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and Cristiań G. Sańchez*,†

†Departamento de Matemat́ica y Física, Facultad de Ciencias Químicas, INFIQC, Universidad Nacional de Coŕdoba, Ciudad
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ABSTRACT: On the basis of a time-dependent self-
consistent density functional tight-binding (TD-DFTB)
approach, we present a novel method able to capture the
differences between direct and indirect photoinjection
mechanisms in a fully atomistic picture. A model anatase
TiO2 nanoparticle (NP) functionalized with different dyes has
been chosen as the object of study. We show that a linear
dependence of the rate of electron injection with respect to the
square of the applied field intensity can be viewed as a
signature of a direct electron injection mechanism. In addition,
we show that the nature of the photoabsorption process can be understood in terms of orbital population dynamics occurring
during photoabsorption. Dyes involved in both direct (type-I) and indirect (type-II) mechanisms were studied to test the
predictive power of this method.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Harvesting solar energy and photoconversion to electrical
current with dye-sensitized solar cells (DSCs) was first

proposed by O’Regan and Graẗzel in 1991.1 Since then, DSCs
have become one of the most important topics of research in
the field of clean and renewable energy.1−5 DSCs can be viewed
as a low-cost alternative energy source, where the challenge
remains in building them from highly available and environ-
mentally benign materials. These cells mainly constitute a
sensitizer (organic or metal complex dye) that is attached to a
nanocrystalline semiconductor film like TiO2, ZnO, or
SnO2.

6−8 Sunlight is used as an energy source for photoexciting
the dye, from which electrons are injected into the conduction
band of the semiconductor. The dye is regenerated from its
oxidized state by a redox couple such as I−/I3

− (other possible
mediators are cobalt(II/III) complexes).9,10 The electrolyte is
infiltrated into a porous films, and it is regenerated by the
reduction of the triiodide ions at the counter electrode, where
electrons coming from the load of the circuit are supplied to
complete the cycle. In this way, DSCs generate electricity from
sunlight without chemical transformation of their components.
Graẗzel developed DSCs using ruthenium(II) bipyridyl (e.g.,
[Ru(dcbpy)2(NCS)2] (N3)) and ruthenium(II) terpyridine
(e.g., trithiocyanato(4,4′,4″-tricarboxy-2,2′,6′,2′-terpyridine)-
ruthenium(II) (Ru(tcterpy)(NCS)3 (black dye))1−5,11 as the
sensitizer dye, but it is relevant to mention that ruthenium is a
very expensive metal and its sources are limited therefore, novel
organic, inorganic, and/or organometallic dyes are desirable for
highly efficient DSCs.

In the DSC photoinjection (PI) process, the main step is
electron transfer from the dye molecule to the conduction band
of the semiconductor. This process occurs following either one
of two different mechanisms (type-I or indirect and type-II or
direct injection mechanism) (Figure 1). The type-I process
involves two steps that can be described as follows: an
excitation from the ground state to the excited state of the dye,
which is produced by the absorption of a photon, followed by
an electron transfer to the conduction band of the semi-
conductor nanoparticle (NP). The type-II process is referred to
the one-step electron injection from the ground state of the dye
to the conduction band of the semiconductor upon photo-
absorption.12−18 In the type-II mechanism, a new charge-
transfer band characterizes the direct electron excitation into
the conduction band, and this can be observed by means of
UV−vis spectra techniques. On the other hand, in type-I,
(indirect injection mechanism), no new bands are observed in
the UV−vis absorption spectrum. The most important
parameter to be considered when studying the photoinjection
process is the injection rate. Modern experimental techniques
such as time-resolved laser spectroscopies, transient absorption
spectroscopy, electron paramagnetic resonance, and terahertz
spectroscopy have been useful to gain some insight into the
mechanism and velocity of the injection step, but specific
details of the whole process are still lacking.8,19−24
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Nowadays, there is considerable interest in developing
sensitizers that could show effective harnessing of the red and
the near-IR portion of the sunlight spectra, to produce DSCs
with the capability of covering a larger spectral region, mainly
centered at the maximum of the solar emission spectrum.25−29

