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Whereas a large number of sensitized polyoxotitanate clusters 

have been reported, information on the electrochemical 

properties of the fully structurally defined nanoparticles is 

not available.  Bridging of this gap will allow a systematic 

analysis of the relation between sensitizer-cluster binding 

geometry, electronic structure and electron injection 

properties.  Ti17O28(O
iPr)16(FeIIPhen)2 is a member of a 

doubly-doped series of nanoclusters in which the 

phenanthroline is attached to the surface-located transition 

metal atom. The visible spectrum of a dichloromethane 

solution of the studied sample shows a series of absorption 

bands in the 400-900 nm region. Theoretical DOS and 

TDDFT calculations indicate that the bands in increasing 

wavelength order correspond essentially to metal-to-core 

charge transfer (MCCT) at ~ 460 nm, metal-to-ligand charge 

transfer (MLCT) at ~ 520 nm and d-d metal-atom transitions. 

Exposure of a thin layer of the sample to light in a 

photoelectrochemical cell produces an electric current in the 

400 − ~640 nm region. The fit of the wavelength range of the 

electron injection with the results of the calculations suggests 

that charge injection into the FTO anode occurs both from 

the TiO cluster and from the phenanthroline ligand. Injection 

from the phenanthroline via the cluster orbitals is ruled out 

by the lower energy of the phenanthroline orbitals.  

Functionalized polyoxotitanate particles have been extensively 
employed as models for photo-induced electron injection in 
photoelectrochemical cells. Electron injection by Fe(CN)�

�	absorbed 
on the surface of TiO was first studied by Vrachnou et al., who 
measured a large quantum yield on exposure of the orange-colored 
complex with visible light.1 The kinetics of the back-electron 
transfer (ET) reaction were measured by Lu et al, and reported to 
include a relatively short exponential decay with � = 270 ns, plus a 
µs-ms timescale non-exponential decay.2 In agreement with the slow 
timescale for recombination, Lian and co-workers conclude from 
ultrafast IR and visible measurements of the back ET, and from the 

earlier measurements that the back ET process is highly non-
exponential with time constants ranging from 3 ps to 3 µs.3 
However, notwithstanding the extensive evidence, direct 
measurements of the photocurrent generated by a fully structurally-
defined sensitized cluster are extremely rare. A first report was 
published by Wu et al.4 who synthesized two metal-phenanthroline 
fused Ti�� clusters, Ti��O�(O Pr	

� )��(Co��Phen) and 
Ti��O�(O Pr	

� )��(Cd��Phen), and subsequently found that a 2 − 2.5 
µm film of the Co derivative deposited on an indium-tin oxide (ITO) 
electrode, inserted in a aqueous NaSO� electrolyte, produced a 
photocurrent described as cathodic of about 4 µA when exposed to 
repetitive 20 s light pulses from a Xenon lamp. However, the nature 
of the exposed film employed in this experiment is somewhat 
uncertain, as the moisture sensitive samples were prepared under 
ambient atmosphere, with a humidity of ~50%, the electrolyte used 
was aqueous, and the Raman spectrum of the film differs 
considerably from that of the polyoxotitanate cluster, while the 
wavelength dependence of the injection was not established. 

To further examine the electron injection properties of this 
interesting system, we have synthesized several analogs with 
different transition metals.  The most interesting in terms of electron 
injection properties is the iron analogue, 
Ti��O�(O Pr	

� )��(Fe��Phen). We report here the structure of the 
brown-orange crystals, and the wavelength dependence of the 
photocurrent, which is found to be anodic, measured on a thin film in 
a Grätzel-type photoelectrochemical cell.  The photo-induced current 
is transition-metal specific. It is significantly weaker for the Co-
containing complex and fully absent in the visible region for both the 
Mn analogue and for the unsubstituted	Ti��O�(O Pr	

� )! reference 
sample. 

