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Abstract: Electronic properties of dye-sensitized semiconductor nanocrystals, consisting of
perylene (Pe) chromophores attached to 2 nm TiO2 nanocrystals via different anchor-cum-spacer
groups, have been studied theoretically using density functional theory (DFT) cluster calculations.
Approximate effective electronic coupling strengths for the heterogeneous electron-transfer
interaction have been extracted from the calculated electronic structures and are used to estimate
femtosecond electron-transfer times theoretically. Results are presented for perylenes attached
to the TiO2 via formic acid (Pe-COOH), propionic acid (Pe-CH2-CH2-COOH), and acrylic
acid (Pe-CHdCH-COOH). The calculated electron transfer times are between 5 and 10 fs
with the formic acid and the conjugated acrylic acid bridges and about 35 fs with the saturated
propionic acid bridge. The calculated electron injection times are of the same order of magnitude
as the corresponding experimental values and qualitatively follow the experimental trend with
respect to the influence of the different substitutions on the injection times.

1. Introduction
Light excitation of dye molecules that are chemically bound
to a semiconductor electrode can lead to heterogeneous
electron transfer from the dye to the semiconductor if the
excited state of the dye overlaps the semiconductor conduction band energetically.1,2 The realization that such photoinduced heterogeneous electron transfer constitutes a highly
efficient way to achieve charge separation has paved the way
for the development of so-called dye-sensitized solar cells.3,4
The introduction of nanocrystalline titanium dioxide (TiO2)
electrodes by Grätzel and co-workers meant that high device
efficiencies could be achieved by taking advantage of its
spongelike morphology giving up to a 1000-fold increase in
photoactive surface area compared to traditional flat elec* Corresponding author e-mail: petter.persson@kvac.uu.se.
† Uppsala University.
‡ California Institute of Technology.
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trodes.5 Thousands of organic and organometallic dyes have
by now been tested in order to optimize the device efficiency.6
The desire to design more efficient devices has also
spurred considerable interest in the nature of the ultrafast
heterogeneous electron-transfer processes itself, with the hope
that better control of the interfacial electronic properties will
help to develop better devices.1 The basic structural and
electronic properties of a typical interface are illustrated in
Figure 1. To ensure long-term stability of the interfaces, the
chromophores are functionalized by special anchor groups,
such as carboxylate and phosphonate groups, which are
capable of forming strong chemical bonds to the semiconductor electrodes.6 The electronic contact between the
chromophore and the semiconductor can be controlled by
insertion of so-called spacer groups between the chromophore
and the anchor group.7 The typical photoinduced charge
separation is initiated by light excitation of the dye from its
© 2006 American Chemical Society
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Figure 1. Schematic illustration of the relationship between
the molecular structure and the electronic properties of
photoinduced heterogeneous electron transfer processes, in
dye-sensitized semiconductor devices. The upper and lower
panels show the electronic and structural interactions of the
various components, respectively. The chromophore part of
the dye is attached to the semiconductor via spacer and
anchor groups. The photoinduced heterogeneous electron
transfer process typically occurs in a two-step process (upper
panel), where there is first a local photoexcitation of the dye,
followed by surface electron transfer across the spacer-cumanchor bridge to the semiconductor conduction band which
provides a quasi-continuum of electron acceptor states.

