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Introduction
Renewable energy sources, low cost devices which use high
technology and smart materials for specific functions, are topics of
great relevance for academic and industrial research. A global
challenge is to capture and utilize solar energy for a sustainable
development on a grand scale and to use the produced energy for
low-cost, low-consumption lighting solutions.
Dye-sensitized solar cells (DSCs) represent a particularly
promising approach to the direct conversion of light into electrical
energy at low cost and with high efficiency.1 In these devices, a dye
sensitizer absorbs the solar radiation and transfers the photoexcited
electron to a wide band-gap semiconductor electrode consisting of a
mesoporous oxide layer composed of nanometer-sized particles,
usually TiO2, while the concomitant hole is transferred to the redox
electrolyte, typically iodide/triiodide in solution or a holetransporting material in the solid state, see Scheme 1.

mechanical and multi-scale simulations, can provide complementary
information to experimental techniques and have effectively allowed
considerable progress in the DSCs field.
Computational modeling of DSCs is highly challenging. In this
respect, the ultimate goal is the simulation of the combined
dye/semiconductor/electrolyte heterointerfaces, investigating the dye
adsorption mode onto the semiconductor, the energy levels alignment
and electronic coupling, the nature and localization of the excited
states at the dye/semiconductor/electrolye interface, thus effectively
relating atomistic details to device efficiency parameters. Moreover,
prediction of the electronic and optical properties of new dyes would
allow the design and screening of new materials with possibly
improved properties, thus significantly reducing the synthetic and
characterization time.
We present in the following selected computational modeling
applications of materials and processes key to DSCs operational
mechanism. The results are discussed in relation to the computational
design of new and more efficient materials for improved photovoltaic
efficiency.
Results and Discussion
Ru(II) dyes. The absorption spectrum for the deprotonated N3
dye, a prototype for Ru(II) dyes employed in DSCs, calculated by
TD-DFT (B3LYP/DZVP) in water solution, is compared to the
experimental one in Figure 1.6,7 The agreement between theory and
experiment is excellent throughout an energy range spanning 4.5 eV.
The two lowest energy bands were assigned to charge-transfer
transitions to the bipyridine ligands, originating from hybrid orbitals
made up of comparable metal and thiocyanate contributions, see
Figure 2. The third band, almost twice as intense as the first two
bands, is assigned to intraligand π-π* transitions.

S
cheme 1. Operational mechanism and relevant energy levels scheme
of a DSC.
Various polypyridyl Ru(II) complexes are primarily employed
as dye sensitizers.2 The remarkable performance of the
tetraprotonated
[cis-(dithiocyanato)-Ru-bis(2,2’-bipyridine-4,4’dicarboxylate)] complex (N3) and its doubly protonated analogue
(N719), see Figure 1, for which solar to electric power efficiencies
exceeding 11 % have been reported,3 had a central role in
significantly advancing the DSSC technology. Fully organic
sensitizers have also been developed because of their increased molar
extinction coefficient, compared to Ru(II)-dyes, spectral tunability
and reduced environmental impact.4,5 These dyes, however, have
delivered reduced performance compared to the most efficient Ru(II)
dyes.
Although a substantial impulse to DSCs industrialization has
recently emerged, for further progress higher photovoltaic conversion
efficiencies need to be achieved. In this respect, there is a
tremendous impetus in the design of new and more efficient
sensitizers. Molecular engineering, together with advanced quantum

F
igure 1. Comparison between the calculated and experimental
absorption spectrum of the deprotonated N3 dye. From Ref. [xx].

F
igure 2. Isodensity plots of the HOMO and LUMO of the N719
complex.
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Organic Dyes. Recently, the possibility of using fully organic
dyes, with properly tuned optical and redox properties, have attracted
widespread interest. In this context, significant advances have been
made in the molecular design of these metal-free dyes, with top
efficiencies approaching 10%.8 The most efficient organic dyes have
a common D-π-A structure, with the donor group (D) being an
electron-rich unit, linked through a conjugated linker () to the
electron-acceptor group (A), which is directly bound to the
semiconductor surface, usually through a carboxylic or cyanoacrylic
function, see Figure 3.

of errors occurring between the GSOP, which for the larger dyes is
too negative, in the NHE scale, by up to 0.3 eV, and the E0-0 values
which are underestimated by a comparable amount when increasing
the dye conjugation.

Figure 4. Molecular structures of the L0-L4 dye sensitizers.