Large sensitizers such as porphyrins and phenolphthalein have
shown very promising properties for the design of solar cells
due to their high extinction coefficients in the visible region of
the UV−vis spectra. This kind of dye usually exhibits an
indirect injection mechanism.30,31

Several theoretical studies of dyes anchored on different
semiconductors employing a range of computer simulation
techniques have been reported since the pioneering work of
Rego et al. in 2003.32−36 In recent work, Sańchez-de-Armas and
co-workers studied the structural and electronic properties of
different dyes on a (TiO2)9 cluster using TD-DFT. They
described the main differences between the two mechanisms of
electron injection, they showed the qualitative characteristics of
the optical spectra, and they concluded that the indirect
mechanism of photoinjection occurs through an orbital mainly

Figure 1. Electron injection mechanisms type-I and type-II in a DSC.
CB: conduction band of the semiconductor. D: dye.

Figure 2. Studied compounds: alizarin (a), coumarin C343 (C343) (b), [Ti(Ph-tetra-tBu)(catechol-CO2H)] (Pht-Ti) (c), aniline derivative (d),
and naphthalenediol (Naph) (e).
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localized in the molecule, very similar to the lowest unoccupied
molecular orbital (LUMO) in the free dye. In contrast, the
direct mechanism of electron injection requires strong
electronic coupling between the conduction band of the
semiconductor and the molecule because the excitation
involves two orbitals that are localized in the dye and the
semiconductor.37

Although the transfer across molecular−semiconductor
interfaces has shown to be the research area of major interest
in the DSC field, the whole time-dependent process is not fully
understood. In this work, we pretend to shed light on the
differences between the two photoinjection processes men-
tioned before by using a fully quantum theoretical treatment.
To accomplish this task, we employ a family of sensitizers
(Figure 2) that are anchored to the surface of a benchmark
model anatase TiO2 NP. This theoretical tool allows one to
obtain a complete time-dependent picture of the photoelectron
injection phenomenon from the electromagnetic wave striking
the system to the further electron injection. A precise

distinction between photoabsorption mechanisms was obtained
from these time-dependent quantum dynamics simulations.
The methodology applied in this work has been widely

described in refs 15, 38, and 39 and is based on the time
propagation of the one electron density matrix under the
influence of external time-varying electric fields in order to
obtain optical information from the system. Essentially, it is a
real time-dependent simulation, where the electronic structure
is obtained from a density functional theory based tight-binding
(DFTB) Hamiltonian. The DFTB+ code40, which implements
self-consistent DFTB, was used to model the electronic
structure of the cluster−molecule system in its ground state,
using tiorg - 0 - 1 and mio- 0 - 1 DFTB parameter sets.41,42

Optical absorption spectra are obtained by introducing an
initial perturbation in the shape of a Dirac delta pulse to the
initial ground-state density matrix.43 After pulse application, the
evolution of the density matrix can be calculated by time
integration of its equation of motion as described in refs 15, 38,
and 39. In the linear response regime, when the applied electric

Figure 3. Superposition of the optical spectra of the free dyes (black lines) and dyes anchored to the TiO2 NP (red lines). Alizarin (a), coumarin
C343 (C343) (b), Pht-Ti (c), aniline derivative (d), and Naph (e).
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field pulse is small, the complex polarizability can be obtained
from deconvolution of the dipole moment signal from the
excitation waveform after a Fourier transformation. The
absorption spectrum is proportional to the imaginary part of
the frequency-dependent polarizability. Calculation of the full
average polarizability over the three Cartesian axes requires
three independent determinations of the complex polarizability
along these axes, which correspond to the direction of initial
polarization. An exponential damping with a time constant of
10 fs is applied to the dipole moment signal, uniformly
broadening all spectral lines. A deeper understanding of the
nature of the excitation can be obtained from the time-
dependent molecular orbital populations following a laser
excitation in tune with the excitation energy.39 This population
can be obtained by rotation of the one-electron time-dependent
density matrix to the molecular orbital basis. The diagonal
elements of this rotated density matrix represent instantaneous
molecular orbital populations, its off-diagonal elements
representing coherences between different excitations.
The cluster structure used for all calculations is the same as