electronic ground state to an excited electronic state that is
located above the conduction band edge of the semiconductor
energetically. The electron injection rate depends strongly
on the ability of the anchor-cum-spacer unit that separates
the dye from the semiconductor to mediate the electron
transfer. In the fastest possible electron transfer processes,
the group that anchors the molecule to the semiconductor
can act as an efficient conduit of electron transfer by
effectively removing the tunneling barrier to the heterogeneous electron transfer.8
Ultrafast pump-probe laser spectroscopy has been used
extensively to determine electron transfer rates for a number
of dye-semiconductor systems with increasingly high time
resolution, and it has been shown that electron transfer takes
place on a femtosecond time scale in many dye-semiconductor systems.9-12 The extremely rapid injection rates for a wide
range of donors distinguish the heterogeneous electrontransfer processes from most long-range homogeneous,
molecular, and biological electron-transfer processes.13 The
enhanced rates for heterogeneous electron transfer are largely
caused by the presence of a band of acceptor states offered
by the semiconductor substrate, as opposed to the single
acceptor state encountered in purely molecular systems, for
as long as the donor state lies above the conduction band
edge it remains in resonance with a number of acceptor
levels.14 In this situation the electron transfer rate becomes
less dependent on vibrational activation compared to most
molecular electron transfer reactions that follow the Marcus
electron transfer model in which the electron transfer takes
place only when the vibrational motion in the donor state
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reaches a crossing point with the acceptor state where the
electronic levels of reactants and products become isoenergetic.15 The rate of electron transfer is in the heterogeneous
case instead largely determined by the strength of the
electronic coupling between the excited state of the dye and
the semiconductor conduction band. Moreover, the electron
transfer in these systems can under favorable conditions take
place prior to thermal equilibration of the excited donor
state,16 in contrast to earlier assumptions.17
Theoretically, intramolecular and homogeneous electrontransfer processes have been studied extensively.13,18 Photoinduced heterogeneous electron transfer of dye-sensitized
nanoparticles is much less well understood, despite its
significant technological potential.19 Theoretical studies
focusing on the conceptual understanding of various aspects
of the heterogeneous electron-transfer processes have been
presented in the last years.20,21 The complexity of dyesensitized semiconductors has, on the other hand, limited
the possibilities of quantum chemical calculations and
simulations that can provide the predictive power associated
with methods that do not rely on fitted parameters.22
Quantum chemical calculations have been used to investigate
the structural and electronic factors involved in the binding
of Ru-dye ligands to TiO2 surfaces as well as studies of the
nature of photoinduced electron transfer and charge-transfer
excitations of various sensitizers on TiO2 nanoparticles.22-35
These studies have, for example, shown that it is important
to take both the physical and electronic structure of the
interface into account, to model the interface behavior
accurately. Structurally, the adsorption can cause significant
distortions of the adsorbate structure to accommodate the
most favorable surface binding.22,23 Electronically, the adsorption induces changes in the electronic structure of the
adsorbate, in particular in the anchor group.22,25 Also, the
ability to study femtosecond electron-transfer processes from
dye molecules to TiO2 surfaces, either from an electronic
coupling,27,33 a nonadiabatic molecular dynamics,28 or an
electron dynamics30 perspective, has been explored. The
inclusion of nuclear motion in the nonadiabatic molecular
dynamics approach makes it particularly attractive for cases
where the electronic coupling varies significantly as a result
of the motion of the nuclear positions, e.g. due to molecular
vibrations.28
As reviewed by Noguera, there have been numerous
theoretical studies of titanium oxide clusters,36 including e.g.
early work by Bredow and Jug on large TiO2 anatase
particles.37 To explicitly account for the complexity encountered by using nanocrystalline TiO2 electrodes, we have also
recently made a more systematic computational investigation
of small TiO2 nanocrystals.38 This approach makes it possible
to investigate dye-sensitized TiO2 nanocrystals using first
principles DFT methods.26,32,33 A potential problem with
finite clusters is that they can have poorly developed band
structures if they are too small, with e.g. an unphysically
large finite level spacing in the substrate bands compared to
the experimental situation. Here we use a model TiO2
nanocrystal with 2 nm diameter which ensures that the
splitting of the electronic levels in the relevant part of the
conduction band is of the order of 10-20 meV. This spacing
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provides an effective lower limit on observable coupling
strengths for the dye-semiconductor interaction. A second
frequent objection against using clusters as surface models
is termination problems requiring the use of surrounding
point charges or saturators. In the case of nanocrystals,
however, a realistic description of the system may well
require the presence of various types of surface motifs catered
for by using a sufficiently large finite cluster. From a
computational point of view, an advantage of using a cluster
approach is that it is relatively unproblematic to accommodate large adsorbates. Periodic calculations would have
an intrinsic advantage in automatically providing continuous
substrate bands suitable to model the electronic structure of
large nanocrystals. In periodic calculations, however, large
adsorbates often require the use of very large unit cells in
order to avoid undesired interactions across the periodic cell
boundaries.
The current work is part of a combined experimental and
theoretical investigation of the ultrafast photoinduced electron
transfer of a series of perylene derivatives attached to
nanostructured TiO2 through a series of different anchorcum-spacer groups.39,40 The lack of spectral overlap of the
absorption spectra of the ground-, excited-, and chargeseparated states of perylene-TiO2 interfaces makes it ideal
for pump-probe spectroscopic investigations of the fundamental processes involved in photoinduced heterogeneous
electron transfer.16 As a purely organic chromophore attached
to TiO2 via a single anchor group, perylene is also a good
candidate for quantum chemical calculations. This system
therefore offers exceptionally good opportunities to make
direct comparisons between experimental and calculated
properties. In this paper we focus on calculated electronic
structure properties and the ability to predict heterogeneous
electron-transfer rates from first principles density functional
calculations.