Figure 3. Molecular structures of the L0, D4, D5, JK2 and C217 dye
sensitizers.
For these push-pull organic dyes, showing a substantial CT
nature of the excited states, TDDFT employing conventional
exchange-correlation functionals usually fails. Hybrid functionals
incorporating an increased amount of Hartree-Fock exchange
(MPW1K) and long-range corrected functional (CAM-B3LYP) are
shown to yield excitation energies of comparable quality to highlevel coupled cluster and multi-reference perturbation theory
calculations, see Table 1.9
CAMEOMPCDye
Λ
MPW1K
B3LYP
CCSD
NEVPT2
D4
0.52
3.46
3.48
3.53
3.64
L0
0.51
3.40
3.45
3.59
3.49
D5
0.47
2.70
2.97
C217 0.38
2.50
2.64
JK2
0.35
2.60
2.78
Table 1. Computed and experimental excitation energies (in eV)
for the lowest excited state of D4, L0, D5, C217 and JK2, along
with the spatial overlap between the HOMO and LUMO, Λ.
Along with the dye absorption spectrum, key parameters for
efficient dyes are the Ground State Oxidation Potential (GSOP) and
the Excited State Oxidation Potential (ESOP). These photoelectrochemical dye parameters are important both in absolute value
and relative to the I3-/I- and TiO2 conduction band levels, setting the
driving force for dye regeneration and excited state electron
injection, respectively (Figure 1). These parameters have been
calculated for a set of four triphenylamine-based dyes, which only
differ by the increasing degree of conjugation from L0 to L4, see
Figure 4.10
To provide a unified representation of the results of our study in
terms of calculated versus experimental ground and excited state
oxidation potentials, we report in Figure 4 a survey of calculated
GSP and ESOP values, along with the energetic positions of the
TiO2 conduction band and I-/I3- redox potentials. As it can be
noticed, calculated ESOP values are in excellent agreement with
experimental data (within less than 0.1 eV) for the entire series of
dyes, but this agreement turns out to be partly due to the cancellation

TiO2 models. Most of theoretical/computational results on TiO2
have been obtained on the bulk material or surface slabs, described
within Periodic Boundary Conditions. Cluster TiO2 models can also
been employed, and these are particularly effective when one needs
to simulate the excited state properties of dyes on TiO2 by TDDFT
employing hybrid functionals in conjunction with continuum
solvation models. To model the TiO2 semiconductor, we considered
(TiO2)38 and (TiO2)82 clusters, see Figure 5, both obtained by
appropriately “cutting” an anatase slab exposing the majority (101)
surface.11 The larger (TiO2)82 model is an almost square slab of 2
nm side, with three rows of five- and six-coordinated surface Ti sites,
which is large enough to avoid possible spurious dye/titania
interactions due to the finite cluster size.

Figure 5. Optimized structure of the (TiO2)82 cluster model.
For the isolated cluster, we obtained a lowest TDDFT
(B3LYP/3-21G*) excitation energy of 3.67 eV, and a conduction
band energy estimate of -3.88 eV vs. vacuum, -0.56 eV vs. NHE.
These results are in good agreement with TiO2 experimental band
gaps and conduction band edges estimated from flat band potentials
and are also consistent with calculations for the (TiO2)38 cluster. The
adequacy of the employed (TiO2)82 cluster model against periodic
surface slabs has been further checked by performing comparative
Car-Parrinello calculations (GGA-PBE) for the (TiO2)82 cluster and
for a periodic (TiO2)32 surface slab, finding the unoccupied density of
states to coincide within 0.1 eV. Thus, within the necessary size
limitations, we are confident of the accuracy of the employed TiO2
model. Alternative TiO2 nanostructures can also be simulated from
first principle, including single wall nanotubes and realistic
nanocrystals.12
Ru(II) dyes on TiO2. The ultimate goal in the computer
simulation of DSCs from first principles is to calculate the full
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operational device mechanism for realistic models under realistic
conditions. This corresponds to simulate the dye adsorbed onto
extended TiO2 surfaces, including an explicit description of the
solution containing the electrolyte. After calculating the excited
states of this complex system, one might want to perform nonadiabatic molecular dynamics simulations to investigate the details of
electron injection, transport and dye regeneration. This ideal
computer simulation has actually never been performed, to the best
our knowledge, due to inherent difficulties in taking properly into
account all the above requisites into one computational set up. While
non-adiabatic molecular dynamics simulations on small model dyes
adsorbed on TiO2 were performed,13,14 which in one case included
also the iodine/iodide redox couple in the simulation,12 our strategy is
to perform accurate simulations of the adsorption geometry and of
the excited states of organic and Ru(II)-dyes on TiO2, including
ground state molecular dynamics.
The optimized geometry of the N719 dye on TiO2 was
optimized (GGA-PBE), including the TBA counterions in the model,
see Figure 6, finding that dye binding occurs via three carboxylic
groups.15 This adsorption mode should increase the system stability
towards dye desorption compared, e.g., to heteroleptic dyes with only
two anchoring groups, a highly desirable requisite for practical DSCs
applications and long-term device durability. This adsorption mode,
which is peculiar to the two known homoleptic dyes N719 and YE05, seems also to be correlated to the high open circuit voltage
exhibited by these two systems in DSC devices compared to
heteroleptic dyes, constantly delivering lower output voltages.

