

Synthesis of TigFedc,

H,Fcdce (27.4 mg, 0.1 mmol), diisopropanolamine (66.60 mg,
0.50 mmol) and isopropanol (5 mL) were added into a Teflon-
lined autoclave with stirring for 10 min, and then combined
with Ti(O'Pr), (100 pL, 0.3 mmol). The resultant mixture was
transferred to a pre-heated oven at 100 °C for 3 days. Yellow
crystals were obtained after cooling down. Yield: ca. 65%
(based on Ti(O'Pr),). Infrared spectroscopy data (cm™*): 2970
(w), 2933 (W), 2884 (w), 1581 (m), 1495 (s), 1416 (s), 1379 (s),
1213 (w), 1144 (s), 997 (s), 947 (m), 863 (w), 785 (s), 721 (W),
611 (m), 524 (m).

Synthesis of Ti,oFcdc,

H,Fcde (27.4 mg, 0.1 mmol) and ethanol (5 mL) were added
into a Teflon-lined autoclave with stirring for 10 min, and then
combined with Ti(O'Pr), (100 uL, 0.3 mmol). The resultant
mixture was then transferred to a pre-heated oven at 100 °C for
3 days. Yellow crystals were obtained after cooling down. Yield:
ca. 70% (based on Ti(O'Pr),). Infrared spectroscopy data
(em™): 2970 (w), 2923 (w), 2884 (w), 1576 (m), 1475 (s), 1383
(s), 1337 (s), 1148 (s), 1097 (s), 996 (s), 946 (m), 905 (w), 877
(W), 716 (W), 619 (m), 527 (m).

Results and discussion
Synthesis

Herein solvothermal synthesis was adopted to isolate ferro-
cene-sensitized Ti-oxo clusters. With the use of H,Fcdc as a
ligand, two novel ferrocene-sensitized Ti-oxo clusters were suc-
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cessfully synthesized with relatively high yields. In the course
of the synthesis of TigFede, and TiyoFedc,, we found that the
solvent plays a crucial role in their crystallization process. With
the use of isopropanol as a solvent, yellow crystals of TigFede,
were successfully obtained in the presence of Dipa. When iso-
propanol was replaced by ethanol, yellow crystals of Ti,oFede,
were successfully obtained. The crystal pictures and the assem-
bly unit of clusters TigFede, and TiyoFedc, are shown in Fig. 1a
and f, respectively. Structurally, TigFede, is an octanuclear
cluster consisting of two Ti, motifs connected by two Fedc
ligands (Fig. S17); and Ti,oFedc, is a ten-nuclear cluster that is
constructed from two Tis units bridged by two p;-O atoms
(Fig. S17). The detailed structural description can be found in
the structural discussion section.

Crystal structure of TigFcdc,

The structure of cluster TigFedc, crystallizes in the space group
P2,/n. As shown in Fig. 1b, four Ti atoms, two Fcdc ligands,
two p3-O atoms, six ~O'Pr groups, and a free HO'Pr molecule
compose the asymmetric unit of cluster TigFede,. In the struc-
ture of cluster TigFcdc,, four Ti atoms are connected by two pi3-
O atoms to form the Tiy(p3-O), unit, which is further linked
with one Fedc ligand and one Dipa molecule. The two Tis(ps-
0), units are connected by two Fedc units to construct the
structure of octa-nuclear cluster TigFede, (Fig. 1c). The two
oxygen atoms of the carboxylic acid in the Fcde unit (Fel) are
coordinated with Ti3 and Ti4 in the same Ti,(p3-O), unit and
Ti2 and Ti4 in another Ti,(p3-O), unit, at the same time, the
four oxygen atoms of the carboxylic acids in the Fedc units
(Fe2) are coordinated with four Ti atoms in a Ti,(p3-O), unit