2. Method
2.1. Electronic Structure Calculations. The properties of
the Pe, Pe-COOH, Pe-CH2-CH2-COOH, and Pe-CHd
CH-COOH molecules, shown in Figure 2, were studied
using the B3LYP hybrid functional and the standard 6-31G(d,p) basis set in the Gaussian03 program.41 Geometries were
fully optimized, and the delocalization of the chromophore
HOMO and LUMO orbitals into the anchor-cum-spacer
groups was investigated. The S0fS1 excitation was investigated using time-dependent DFT (TD-DFT) calculations
with the same functional and basis set. TD-DFT calculations
typically give excitation energies accurate to a few tens of
an eV for the lowest energy valence excitations at moderate
computational cost.42 There is a danger of spurious low
energy excitation energies for charge transfer states due to
incorrect treatment of self-interactions when applying TDDFT to extended systems.43 TD-DFT calculations have,
however, been used successfully to investigate excitations
in polycyclic aromatic molecules such as unsubstituted
perylene,44 and the approach appears to work well in the
cases where the lowest valence excitations do not have strong
charge-transfer character.
For the calculations of sensitized nanocrystals, a (TiO2)60
cluster fulfilling the recently suggested requirements of a
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Figure 2. Investigated perylene (Pe) derivatives and surface
binding modes. The investigated molecules are perylene (Pe),
perylene with formic acid (Pe-COOH), propionic acid (PeCH2-CH2-COOH), and acrylic acid (Pe-CHdCH-COOH)
anchor-cum-spacer groups. The carboxylic acid anchor group
was considered to bind to the TiO2 nanocrystal in a 2Mbidentate (bridge) fashion. For Pe-COOH, binding to the TiO2
in molecular 1M-monodentate (ester) fashion was also considered.

nanocrystal was used.38 Briefly, it has been found that neutral,
stoichiometric clusters down to approximately 1 nm in
diameter constructed so as to accommodate high coordination
of all atoms (compatible with their formal oxidation states),
and having a small or vanishing dipole moment, display
significant structural stability and a well developed band
structure.38 Geometry optimizations of the here investigated
systems were performed using DFT calculations with the
PW86 exchange functional and the PW91 correlation functional together with a Slater Type Orbital (STO) Valence
Single-Zeta (VSZ) basis set and large frozen cores as
implemented in the ADF program.45 This method combination is in the following referred to as PW/VSZ. The local
structure of the interface between the TiO2 nanoparticle and
the various sensitizers were optimized at the same level of
theory using a smaller (TiO2)5(H2O)5 cluster model. The
different sensitizers were optimized on this cluster with
relaxation of the local surface environment including the
substrate atoms in the vicinity of the adsorbate, while keeping
the saturating H2O as well as the fringe atoms of the substrate
cluster fixed. This stepwise optimization approach allows
the reconstruction of supramolecular models with optimized
adsorbates on optimized nanocrystals, including local relaxation of the nanocrystal in the vicinity of the adsorbate, at
an affordable computational cost. It can be noted that water
molecules are only used in order to saturate the small cluster
used to optimize the adsorbate position on the substrate, and
not the large nanocrystal. They are necessary in the small
cluster model to saturate unphysical dangling bonds not
present in the large nanocrystal which, as described above,
has a sufficiently high coordination of every atom to ensure
a reasonable description of the effective electronic band
structure.38 To further investigate the influence of the anchor
group, a model system was constructed with an unsubstituted
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perylene molecule (Pe) placed in the same position relative
to the TiO2 nanocrystal as in the optimized planar bridge
binding case. As the aim was to compare the calculated
electronic properties with and without anchor groups, rather
than the interaction of a physisorbed perylene with a TiO2
nanocrystal per se, this structure was based on the separately
optimized parts without further optimization.
The electronic structure of the combined system was
subsequently calculated with B3LYP using a split-valence
basis set with large Effective Core Potentials (ECPs) using
Gaussian03.41 In these calculations, all atoms have a Gaussian
Type Orbital (GTO) Valence Double-Zeta (VDZ) basis set,
except oxygen which has a Valence Triple-Zeta (VTZ) basis
set in order to allow a realistic representation of the negative
ions in the nanocrystal. This particular method combination
is referred to as B3LYP/VD(T)Z in the following and has
been used in several previous investigations with good results
to describe the electronic structure of systems comprising
organic adsorbates on TiO2 surfaces.22,27 The B3LYP/VD(T)Z electronic structure calculations on PW/VSZ optimized
geometries are referred to as B3LYP/VD(T)Z// PW/VSZ.
As the electronic properties are more sensitive to the size of
the basis set compared to the structural ones, the combination
of a relatively small basis set for the optimizations together
with a larger basis set for single point calculations of the
electronic structure has been shown to offer a viable
computational approach for these complex systems.27 The
basis set used here has, in particular, been used with good
results for both structural and electronic properties in previous
investigations of organic adsorbates on TiO2 substrates.22,27
Of particular relevance to the present application is that, as
discussed previously,22,27 this level of theory gives a reasonable calculated band structure of the TiO2 substrate. A more
detailed investigation of the structural and electronic properties of pure TiO2 nanocrystals is underway and will be
presented in due course.
2.2. Analysis of Interfacial Electronic Interaction. The
solution to the time dependent Schrödinger equation has
previously been calculated for the system under study
assuming a constant value for the electronic coupling strength
that reproduces the experimental time scale.20 The time
dependent pump-probe signal shows a monoexponential
decay independent of the assumed strength for the electronic
coupling as long as the molecular donor state is positioned
high enough above the bottom of the empty conduction band
of the semiconductor (wide band limit). In the latter case
the decay behavior is virtually identical to that predicted by
the Fermi’s Golden rule perturbation treatment even though
there is no restriction on the strength of the electronic
coupling. This is not valid any more when the molecular
donor level shifts closer to the conduction band edge. The
validity of the wide band limit for the perylene chromophore
and anatase or rutile TiO2 has been confirmed experimentally
with UPS and 2PPE measurements.39,40
Here, we consider the photoinduced surface electron
transfer process based on evidence from explicit electronic
structure calculations. The initial photoexcitation primarily
involves exciations from the Highest Occupied Molecular
Orbital (HOMO) to the Lowest Unoccupied Molecular
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Orbital (LUMO) on the perylene chromophore. The HOMO
level, loosely corresponding to the perylene ground state,
lies energetically in the band gap region of the TiO2, as
illustrated schematically in Figure 1. Although its energy may
be shifted when it is adsorbed on the surface, the electronic
interaction with the substrate is believed to be weak. This
makes it readily identifiable as a single molecular level in
an energy diagram, with a negligible broadening. The LUMO
levels of all the chemically anchored sensitizers, on the other
hand, are expected to show significant interaction with the
conduction band, manifested in the splitting of the isolated
sensitizer LUMO to a number of mixed sensitizer-semiconductor levels upon adsorption. According to the NewnsAnderson model for adsorbates on surfaces,46 the effect of
the adsorption on a molecular electronic level, i, is characterized by an energy shift, ∆Ei, relative to its gas-phase value,
Ei(g), and a lifetime broadening, pΓi. The shift in energy is
related to the gas-phase value by
Ei(ads) ) Ei(g) + ∆Ei