that previously employed in ref 15 for the description of the
photoinjection from catechol and cresol. This cluster consists of
a 270 atom (90 TiO2 units) anatase nanocluster, and this
structure was taken from an equilibrated molecular dynamics
simulation at 300 K. as described in ref 15.
We first proceeded by calculating the absorption spectra of

the isolated dyes (Figure 2) and the dyes adsorbed onto the
TiO2 NP. Where all geometries were fully optimized employing
DFTB for the isolated molecules, in the case of the adsorbed
species, geometry optimization was restricted to the molecule
and the nearest TiO2 surrounding units. It is well-known that
the difference between the two mechanisms of the electron
injection in the DSCs can be appreciated from the absorption
spectrum.18,37 In the direct injection mechanism (type-II) a
new band that corresponds to the charge-transfer excitation
from the dye into the NP conduction band appears in the
absorption spectrum of the dye adsorbed on the NP, whereas
no new bands are observed in the case of the indirect
mechanism (type-I).
Absorption spectra for the free dyes and dye−TiO2 NP

complexes are shown in Figure 3. From Table 1, it can be

observed that the absorption energies are in good agreement
with experimental data in the literature.37,44−48 It is worth
noting that the spectrum of the Pht-Ti shows the characteristic
bands of a porphyrinic molecule38 with a near-UV band (the
Soret band) and the visible bands (Q bands), suggesting a
strong absorption in the visible region, in fair accordance with
previous experimental results.46

Alizarin, coumarin C343, Pht-Ti, and the aniline derivative
(Figure 3a−d) are molecules that exhibit an indirect (type-I)
mechanism for electron injection. This can be observed in the
spectra of the dye−NP system, where no new absorption band
appears in the visible region upon adsorbing the dye onto the
TiO2 NP. The lowest-energy band suffers a red shift for the
alizarin−NP, while coumarin C343 shows a slight shift to
higher energies, and no significant shift is observed for the
aniline derivative and the Pht-Ti−NP. The lack of energy shift
in this case can be attributed to the weak coupling between the
states of the dye and those from the NP upon adsorption.
Unlike the others dyes, Naph shows the appearance of a new
optically active transition band in the visible region when
adsorbed onto the NP. The same behavior was observed for
catechol and cresol molecules in a a previous study.15 For all
cases of Figure 3, the sharp rise in the absorption region at high
energy is produced by the excitation of electron−hole pairs
within the TiO2 NP.
It is worth noting that Naph and alizarin are similar

molecules and have identical anchoring groups. From Table 1,
it can be noted that the red shift of the absorption band for the
alizarin−TiO2 complex is about 0.4 eV; furthermore, the shift
of the absorption band for the Naph−TiO2 complex is 0.5 eV
with respect to free dye absorption band. We assign the
absorption band of the alizarin−TiO2 complex to be the same
as the band for the free dye because no broadening of the band
is observed when the dye is adsorbed to the NP. In contrast, for
the case of Naph, adsorption clearly causes the appearance of a
band that is broadened with respect to that of the free dye. The
local field at the surface of the NP is the cause of the larger red
shift of the absorption band of alizarin−TiO2. The difference in
shifts can be explained from the fact that Naph is a smaller
molecule and therefore the influence of the local field is
stronger. This effect is smaller or negligible for molecules with
larger spatial extent due to the short range of the field
generated by the NP.
As noted, Naph and alizarin have close chemical structures

