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A key process in the operation of dye-sensitized photovoltaic
solar cell devices is the charge injection from the dye molecule at
the surface of the semiconductor nanoparticle to the conduction
band states within the nanoparticle itself.1 For Ru(II)-polypyridyl
dyes, which are most commonly used in the Graetzel cells, the
generally accepted injection mechanism involves photoexcitation
to a dye excited state, from which an electron is subsequently
transferred to the semiconductor, typically TiO2 anatase, conduction
band states.1 By contrast, a mechanism involving a direct photo-
excitation from the dye to an empty state of the nanoparticle is
believed to occur for [Fe(CN)6 ]4- on TiO2.2 This type of behavior
is characterized by the appearance of an absorption band at energies
below the onset of the semiconductor band-to-band transitions, and
was assigned as a metal to particle charge transfer (MPCT)
transition.2 For the [Fe(CN)6 ]4-/TiO2 system in acetonitrile or
aqueous solution, this band is found at 2.95 eV (420 nm),2,3 and,
on the basis of electroabsorption spectroscopy data,3 the final state
of the transition has been recently suggested to be localized on a
small number of Ti(IV) atoms around the point where the dye is
attached to the surface. A direct injection mechanism has been also
proposed for cathecol on TiO2, on the basis of semiempirical
calculations.4a

In this work we present density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations of the absorption
spectrum of [Fe(CN)6]4- adsorbed on a TiO2 anatase nanoparticle
model, with the aim of providing a detailed description of the
electronic structure of this prototype system and to understand the
character of the states involved in the moleculef semiconductor
charge-transfer process. Previous theoretical studies of dyes ad-
sorbed on TiO2 were generally restricted to small organic mol-
ecules.4 First, we used a Car-Parrinello5 (CP) approach to optimize
the structures of the TiO2 nanoparticle model, the [Fe(CN)6]4- dye,
and the interacting [Fe(CN)6]4-/TiO2 system. CP calculations were
performed in a vacuum, using the PBE functional6 together with a
plane-wave basis set and ultrasoft pseudopotentials.7 A stoichio-
metric anatase Ti38O76 cluster of nanometric dimensions exposing
(101) surfaces, similar to that described in ref 4a, was employed
to represent the nanoparticle, Figure 1. Next, the CP geometries
were used for TDDFT calculations to determine the lowest
excitation energies of the investigated systems. For these studies
we used the Gaussian03 (G03) code,8 with the B3LYP functional9

and 6-311g* and 3-21g* basis sets10 on the [Fe(CN)6]4- and TiO2

systems, respectively, for a total of 1972 basis functions. G03
calculations were performed in water solution, with solvation effects
described by the non-equilibrium C-PCM method.11 Since a TDDFT
calculation on the [Fe(CN)6]4-/TiO2 system turned out to be
practically unaffordable beyond the first 12 excitations, for this
system the overall spectrum was finally computed using a simplified
approach in which excitation energies are approximated by orbital

energy differences and oscillator strengths are obtained from dipole
matrix elements between Kohn-Sham eigenstates (Supporting
Information). Such an approximation has been theoretically justified12a

and found to work quite well to describe the electronic excitations
of large clusters and nanoparticles.12b,c

A schematic description of the electronic structure for the
noninteracting and interacting dye/nanoparticle systems is reported
in Figure 2. We previously found that inclusion of solvation effects
was essential for a correct description of the excitation spectrum
of Ru(II)-polypyridyl dyes.13 In the present case, solvation
is essential also for stabilizing the [Fe(CN)6]4- dye and the
[Fe(CN)6]4-/TiO2 complex. Furthermore, solvation appears to
influence the molecular absorption geometry, stabilizing the mono-
dentate configuration reported in Figure 1 with respect to a bidentate
structure (Supporting Information) that is favored in a vacuum. A
monodentate coordination mode has also been suggested by IR14a

and Raman spectroscopic data.14b Thus, in the following, only
results for the monodentate configuration in water solution are
presented. As shown by Figure 2, the lineup of the noninteracting
dye and nanoparticle energy levels is such that the highest occupied
states of the dye form two groups of Fe t2g and CN based orbitals
that lie within the TiO2 band gap. This picture remains qualitatively
unchanged for the interacting [Fe(CN)6]4-/TiO2 system, even though
shifts in the energy levels take place, Figure 2. For the bare Ti38O76

cluster, a HOMO-LUMO gap of 3.78 eV is computed, with a
TDDFT lowest transition of 3.20 eV. The latter value is only slightly
smaller than typical band gaps of TiO2 nanoparticles a few nm in
size.3,15 For the isolated [Fe(CN)6]4- dye, we compute a HOMO
energy of-4.40 eV, i.e.,∼1.6 eV below the isolated nanoparticle
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Figure 1. Optimized geometrical structure of the [Fe(CN)6]4-/TiO2 system
in the monodentate configuration. Main bond distances (Å) are reported.
Grey ) Ti, red ) O, turquoise) N, brown) C and yellow) Fe atoms.
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LUMO, in fairly good agreement with known lineups of semicon-
ductor band edges and solution redox potentials.1 Moreover, TDDFT
yields a lowest excitation of 3.63 eV, consistent with the experi-
mentally observed weak absorption band at∼3.85 eV for [Fe(CN)6]4-

in solution.16

Turning to the interacting system, the HOMO-LUMO gap (2.05
eV), and correspondingly the TDDFT lowest excitation (1.72 eV),
are drastically reduced with respect to those of the noninteracting
systems. Inspection of the energy levels of the [Fe(CN)6]4-/TiO2

system reveals that the six HOMOs are very similar to those of the
isolated [Fe(CN)6]4- molecule, whereas the lowest unoccupied states
are localized on the cluster. Dye unoccupied states lie at much
higher energies within the TiO2 conduction band. The spectrum,
calculated by the approximate procedure outlined above, exhibits
a band at 2.75 eV, i.e., only 0.2 eV red-shifted with respect to the
experiment,2,3 and well below the onset of the nanoparticle interband
transitions computed at∼4.3 eV, Figure 3. All the transitions
composing this low-energy feature are found to originate from the
set of Fe t2g dye HOMOs to unoccupied TiO2 states, with no
contributions from the lower set of CN-based dye levels or from

unoccupied dye states. Two of the orbitals involved in the series
of the most intense transitions composing this band are shown as
insets in Figure 3, and allow us to confirm the assignment of the
low-energy band as a MPCT transition. Moreover, the final states
that maximally contribute to the intensity of the MPCT band are
found to be largely localized on the Ti(IV) atom to which the dye
molecule is coordinated, with some weaker contributions from the
neighboring Ti atoms.

In conclusion, on the basis of DFT and TDDFT calculations we
have provided a detailed characterization of the electronic structure
and absorption spectrum of the prototypical [Fe(CN)6]4-/TiO2

system. Our results show that a direct charge injection process from
an occupied dye molecular state to a nanoparticle excited state
localized on few Ti atoms takes place in this system, in agreement
with recent experimental evidence.
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Figure 2. G03/B3LYP energy levels (eV) of the noninteracting [Fe(CN)6]4-

(left) and TiO2 (right) and interacting [Fe(CN)6]4-/TiO2 (middle) systems
in water solution. Blue (red) colors refer to states that are mostly localized
on the dye (nanoparticle). Values in parentheses refer to TDDFT excitation
energies.

Figure 3. Calculated optical absorption spectrum of [Fe(CN)6]4-/TiO2. Two
of the orbitals involved in the transitions that maximally contribute to the
intensity of the MPCT band are also shown.
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