(1)

The lifetime broadening is described by a Lorentzian
distribution that results from the decay of the excited
molecular state resonantly coupled to a continuum of final,
charge-separated, states.47
A detailed analysis of the electronic structure is necessary
in order to quantify both the energy shift and broadening.
In an attempt to quantify this interaction, a numerical fitting
procedure of the Projected Density of States (PDOS)
contributions has been implemented. First, an energy interval
was selected within which the adsorbate PDOS contributions
were considered to belong to the sensitizer LUMO. The
interval was selected so that the PDOS contributions within
this interval summed to one orbital. Generally this condition
could be achieved to within 2%. This approach can only be
expected to work in cases, such as this, where the considered
orbital contributions are well separated in energy from those
of other molecular orbitals. In more complicated cases, it
will be necessary to use a more sophisticated approach
involving orbital projection schemes to separate the different
contributions. For the selected energy range, the calculated
orbital energies, i, of the combined system were weighted
by the PDOS contributions, pi, to obtain a weighted average
calculated energy, ELUMO(ads). Specifically, a molecular
orbital, ψi, is expressed as a linear combination of n atomic
orbitals, χAj , centered on atom A, and with expansion
coefficients cAij :
n

ψi )

∑j cAijχAj

(2)

The portion of the orbital located on the adsorbate is taken
to be pi, which is given by the sum of the squares of the
atomic orbital coefficients that are located on the adsorbate
(ads) atoms.
A∈ads

pi )

n

∑j (cAij)2/∑j (cAij)2

(3)
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The inclusion of the denominator in eq 3 ensures that the
probability is properly normalized. This is used to overcome
potential complications associated with the fact that the
atomic orbitals do not form an orthonormal set and that the
sum of the coefficients squared is not strictly one. More
stringent assignments would be possible, e.g. by taking the
overlap matrix into account, but we have not found such a
procedure necessary here.
We take the position of the adsorbate LUMO level in the
combined system to be given by the weighted average:
ELUMO(ads) )

∑i pii

(4)