and the same anchoring group. Why is it then that these two
dyes present different injection mechanisms? The chemistry
behind the difference between the two dyes can be understood
as follows: The highest occupied molecular orbital (HOMO) of
the dye is pinned to the upper edge of the valence band, simply
from a principle of electron electrochemical potential equal-
ization;49 these are the states that are available to form bonds to
the anchoring group. Considering that the band gap of the NP
is basically constant, extending π conjugation in the dye moves
the LUMO to lower energies, decoupling it from the
conduction band.
Alizarin and Naph are two extreme examples in which this

effect is clearly seen because they share the anchoring group,
and therefore, the chemistry of the coupling with the NP is
similar. As can be seen from Figure 3, the excitation energy in
the case of alizarin is smaller than that of Naph and below the
absorption edge, whereas in the case of Naph, the excitation is
within the absorption edge.
Figure 4 shows the complex dye−TiO2 for Naph (a) and

alizarin (b) dyes, where the HOMO and LUMO are plotted;
this figure shows the differences in the electronic excitations.
The excitation of the Naph−TiO2 complex occurs from the
occupied state of the molecule to the unoccupied states of the
conduction band of the NP; this is an excitation with charge
transfer, whereas the electronic excitation of the alizarin−TiO2
complex occurs in the dye.

Table 1. Comparison of the Absorption Energy Values (eV)
for Different Dyes on an Anatase TiO2 Nanoparticle in
Vacuum Obtained by the Method Described in the Text and
with Experimental Values Found in the Literature

free dye dye + NP

dye TD-DFTB exp. value TD-DFTB exp. value

alizarin 2.5 2.944 2.1 2.4744

coumarin C343 3.1 2.8145 3.3 2.7137

Pht-Ti 1.8 1.7746 1.8 1.77
46

aniline derivative 3.1 3.1747 3.1 3.5547

Naph 3.2 3.748 2.7 1.2−3.237
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In previous work, we have shown that for a direct charge
injection mechanism in a dye−NP complex, the variation of
total Mulliken charges of the dye is proportional to the
intensity of the applied field, that is, the current between the
dye and the NP caused by illumination is a linear function of
the square of the field strength.15

Here, we extend our previous results by comparing the
variation of the current as a function of applied field for both
direct and indirect injection mechanisms. Figure 5 shows the
variation of the Mulliken charges for Naph (type-II) and Pht-Ti
(type-I), adsorbed in the NP, when a laser-type electric field
perturbation is applied. As observed from Figure 5a, Naph
(type-II) has a linear dependence of the injection rate with the
square of the applied field intensity. The latter behavior was
seen for the case of catechol in our previous work.15 On the
other hand from Figure 5b, the Pht-Ti (type-I) dye shows a
linear dependence with the cube of the intensity of the applied
field for the variation of the cluster charge as a function of time.
The magnitude of the slopes kt in both processes are different,
being larger for the type-II mechanism.
If we consider the dye−NP complex as a two-level system, of

which the upper level is coupled to a manifold of states to
which population can escape, the second-order behavior with
respect to field intensity can be explained on the basis of

quantum mechanical perturbation theory.50,51 To first order in
the field perturbation, when the exciting field is in tune with the
electronic excitation of the two-level system, at short times, the
population in the upper state grows with the square of time
with a proportionality constant that depends on the square of
the applied field.52
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Incoherent escape from this level into the conduction band, up
to first order in the coupling and at short times, can then be
treated from simple first-order kinetics, in which the decay rate
of the occupation in the upper level is proportional to its
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This decay rate is the change in Mulliken populations plotted in
Figure 5, which can now be seen to scale with the square of the
applied field. We have verified this behavior from studying
numerically the dynamics of a model two-level system coupled
to a handfull of states. This represents the dynamics observed
for type-II systems at short times.
On the other hand, for the case of Pht-Ti−TiO2, a deeper