Ti��O�(O Pr	
� )��(Fe��Phen) was prepared by solvothermal 

synthesis in a sealed pyrex tube of an anhydrous propanol solution of 
Ti(O Pr	

� )� (0.2 ml, 0.67 mmol), Fe(OAc) (11.7 mg, 0.067 mmol) 
and 1,10-phenanthroline monohydrate (13.3 mg, 0.067 mmol). The 
mixture was heated to 150°C for 4 days and then cooled to 40°C and 
left for the next 3 days. During an additional week at room 
temperature, small brownish-orange block crystals were obtained. X-
ray data were collected at 90 K on a Bruker AXS Kappa APEX II 
Ultra diffractometer equipped with a TXS rotating anode (Mo-Kα 
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radiation, $ = 0.71073 Å) and Helios optics.  Its structure is fully 
described in the CIF file (CCDC 977543).  The cluster (Fig. 1) 
consists of a Ti�� core, as described earlier,5,6 functionalized with 
two attached Fe-phenanthroline groups, with a pseudo-octahedral 
coordination of the Fe atoms. The coordination geometry of the 
metal atom corresponds to a high-spin Fe�� configuration. The 
absorption spectrum of the complex in a dichloromethane solution, 
shown in Fig. 2, is similar to that of the solid-state sample of the Co 
analogue, reported by Wu et al,4 and to that reported by Vrachnou et 
al,1 who both assigned the bands at about at 350 − 600 nm as charge 
transfer (CT) band. This assignment is supported by our theoretical 
calculation discussed below. 

 
 

Figure 1. Molecular structure of the Ti��O�(O Pr	
� )��(Fe��Phen) 

nanocluster (hydrogen atoms and Pr	
�  groups are omitted for clarity; 50% 

probability ellipsoids). 
 

 
 
Figure 2. UV-Vis spectra of a Ti��O�(O Pr	

� )��(Fe��Phen) solution in 
dichloromethane at concentrations of 0.2 mM (blue solid line), 0.1 mM (red 
solid line), and 0.025 mM (green solid line). The 400 – 680 nm region is 
magnified in the insert. The absorption spectrum of a single crystal in the 
450-650 nm range is shown in the Supporting Information (Figure 4S). 
 

Photoelectrochemical measurements were performed in a Teflon 
cell with  a  fluorine doped tin oxide (FTO) 
electrode covered with crystalline 
	Ti��O�(O Pr	

� )��(Fe��Phen) and a Pt counter 
electrode. The equipment has been described 
elsewhere.7,8 The identity of the sample was 
confirmed by powder diffraction. An 

acetonitrile solution of I&
	I

- 
was used for the 

redox shuttle. The film was exposed with 
monochromatized light from a 75 W Xenon 
source. Details can be found in the Supporting 
Information. 

The generated photocurrent is plotted 
against the exciting wavelength in Fig. 3 for 
three successive experiments on samples of 
increasing thickness. As shown, an anodic 
photocurrent is observed in the 400 − 640 nm 

region, but tapers off strongly beyond ~520 nm. The corresponding 
IPCE (Incident Photon to Current Efficiency) is presented in Figure 
1S in the Supporting Information. Although the current is weak 
compared to that in electrochemical cells optimized for efficiency,9 
the results are fully reproducible. The lower intensity is tentatively 
attributed to the alkoxide shell enveloping the oxotitanate core, 
which reduces the contact with the FTO electrode and hampers 
charge flow between the nanoparticles and between the nanoparticles 
and the electrolyte, as occurs in microporous anatase used in cells 
optimized for electricity production.9 It may be noted the observed 
photocurrent decreases with increasing thickness of the 
Ti��O�(O Pr	

� )��(Fe��Phen) layer, indicating that charge flow is 
reduced with increasing thickness of the layer. No photocurrent is 
observed when a sample of the parent Ti�� cluster is examined in the 
same cell, as shown by the black curves in Fig. 3. 