levels, with mixed Ru-NCS HOMOs inserting within the TiO2 band
gap. The dye π* orbitals are overlapping with the TiO2 manifold of
unoccupied states, which are calculated as the LUMOs. Due to the
strong energetic and spatial coupling, it is not possible to clearly
distinguish the dye π* orbitals, which are smeared and strongly
mixed with TiO2 unoccupied states.

Figure 7. Comparison between the experimental (intensity rescaled,
red) and calculated (blue) absorption spectra of N719 on TiO2. The
inset shows the calculated density of singlet (black) and triplet
(magenta) excited states (energy in eV) for the same system.
The lowest excitation with a sizable oscillator strength is the
18th (S0S18) excited state, which is calculated at 649 nm (1.91 eV).
This transition, of singlet-singlet nature, is clearly responsible for the
shoulder exhibited by the experimental absorption spectrum in
exactly the same energy range, see Figure 7. Analysis of the TDDFT
eigenvector corresponding to this transition reveals a largest
component (35%) arising from the HOMOLUMO+11 orbital
excitation. The LUMO+11 orbital shows a sizable dye contribution,
which is responsible for the rather large oscillator strength calculated
for the (S0S18) transition, strongly mixed with unoccupied TiO2
states. In Figure 8 we report the charge density difference between
the S0 ground state and the S18 excited state, showing the electron-

Figure 6. Optimized structure of the N719 dye carrying one proton
on the (TiO2)82 cluster.
A comparison between the experimental and calculated TDDFT
(B3LYP/3-21G*) absorption spectra for N719 bound to TiO2 is
reported in Figure 7.15 To calculate the absorption spectrum up to ca.
2.5 eV, corresponding to the entire first visible absorption band, a
large number of excited states were computed (the 50 lowest
transitions) with an associated large computational overhead. It is
therefore crucial at this stage to exploit the suitable trade-off between
the size and the realistic description of the investigated system
offered by our (TiO2)82 cluster. Considering the limitations of the
model, the agreement between the calculated and experimental
spectra is excellent over the investigated energy range. The
calculated spectral profile shows a comparable shape to the
experimental one, with the absorption maximum being calculated at
552 nm (2.25 eV), to be compared to an experimental band
maximum of 531 nm (2.34 eV). The small discrepancy between
theory and experiment (<0.1 eV) confirms the accuracy of the
employed model and adsorption geometry.
Inspection of the electronic structure of the N719/TiO2 system
reveals the expected dye/semiconductor alignment of the energy

hole localization following light absorption.
Figure 8. Charge density difference between the ground state (S0)
and the S18 excited state. A blue (yellow) color signifies and increase
(decrease) of charge density upon electron excitation.
The calculated excited states suggest the presence of an almost
“direct” injection mechanism, partly mediated by the dye
contribution to the excited states which provides a sizable transition
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probability, but without the appearance of a new or shifted
absorption band in the combined systems’ spectrum. On the basis of
our calculations it seems therefore that no sizable “injection time”
exists, rather the timings of electron injection are mainly ruled by
electron dephasing in the semiconductor.
Having established the accuracy of our computational approach
to reproduce the absorption spectrum, therefore the nature and
energetics of the excited states for the interacting dye/semiconductor
system, we now turn our attention to the alignment of the energy
levels in the combined system.15 To fix at least a relative energy
scale of our system we take as a reference the energy of the dye
HOMO, which is calculated at -5.34 eV, We can thus locate the
position of the lowest TiO2-based excited state simply by adding the
energy of the TDDFT S0S1 transition (1.58 eV) to the HOMO
energy (-5.34 eV), obtaining -3.76 eV for the lowest excited state
localized on the TiO2. By superimposing the absorption spectrum for
the combined system to the energy scale relative to the dye HOMO,
Figure 9, we can accordingly calculate the lowest dye-based excited
state at -3.43 eV, with a corresponding lowest driving force for
electron injection of ca. 0.3 eV.

efficiency and temporal stability, so that DSC sealing techniques
have to be elaborated, increasing fabrication costs. Dye desorption
and ligand exchange reactions are among the main issues related to
water contamination. We recently reported on an ab initio molecular
dynamics simulation of a squaraine dye-sensitized TiO2 surface
“immersed” in an explicit water environment, followed by extensive
TDDFT excited state calculations.17 The chosen model system
consists of a recently reported squaraine dye, anchored to a 1x4 TiO2
anatase slab exposing the majority (101) surface, surrounded by 90
water molecules, Figure 10.