View Article Online
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(Fig. 1d). Furthermore, Ti1, Ti2, and Ti3 in the Tis(p3-O), unit
are also connected to two oxygen and one nitrogen of diisopro-
panolamine, and the Ti-O core of cluster TigFedc, is con-
nected with twelve terminal ~O'Pr groups. Different from the
reported {Ti,,Fc} structure,®’ the Fede ligand in TigFedc, exhi-
bits two coordination modes, and this phenomenon is rare in
Ti-based coordination compounds. Similar to that of reported
ferrocene-sensitized Ti-oxo clusters,’®™®® Ti atoms (Ti2, Ti3,
and Ti4) in the Tis(p;-O), unit are also six-coordinate with a
slightly distorted octahedral geometry configuration, while the
Til atom is seven-coordinate with a pentagonal bipyramid
coordination environment (Fig. 1e). Furthermore, the clusters
are stacked into a three-dimensional supramolecular structure.
However, there are no obvious interactions between the adja-
cent clusters (Fig. S37).

Crystal structure of Ti;oFedc,

The structure of cluster TijoFcde, crystallizes in the space
group P1. Structurally, the asymmetric unit of cluster Ti;oFedc,
involves five Ti atoms, one Fcdc ligand, one p,-O atom, two pi;3-
O atoms, twelve -OEt groups, and one HOEt molecule
(Fig. 1g). In cluster TijoFedc,, titanium atoms (Ti1, Ti2, Ti3,
and Ti4) are connected with one p,-oxygen atom to form a
Tis(1s-O) unit, and it is further connected to Ti5 by two ps-
oxygen atoms to form a Tis(ps-O)(p3-O), unit (Fig. 1h). At the
same time, two Ti5(p4-O)(13-O), units are bridged via two pz-O
atoms to construct the structure of a ten-nuclear cluster
TijoFedce, (Fig. 1i). The four oxygen atoms of the Fede ligands
are coordinated with the four Ti atoms (Ti1, Ti2, Ti3 and Ti5),
respectively. Different from the peripheral ~O'Pr groups of the

@Ti @re @0 @c @N @OPr & OFt

Fig. 1 (a) The crystal picture and the Tis unit of TigFcdc,. (b) The asymmetric unit of TigFcdc,. (c) The Ti-oxo core of TigFcdc,. (d) The ball-stick
structure of TigFcdcy. (e) The polyhedral structure of TigFcdc,. (f) The crystal picture and the Tis unit of TijoFcdc,. (g) The asymmetric unit of
TisoFcdc,. (h) The Ti-oxo core of TijgFcdc,. (i) The ball-stick structure of TijoFcdc,. (j) The polyhedral structure of TijgFcdc,.
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TigFede, cluster core, the Ti-O core of the Ti;oFede, cluster is
coordinated with 22 -OEt groups (Fig. 1f). Similar to that of
the reported ferrocene-sensitized Ti-oxo clusters,”” °' the ten
Ti atoms in cluster Ti;gFcdc, are also six-coordinated with a
slightly distorted octahedral geometry (Fig. 1g). Furthermore,
the clusters are stacked into a three-dimensional supramolecu-
lar structure. However, there are no obvious interactions
between the adjacent clusters (Fig. S47).

The PXRD patterns of clusters TigFede, and Ti;oFedc, are
highly consistent with the simulation results based on accu-
rate crystallographic data (Fig. S5 and S6t), indicating their
high purity. The TGA curves show that clusters TigFedc, and
Ti;gFede, have favourable thermal stability with the onset
temperature of thermal decomposition above about 250 °C,
and 270 °C, respectively (Fig. S7 and S87). Fig. S9 and S10%
show the IR spectra of clusters TigFede, and Ti;oFede,. The
bands of about 1000 cm™' are designated as the Ti-O-C
vibrations and the bands of about 610 cm™" are designated as
the Ti-O vibration. The bands between 2970 and 2884 cm ™"
are designated as the C-H vibrations. Notably, the bands of
about 1475 or 1490 cm™" belong to the characteristic bands of
the Fede moieties.

The valence states of Ti and Fe atoms within clusters
TigFede, and TijgFedce, are identified by X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 2, the Ti 2p spectra
clearly show that two peaks at 458.8 eV and 464.6 eV refer to
the states of Ti 2p,/3 and Ti 2p,,,, respectively, indicating that
only Ti"" exists in clusters TigFede, and TijoFedc,. The Fe 2p
spectra clearly display that two peaks at 708.1 eV and 720.8 eV,
respectively, refer to the states of Fe 2p,,; and Fe 2p,,,, indicat-
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ing the unique existence of Fe" in clusters TigFede, and
TioFedc,.