Subsequently, quantitative measures of the width of the
energy distribution of the LUMO contributions were sought
from calculated mean deviation (MD) and root-mean-squared
(RMS) values of the selected set of PDOS contributions
pΓMD ) pi|i - ELUMO(ads)|
pΓRMS )

x∑

(5)

pi(i - ELUMO(ads))2

(6)

i

To test the accuracy of the assignment of an effective
width to a finite distribution of levels, sets of discrete peaks
following a Lorentzian distribution were created and analyzed
according to the scheme outlined above for a variety of initial
line widths. The calculated MD and RMS line widths were
both found to yield correct orders of magnitudes and trends
for a wide range of discrete Lorentzian distributions, although
the quality of the fit depended on the chosen line width and
spacing. For a spacing of 20 meV (similar to that found in
the (TiO2)60 cluster) and line widths in the 1-150 meV range,
the MD analysis yielded calculated line widths that matched
the true value to within 20%. Generally the MD analysis
was found to underestimate stronger couplings. The RMS
analysis was found to be somewhat less robust compared to
the MD analysis, with a tendency to overestimate the line
widths for small couplings but to be of similar quality or
better than the MD results for line widths exceeding 150
meV. In the analysis below, we have used the MD line
widths. It can be noted that these simple ways to approximate
a broadening of a molecular level in the presence of a
substrate band may in future applications be replaced by a
direct fit of the adsorbate level distribution to a Lorentzian
function.
The results of the line width-fittings are used to construct
Lorentzian distributions, FLUMO, with width pΓ centered at
ELUMO(ads).46,47
FLUMO(E) )

1
(E - ELUMO(ads))2 +

pΓ 2
2

( )

(7)

Finally, the ability of the calculated energy broadenings
to capture essential features of the electronic coupling, in
the wide band limit of heterogeneous electron-transfer
encountered here, was considered by using the calculated
PDOS broadenings as an effective measure of an electronic

coupling strength that can be converted to an electron-transfer
time according to46,47
τ ) p/p Γ

(8)

In convenient numerical units this becomes
τ(fs) ) 658/Γ(meV)

(9)

3. Results
3.1. Molecular Properties. Molecular properties of the
substituted perylenes were first investigated using the
standard B3LYP/6-31G(d,p) methodology. In particular, the
S0fS1 excitation that is responsible for the photoinduced
charge-separation was investigated. This excitation is dominated by the promotion of an electron from the perylene
HOMO to the perylene LUMO orbital.44 The HOMO and
LUMO molecular orbitals for the four different molecules
are shown in Figure 3. The results for the unsubstituted
perylene molecule are similar to those published by Halasinski et al.44 For all substituents, both the HOMO and
LUMO orbitals are delocalized π orbitals. The HOMO
orbitals of all the different systems are, moreover, very
similar to the HOMO orbital of the unsubstituted perylene
molecule, with essentially negligible contributions on the
anchor-cum-spacer groups. The LUMO orbital of Pe-CH2CH2-COOH is also very similar to that of the unsubstituted
perylene, consistent with the notion that the saturated spacer
group is a poor mediator of electron delocalization. The PeCOOH and Pe-CHdCH-COOH molecules, on the other
hand, show considerable delocalization of the perylene
LUMO orbital into the anchor-cum-spacer moiety. Interestingly, this is in both cases accompanied by a reorganization
of the perylene π* part of the orbital, compared to its
symmetrical appearance in perylene itself, in such a way that
the perylene π* orbital is located to a larger extent in the
vicinity of the substituent. In Pe-COOH, the LUMO orbital
can be recognized as a bonding combination between the
first perylene π* orbital with the first carboxylate π* orbital.
In the Pe-CHdCH-COOH molecule, the LUMO orbital
is seen to be essentially a bonding combination of the first
π* orbitals of each of the individual parts of the chromophore-spacer-anchor system. It is noteworthy that the
delocalization across the unsaturated spacer is sufficiently
effective for the anchor group π* to carry nearly equal weight
to the LUMO as in the Pe-COOH system. Such delocalizations are consistent with facilitated electron transfer across
the anchor-cum-spacer unit.8,25
3.2. Molecular Excited States. The vertical excitation
energies for the S0 f S1 transition has been calculated using
TD- B3LYP/6-31G(d,p) for the various anchor-cum-spacer
groups. The results are listed in Table 1. The excitation is
in all cases dominated by the HOMO-LUMO transition with
no significant charge-transfer character. This means that the
LUMO delocalization discussed above is reflected also in
the electron distribution of the S1 state, giving further support
to the notion that the delocalization of the LUMO facilitates
interfacial electron injection. The Pe-COOH and Pe-CHd
CH-COOH cases that showed the largest delocalization of
the LUMO also show a significant red-shift of the absorption
of 0.2 and 0.3 eV, respectively. Twisting the plane of the
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Figure 3. HOMO (left column) and LUMO (right column) orbitals of Pe (a,b), Pe-COOH (c,d), Pe-CH2-CH2-COOH (e,f), and
Pe-CHdCH-COOH (g,h) according to B3LYP/6-31G(d,p) calculations.
Table 1. Vertical S0fS1 Exciation Energies of Perylenes
with Different Anchor-Cum-Spacer Groups, Calculated
Using Time Dependent B3LYP/6-31G(d,p)a
molecule