 

 
(a) 

 
(b) 

 
Figure 3. (a,b) Photocurrent measured with the Ti��O�(O Pr	

� )��(Fe��Phen) 
nanocluster films on FTO glass in three successive experiments with samples 
of increasing thickness in the 10 – 100 µm range (in order of increasing 
thickness: blue circles, red rhombs, green triangles). The black and pink lines 
represent respectively the results of reference experiments conducted with a 
Ti�� covered FTO electrode and a plain FTO slide as working electrode. 

 
 
Figure 4. Ti��O�(O Pr	

� )��(Fe��Phen) DOS calculated at the PBE0/LANL2DZ level of theory. 
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Theoretical calculations were performed to identify the 

absorption in the photoactive region. Results obtained with the 
PBE0/LANLDZ method show two Fe-β orbitals located within the 
band gap, as illustrated in the partial density of states (DOS) shown 
in Fig. 4. The corresponding diagram for the Ti�� cluster is shown in 
Fig. 2S. Time-dependent density functional theory (TDDFT) 
calculations were carried out to explore the nature of the excitations 
corresponding to the observed absorption bands. The calculated 
spectrum is shown in Fig. 5. It has similar features as the observed 
solution spectrum (Fig. 2), although the theoretical results are 
somewhat shifted relative to the observations, a discrepancy 
attributed to approximations in the calculations. The calculations 
show MLCT transitions from the closely spaced (by 0.4 eV) pseudo-
symmetry related β-HOMO-1 and β-HOMO Fe d-orbitals, which are 
the orbitals located at the lower edge of the band gap in the DOS 
diagram (Fig. 4), to the phenanthroline ligands. Some of the more 
intense transitions to the phenanthroline occur at 519 nm and 508 nm 
with oscillator strengths (') of 0.0094 and 0.0110, respectively. As 
expected, pseudo-symmetry related transitions occur at the other half 
of the molecule. As the MLCT absorption leads to a component of 
the electron injection into the FTO anode, and the phenanthroline 
energy levels are below those of the cluster, this suggests direct 
injection from the phenanthroline ligands, which are not covered by 
alkoxide groups, into the FTO anode. 
 

 
 

Figure 5. The calculated visible range of the electronic spectrum of 
Ti��O�(O Pr	

� )��(Fe��Phen) at the PBE0/LANL2DZ level of theory; green 
lines denote relative oscillator strengths. The three bands correspond to 
MCCT (~450 nm), MLCT (~510 nm), mixed transitions from Fe orbitals 
(~650 nm) and Fe d-d transitions (~725 nm). 

 
 

Figure 6. Top: MLCT, metal-to-ligand charge transfer from the Fe to the 
phenanthroline ligand involving β molecular orbitals, HOMO-1 and 
LUMO+2 (519 nm). Bottom: MCCT, metal-to-core charge transfer, the 

electron injection into the polyoxotitanate-core from the β-HOMO-1 to 
orbital β-LUMO+4 (466 nm). Isovalues at 0.02 a.u. (solid surfaces) and 0.01 
a.u. (semi-transparent surfaces). (Note: for clarity structure rotated by ~45° 
around a horizontal axis relative to the one depicted in Fig. 1.) 
 
Electron transfer from the metal into the polyoxotitanate core is 
found mainly, but not exclusively, from the HOMO-1 and HOMO 
levels at wavelengths of 436 nm (' = 0.0080) and 453 nm (' = 
0.0066), which is in good agreement with the observed spectroscopic 
data and previous assignments for Fe(CN)�

�	 sensitized TiO.1 Two 
transitions from the HOMO-1 level at 519 nm and 436 nm are 
shown in Fig. 6. 

We conclude that the work points the way to establishing 
the relation between the photoelectrochemical properties and 
the detailed structure of sensitized nanoparticles. In addition, 
the combination of a well-defined crystalline sample of known 
structure with characterization of the electron injection induced 
by light in the visible range opens the possibility of synchrotron 
time-resolved diffraction studies10,11 of the geometric change on 
injection and recombination. 
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