analysis needs to be done in order to explain the third-order
behavior. Third order is beyond perturbation theory, and a full
explanation requires incorporating the change in electronic
structure caused by the exciting field. In any case, the current as
a function of applied field gives another way to distinguish
between these two types of DSCs. A full explanation of the
different dependencies on the applied field is very difficult in
this fully atomistic picture that captures the photoinjection
process in all of its time-dependent complexity. Further
modeling is underway and will be the subject of a future
publication.
In order to further investigate the injection mechanism, we

studied the evolution of the density matrix in the molecular
orbital basis set. (For a more detailed description on how to
obtain the time dependent molecular orbital populations
following a laser excitation in tune with the excitation energy
please refer to Oviedo and Sańchez.39). This study provides a
clear understanding of the nature of the excitation, which is
crucial to characterize the type of injection mechanism in a
DSC. Figure 6 shows the time-dependent molecular orbital

Figure 4. Plot of the HOMO (red) and the LUMO (blue) of (a) the
Naph−TiO2 complex and (b) the alizarin−TiO2 complex super-
imposed on the respective atomic structures.

Figure 5. (a) Slope of the time-dependent averages of the Mulliken charges as a function of E2 for Naph (type-II) and (b) E3 for Pht-Ti (type-I).
Straight lines are linear regressions to the data. Slopes (kt) and correlation coefficients (R) are also shown in the figure.
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populations for Naph−NP (Figure 6a) and Pht-Ti−NP (Figure
6b) when a continuous laser-type perturbation in tune with the
excitation energy is applied. The coherent and time-evolving
superposition of states that results from continuous laser
excitation is revealed by the oscillatory nature of the
populations. From Figure 6, we can see that between both
systems, the evolution of the population is remarkably different.
When the system undergoes an indirect mechanism (Pht-Ti−
NP) of electron injection, the largest changes of populations are
in both the HOMO and LUMO. In contrast, for a direct
injection mechanism (Naph−NP), there exist a population
exchange between the HOMO and a broad manifold of high-
energy states, where the excitation is delocalized.
As can be seen from Figure 6, the photoinjection times

predicted by the calculation are slow compared with
experimental results; this is within tens or hundreds of
femtoseconds.10 This deviation can be attributed to an effect
comming from the differences in intensities of the field used in
the calculation and the experiment. Also, this method does not
take into account the phonon-assisted electron-transfer
mechanisms. The inclusion of phonons that may speed up
the process by trapping electrons within the NP is perhaps
another element that may influence injection times and is now
beyond the capabilities of the method. However, we believe
that most of the quantum physics of the adiabatic step of
electron injection is captured by the calculation.
In summary, in this work, we have proposed a new method

for studying and predicting the photoinjection mechanisms in
DSCs, based on time-dependent density functional tight-
binding simulations. This method can reproduce the behavior
of the absorption features when the dye is adsorbed onto a
TiO2 NP surface. The appearance of a new band is clearly
observed for those dyes undergoing an indirect photoinjection
mechanism (type-II). On the other hand, when the dye is of
type-I, the absorption spectrum does not exhibit any new band
upon adsorption. The latter is due to the weak coupling
between the chromophore and the NP. By varying the field
intensity when exciting the system with a laser-type
perturbation, we showed that the photoinjection is no longer
a second-order process when the system is classified as a type-I.
Finally, we show that when the dye sensitizer is of type-II, the
evolution of the molecular orbital population is of great
complexity, showing an exchange from the HOMO to a
manifold of high-energy orbitals from the conduction band of
the NP. We believe that the detailed picture provided from the
analysis of the molecular orbital population evolution can be of

great value as this analysis can be extended to the description of
different coupled dye−TiO2 systems engineered for a DSC.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: cgsanchez@fcq.unc.edu.ar.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge support by Consejo Nacional de Inves-
tigaciones Cientıfícas y Tećnicas (CONICET) through Grant
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