E/eV λ/nm

f

excitation

Pe

2.89 428.4 0.36 0.62(HOMOfLUMO)
-0.11(HOMO-4f
LUMO+2)
Pe-COOH
2.69 461.0 0.40 0.62(HOMOfLUMO)
Pe-CH2-CH2-COOH 2.85 435.2 0.43 0.62(HOMOfLUMO)
Pe-CHdCH-COOH
2.60 477.5 0.57 0.62(HOMOfLUMO)
a The excitation energies, E, wavelengths, λ, oscillator strengths,
f, and main contributions (excitation coefficients > 0.1) are included
in the table.

carboxylate anchor group 90 degrees relative to the perylene
plane in Pe-COOH results in a decoupling of carboxylate
and perylene π orbitals and a reduction of the red-shift in
the absorption compared to the pure perylene case. The
injection rates can thus be expected to be sensitive to the
detailed structure of the adsorbed chromophore, as already

suggested for the isonicotinic acid model chromophore.27
Furthermore, if the shifts are sufficiently large to be
observable spectroscopically, they can serve as a sensitive
probe for the local geometry once any adsorption-induced
shifts have been taken into account.
3.3. Geometry of the Sensitized Nanocrystals. Atomistic
models for the various sensitizers bound to a TiO2 nanocrystal were constructed from a common, fully optimized,
(TiO2)60 cluster. The sensitizer geometries as well as local
substrate relaxations in the vicinity of the adsorption site were
obtained from geometry optimizations of the sensitizers on
a smaller (TiO2)5(H2O)5 cluster. The initial geometry of the
smaller cluster was taken from a prototypical anatase (101)
surface region of the full (TiO2)60 cluster. To combine a
consistent treatment of the sensitized (TiO2)5(H2O)5 and
(TiO2)60 clusters, with local surface relaxation near the
adsorption site, the atoms at the perimeter of the (TiO2)5(H2O)5 cluster were saturated by hydrogen atoms or hydroxyl
groups. The edge atoms together with the hydrogen and
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Figure 4. Optimized geometries of sensitized titanium dioxide
clusters: (a) HCOOH-(TiO2)5(H2O)5, (b) bridge-binding, planar Pe-COOH-(TiO2)60, (c) Pe-CH2-CH2-COOH-(TiO2)60,
and (d) Pe-CHdCH-COOH-(TiO2)60. Note that the proton
from the carboxylic acid has been transferred to a surface
oxygen in the bridge binding mode displayed in 1b-d, in
accordance with the bridge binding scheme in Figure 2.