Fig. 3a shows the solid-state UV-vis spectra of clusters
TigFede, and TijoFede,. It can be clearly seen that clusters
TigFede, and Ti;oFede, exhibit broad absorption bands, and
the absorption band edges are extended to about 580 and
560 nm, respectively, which is consistent with their yellow
colour crystals. As generally accepted, the UV-light absorption
band is mainly attributed to the O — Ti charge transfer in the
Ti-oxo core. The extended visible absorption band is mainly
induced by the charge transfer from the Fedc ligands to the Ti-
oxo core, as that for the reported Ti-oxo clusters functionalized
by ferrocene ligands.’*®" According to the Kubelka-Munk
function F(R) = (1 — R)*/2R, the estimated band gap energy of
clusters TigFede, and TijoFede, is about 2.05 and 2.10 eV,
respectively (Fig. 3b). In the ferrocene-sensitized Ti-oxo cluster
system, the charge of the ferrocene groups is delocalized to the
Ti-oxo core owing to the n conjugation (between the carboxylic
acid bond and cyclopentadiene ring) in the ferrocene ligand,
which can effectively reduce the transition energy, greatly
broaden the light absorption, and significantly narrow the
band gap of Ti-oxo clusters.

To investigate the electronic structure of clusters TigFede,
and TijoFedc,, density functional theory (DFT) calculations
were performed. Some of the highest-occupied molecular
orbital (HOMO) and lowest-unoccupied molecular orbital
(LUMO) are shown in Fig. 4. It can be seen that the HOMO,
HOMO-1 and HOMO-2 orbitals of clusters TigFede, and
Ti,oFede, primarily lie on the Fe 3d orbitals and = orbitals of
the cyclopentadienyl rings, as is known about the reported

(a) Ti,Fedc, (b) | 7ifoac, Tize,, (c) | miFoac, ren
Pi
o1s
3 cts g 3
s & s
2 2 2
2 @ Ti2 2
|- Fe2p , g 2Pz § Fe2p,,
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T T T T T T T T T T T T T T T T T T
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Fig. 2 The full-scan and high-resolution XPS spectrum of TigFcdc, (a—c) and TijgFcdc, (d—f).
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(a) The solid-state UV-vis spectra of clusters TigFcdc, and TiggFcdc,. (b) Kubelka—Munk transformation of diffuse reflectance data of clusters
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Fig. 4

ferrocene-sensitized Ti-oxo clusters.”>®® The LUMO, LUMO+1
and LUMO+2 orbitals have a dominant contribution from the
Ti 3d orbital of the TiO core. This suggests that the HOMO-
LUMO charge transition is mainly related to the charge trans-
fer from the Fedc ligands to the Ti-oxo core.

The typical photoelectrochemical cell (PEC) was used to
evaluate the photoelectrochemical activities of the ferrocene-
sensitized Ti-oxo clusters. During the cyclic irradiation with Xe
light (300 W), both TigFedc, and Ti;oFede,-treated photoelec-
trodes display reversible transient short-circuit photocurrent
responses (Fig. 5a), indicating the rapid photoinduced elec-
tron-hole separation in the photoelectrodes. It should be
noted that the photocurrent intensity of the cluster TigFedc,-
treated photoelectrode (0.50 pA cm™?) is higher than that of
the cluster TijoFede,-treated photoelectrode (0.38 pA cm™2),
which may be mainly ascribed to the different structures. As
discussed above, in cluster TigFedc,, the Ti-oxo core is com-
posed of two Tiy(ps-O), subunits bridged by two Fedc units,
and each Tiy(ps-O), subunit is further coordinated with
additional Fedc units. The bridged Fedc ligands would provide

This journal is © the Partner Organisations 2022

LUMO(-1.547 eV) LUMO+1(-1.465 eV) LUMO+2(-1.398 eV)

Illustration of the coefficients of HOMOs and LUMOs of TigFcdc, (top) and TiggFcdc, (bottom) based on DFT calculations.