hydroxyl saturators were kept fixed during the subsequent
optimization, while the sensitizer and the (TiO2)5(H2O)5
cluster atoms in the vicinity of the adsorption site were fully
optimized. Finally, the locally optimized small cluster models
were reintroduced into the framework of the large cluster.
The geometries of carboxylic acid anchored to the (TiO2)5(H2O)5 cluster and the three combined sensitizer-(TiO2)60
clusters are shown in Figure 4. The PW/VSZ optimized
structures agree well with the results of published information
about the binding of carboxylic acids to anatase TiO2
surfaces.48,49 However, for a nanocrystal such as the (TiO2)60
cluster used here, there are a large number of local adsorption
sites with different absorption possibilities. As the present
paper focuses on the electronic aspects of the interfaces, we
have not tried to find the overall most favorable adsorption
site on the nanocrystal. The selected adsorption site should
instead only be viewed as a typical surface site, for which
we have investigated the effect of the binding on the
electronic properties by optimizing both an ester and a bridge
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binding carboxylic acid, see Figure 2. These two modes are
both favorable on TiO2, and it is not unreasonable to assume
that they will either exist in parallel or that the detailed
experimental conditions will determine which binding mode
prevails. Although beyond the scope of the present paper,
more systematic investigations of the binding of anchor
groups to nanocrystals, for example comparing different
surface sites, investigating the dependence of the size and
shape of the nanocrystal, and making comparisons to the
binding on surfaces, are interesting and underway.
3.4. Electronic Structure of the Sensitized Nanocrystals.
The electronic structures of the combined sensitizer-nanocrystal systems were calculated at the B3LYP/VD(T)Z//PW/
VSZ level. An effective total Density of States (DOS) was
in each case constructed from the calculated orbital energies
using an arbitrary Gaussian broadening of 0.3 eV, and the
results are shown in Figure 5. The sensitizer contributions
to this DOS have also been extracted using the appropriate
atomic orbital coefficients. These contributions are shown
in Figure 5 as the 0.3 eV broadened PDOS. Due to the large
number of substrate atoms, the total DOS is in all cases
dominated by the (TiO2)60 cluster contributions. The calculated DOS is thus very similar for all the studied systems
and is only shown as a whole for the nonbound Pe-(TiO2)60.
The total DOS spectra display a completely occupied valence
band below ca. -7 eV and a completely empty conduction
band above ca. -4 eV. The valence and conduction band
energies are in all cases within 0.5 eV of the -7.25 and
-3.54 eV values calculated for the valence and conduction
band edges of an unsensitized (TiO2)60 nanocrystal, respectively. This indicates that the (TiO2)60 cluster model gives a
robust and realistic representation of the TiO2 band gap, both
compared to experiment3 and to periodic TiO2 calculations
using the B3LYP functional with a similar basis set.27
The sensitizer contributions to the electronic structure, in
the region of interest for the photoexcitation processes
involving the chromophore ground and first excited states,
can be seen by focusing on the adsorbate PDOS, which are
shown in Figure 5 with a magnification of the y-axis by a
factor of 10 compared to the total DOS for all the different
systems. The perylene HOMO π orbital is in all cases easily
recognized as a single level located in the band gap region
at ca. -6 eV. The LUMO π* orbital is distributed into a
number of contributions to mixed molecule-semiconductor
levels around -3 eV. This is about 0.5 eV above the
conduction band edge, indicating that heterogeneous electron
transfer is energetically possible from the sensitizer LUMO
orbital involved in the first excited sensitizer state which was
shown earlier to be dominated by a HOMO-LUMO excitation.
3.5. Electronic Coupling Strength. The electronic coupling strength governing the photoinduced heterogeneous
electron transfer is likely to be determined largely by the
interactions between the sensitizer LUMO orbital and the
substrate conduction band. To investigate this interaction
more thoroughly, we have made a detailed investigation of
the adsorbate LUMO PDOS. The results for the various
sensitizers are shown in Figure 6. The figure clearly shows
that the calculations predict that the investigated systems
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Figure 5. Total and projected DOS plots of the sensitizer-nanocrystal systems. The different panels show (a) Pe-(TiO2)60
DOS, (b) Pe-(TiO2)60 adsorbate PDOS, (c) Pe-COOH-(TiO2)60 adsorbate PDOS for planar bridge adsorption, (d) Pe-COOH(TiO2)60 adsorbate PDOS for twisted bridge adsorption, (e) Pe-COOH-(TiO2)60 adsorbate PDOS for planar ester adsorption,
(f) Pe-CH2-CH2-COOH-(TiO2)60 adsorbate PDOS, and (g) Pe-CHdCH-COOH-(TiO2)60 adsorbate PDOS. In all cases:
dashed line - total DOS, black line - total adsorbate PDOS, red line - Pe PDOS, green line - COO PDOS, blue line - spacer
group PDOS. The DOS and PDOS plots rely on an arbitrary 0.3 eV Gaussian broadening of the calculated orbital energies,
used to facilitate visual comparisons.
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Figure 6. LUMO PDOS plots for the substituted perylenes
on (TiO2)60. Black lines - sensitizer orbital (PDOS) contributions. Red curves - Lorentzian fitted curves, FLUMO, with
parameters from Table 2. To facilitate visual comparison
between the PDOS and the Lorentzian curves, the heights of
the curves have been scaled so that a curve with a 100 meV
fwhm has a height of 0.5.

differ both in the exact position of the LUMO level and the
degree to which the sensitizer LUMO orbital mixes with the
substrate conduction band. A more detailed analysis is
possible from a consideration of the results of the MD-fittings
described in section 2.2 of the sensitizer LUMO broadening
which are presented in Table 2 and represented graphically
in Figure 6 as Lorentzian distributions, FLUMO, with width
pΓ centered at ELUMO(ads). Although the PDOSs obtained
from the electronic structures consist of a finite number of
states which do not generally follow a simple Lorentzian
distribution, visual comparison of the fitted functions with
the plot of the individual PDOS contributions in Figure 6
indicates that the fitting successfully captures trends in terms
of both energy shifts and broadenings.
The electron-transfer times estimated from the analysis of
the quantum chemical calculations fall in the femtosecond
time range and are compared with experimental values in
Table 2. The listed experimental values were obtained from
a monoexponential fit to the measured rise of the molecular
product state, i.e., the ionized perylene chromophore, which
was monitored as characteristic absorption signal in a
femtosecond laser pump-probe experiment. The experiments
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were carried out with cross-correlation signals of below 25
fs width (fwhm). The perylene dyes were adsorbed from
solution on the inner surface of nano-structured anatase TiO2
layers of about 2 micrometer thickness. The measurements
were carried out in ultrahigh-vacuum. Further details are
described in a recent Ph.D. thesis by R. Ernstorfer.39 A very
similar trend, with very similar absolute values for the
injection times of the same perylene dyes, was measured
even more recently applying the technique of femtosecond
two-photon photoemission. In the latter case the same
perylene dyes were adsorbed but on the (110) surface of a
rutile TiO2 single crystal. Details of these measurements can
be found in a recent Ph.D. thesis by L. Gundlach.40
As seen in Table 2, the theoretically estimated injection
times for the three systems where a direct comparison can
be made with experimental measurements are of the right
order of magnitude, with τcalc up to a factor of 2 faster than
τexp in all three cases. As the discrepancy between theory
and experiment is systematic between the investigated
systems, the agreement in terms of the relative injection times
is better than in terms of absolute rates. In particular, the
calculations predict that the introduction of the saturated
(-CH2-CH2-) spacer slows down the injection by about a
factor of 5 compared to the Pe-COOH case, while the
corresponding introduction of the unsaturated (-CHdCH-)
spacer leaves the injection time essentially unaltered. This
is in good agreement with the experimental ratios of 4.3 and
0.8, respectively.
The results for the nonbound Pe-(TiO2)60 structure show
that without the presence of the anchor group the electronic
coupling is reduced substantially. The LUMO of the pure
perylene is concentrated almost entirely to a single molecular
level at -2.85 eV. This constitutes a significantly weaker
coupling compared to all the anchored chromophores.
Comparing with the twisted bridge situation, the presence
of the anchor group therefore seems to play an important
role in enhancing the interfacial electronic coupling also
when it is not directly involved in delocalization of the donor
level.
There are a number of factors that can influence the
calculated absolute injection times. This includes both purely
computational effects and discrepancies between the calculated and experimental systems. In terms of the calculations,
more work is needed to test the performance of different
density functional methods, and basis set effects. Another
potential source of error is that it is assumed in the

Table 2. Electronic Interactions between the First Unoccupied Sensitizer Level (LUMO) and the TiO2 Conduction Band for
Systems with Different Anchor-Cum-Spacer Groups and Adsorption Modesa
sensitizer

adsorption mode

ELUMO(ads)/
eV

pΓcalc/
meV

τcalc/
fs

τexp/
fs

Pe
Pe-COOH
Pe-COOH
Pe-COOH
Pe-CH2-CH2-COOH
Pe-CHdCH-COOH

nonbound
planar bridge
twisted bridge
ester
bridge
bridge

-2.85
-3.22
-2.85
-3.22
-2.67
-3.30

2
139
68
140
20
102

330
5
10
5
33
6

NA
13

57
10

a The table includes the position of the sensitizer LUMO level in the combined system as the weighted average energy, E
LUMO(ads), the
calculated effective broadening of the level, pΓcalc, due to the interaction with the surface from the MD analysis described in the text as well as
calculated and experimental heterogeneous electron-transfer times.
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calculations that electron transfer occurs from the LUMO,
whereas in the actual experiment electron transfer occurs
from the excited electronic singlet state of perylene. Correspondingly, the energy shifts calculated for the LUMO
when the perylene chromophore is attached to the different
anchor-cum-spacer groups cannot be seen with the same
magnitude for the excited state as is borne out by the
absorption spectra and also by the UPS and 2PPE measurements probing the energy of the excited singlet state of the
perylene chromophore with respect to the lower edge of the
conduction band of the semiconductor TiO2.39,40 Dynamic
effects could also contribute to the discrepancy, and the
optimized geometries used in the present calculations may,
in fact, correspond to geometries where the LUMOs are more
strongly coupled to the substrate conduction band compared
to the average value during the thermal and vibrational
motion of the system. In terms of the compatibility with the
experimental system, the present calculations assume an ideal
surface termination, with direct chemical bonding from the
anchor group to substrate Ti atoms. If the experimental
systems are not atomically clean, such direct bonding could
be prevented for some fraction of the dye molecules. Sample
contamination is therefore also a potential source for a
systematic weakening of the interfacial electronic coupling.
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4. Conclusions
A series of perylene-sensitized TiO2 nanoparticles has been
studied theoretically from first principles using density
functional theory calculations. Calculated electronic properties have been directly compared to experimental information
about heterogeneous electron-transfer rates in the femtosecond time regime. Calculated approximate heterogeneous
electron-transfer rates agree with the experimental values to
within a factor of 2, and the trends for relative rates are found
to agree well with the experimental results. This suggests
that this kind of supramolecular calculation of dye molecules
on nanoparticles can be used to predict how changes to the
structure or composition of dye-sensitized semiconductor
systems will affect their ultrafast electron-transfer properties.
As there are no problems to accommodate larger adsorbates
in the cluster approach, we believe that this approach will
prove to be very useful for studies of large heterosupramolecular systems containing both organic and organometallic photo- and redox-centers attached to semiconductor
nanoparticles.
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