potential transmission channels for electron transfer, thereby
achieving its higher photoinduced charge transfer rate. In
addition, two diisopropanolamine ligands as additional chan-
nels may also contribute to the efficient and fast electron
transfer. However, when the photoelectrode is irradiated by a
light source, the photocurrent intensity of clusters TigFedc,
and Ti;oFcede, does not reach the maximum immediately,
which may be attributed to the reduced electron mobility, and
this phenomenon has already appeared in the reported litera-
ture.®" The IR spectra of the samples after the photocurrent
measurements match well with the original spectra, indicating
that these ferrocene-sensitized Ti-oxo clusters have good stabi-
lity as the photoelectrode precursor materials (Fig. S9 and
S107%).

The Mott-Schottky plots of ferrocene-sensitized Ti-oxo
cluster-treated photoelectrodes are shown in Fig. 5b. The posi-
tive slope of the plots verifies that these two ferrocene-sensi-
tized Ti-oxo clusters are n-type semiconductor materials. It is
obvious that the slope of the TigFedc,-treated photoelectrode
on the plot is lower than that of the Ti;oFedc,-treated photo-
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Fig. 5 (a) The photocurrent responses of clusters TigFcdc, and TijoFcdc,.

electrode. As known, the slope of the linear region is inversely
proportional to the donor density. This result of the Mott-
Schottky plots showed that the carrier density of the TigFede,-
treated photoelectrode is higher than that of the Ti;oFcdc,-
treated photoelectrode. As known, the carrier density is closely
related to the electron injection efficiency. Thus, this result
suggested that cluster TigFede, has higher electron injection
efficiency than cluster TijoFedc,. The flat-band potential of
TigFedce, and Ti;oFede,-treated photoelectrodes in terms of the
plots is about —0.25 and —0.16 V (relative to NHE), respectively.
For n-type semiconductors, the conduction band potential is
lower than the flat-band potential (about 0.10 V). Hence the
conduction band potentials of TigFede, and Ti,oFede,-treated
photoelectrodes are about —0.35 and —0.26 V (relative to NHE),
respectively. Based on the band gap of clusters TigFede, and
TioFede, (2.05 and 2.10 eV, respectively), the valence band
potentials of TigFede, and Ti;oFedc,-treated photoelectrodes
are 1.70 and 1.84 V (relative to NHE), respectively.
Electrochemical impedance spectroscopy (EIS) was also investi-
gated. It can be clearly seen from Fig. 6 that the electro-
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Fig. 6 Electrochemical impedance spectroscopy of clusters TigFcdc,
and TiggFcdcs.
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chemical impedance of the TigFede,-treated photoelectrode on
the Nyquist plot is less than that of the TijoFede,-treated
photoelectrode, indicating that the surface charge transfer rate
of cluster TigFcde, is faster than that of cluster Ti;oFedc,.
Therefore, the charge separation efficiency of cluster TigFedc,
is indeed higher than cluster Ti;oFedc,, which is also in agree-
ment with the photocurrent responses. It can be seen from
above all that these Fcde-sensitized Ti-oxo clusters have good
application prospects in the field of photovoltaic cells owing to
their excellent photoelectrochemical activity.

Conclusions

Two novel ferrocene-sensitized Ti-oxo clusters were synthesized
and characterized. Thanks to the charge transfer from the
ferrocene ligand to the Ti-oxo core, these two ferrocene-con-
taining clusters exhibited intense visible light absorption.
Moreover, the reversible photocurrent responses were also
observed for cluster-treated photoelectrodes, indicating the
rapid separation of photoinduced electrons and holes. Of
note, cluster TigFedc, possesses substantially more enhanced
photoelectrochemical activity than cluster TijoFedc,,
suggesting that the potential electron transport channel in
cluster TigFede, may be conducive to electron-hole separation.
The ferrocene-sensitized cluster system provides valuable
models for investigating the internal relationship between the
structure and properties of sensitized clusters. Further studies
on the synthetic chemistry, electronic structure and photoelec-
tric properties of ferrocene-sensitized Ti-oxo cluster system are
underway.
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