Figure 10. Left: the squaraine dye adsorbed onto a 1x4 anatase slab,
surrounded by 90 water molecules. Right: Relevant configurations
sampled during the dynamics. A): starting bridged bidentate
configuration, and oxygen atoms labels; B) monodentate
configuration; C) dissociated dye.

Figure 9. Left: alignment of the ground and excited state energy
levels for the interacting N719@TiO2 system. Right: the calculated
density of unoccupied TiO2 states has been aligned to the energy of
the lowest TiO2 state in the combined system.
Organic dyes on TiO2. Among the various classes of organic
sensitizers, squaraines have been extensively investigated because of
their strong absorption bands (150.000 M-1cm-1) in the far red to
near-IR spectral regions.16 Although comparable efficiency to that of
Ru(II)-dyes has been achieved, the long term cell stability remains a
main issue for organic dyes. A deeper understanding of the
dye/semiconductor heterointerface and of the dye-sensitized
semiconductor/ electrolyte interactions are fundamental for further
progress in DSC technology. In particular, the presence of water in
the electrolyte solution is known to be detrimental for the DSC

After thermalization at 300 K, we performed 15 ps of CarParrinello dynamics simulations. During the first 6 ps we sampled 35
configurations at equal time intervals of 0.18 ps, on which we
calculated the full TDDFT absorption spectrum of the entire system.
The calculated absorption spectrum for the squaraine-sensitized TiO2
is compared to experimental data in Figure 11. As it can be noticed,
our thermally-averaged calculated data are in excellent agreement in
terms of absorption maximum wavelength (630 vs. 642 nm) and band
shape with the experimental data. The absorption intensity is mainly
originated by dyedye excitations with small contributions of
unoccupied TiO2 states. Our calculations nicely reproduce the
experimental spectrum’s asymmetry, with a high-energy shoulder
which is enhanced upon dye adsorption on TiO2. Such a feature is
absent in the zero-temperature calculated spectrum, Figure 11 inset,
and is therefore attributed to thermal distortions in the systems’
geometry, which are further enhanced on TiO2. Most notably, the
high-energy spectral feature significantly contributes to the incident
photon to current conversion efficiency (IPCE in Figure 11),
providing additional photocurrent generation and DSC efficiency.
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and ab initio molecular dynamics simulations on the combined
dye/semiconductor/electrolyte heterointerfaces, allows researchers in
the field to investigate the dye adsorption mode onto the
semiconductor, the energy levels alignment and electronic coupling,
the nature and localization of the excited states at the
dye/semiconductor/electrolye interface, thus effectively relating
atomistic details to device efficiency parameters.
The
simulation
of
hybrid
molecular/semiconductor
heterointerfaces by DFT has recently reached the same level of
accuracy and realism as that typical of the investigation of isolated
molecules. By quantitative reproduction of relevant experimental
information it is possible to understand in detail the fundamental
factors affecting the DSCs functioning and therefore efficiency. This
information is now being processed for the design of new and more
efficient sensitizers and materials. We thus foresee an increasing role
of modeling in the rapid exploitation of hybrid/organic materials for
photonic applications.
Despite all these advances, yet “the simulation” of the
microscopic functioning of a device is still to come, due to inherent
difficulties in accurately describing at the same time all the
fundamental ingredients and processes underlying the functioning of
such complex systems. We believe that the key to success in this
field is definitely represented by a multi-technique computational
approach which integrates different codes and techniques bridging
quantum chemistry, materials science and solid-state physics.
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Inset: Calculated absorption spectra at 0 temperature (green without
solvent, red with solvent).
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Conclusions.
In this study, we have reported selected computational modeling
applications of materials and processes key to DSCs operational
mechanism. Quantum chemical modeling, based on DFT, TDDFT

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)

O’Regan, B.; Grätzel, M. Nature 1991, 353, 737.
Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.; Muller,
E.; Liska, P.; Vlachopoulos, N.; Grätzel, M. J. Am. Chem. Soc., 1993,
115, 6382.
Nazeeruddin, M. K.; De Angelis, F.; Fantacci, S.; Selloni, A.; Viscardi,
G.; Liska, P.; Ito, S.; Takeru, B.; Grätzel, M. J. Am. Chem. Soc., 2005,
127, 16835.
Kim, S.; Lee, J.K.; Kang, S.O.; Ko, J.; Yum, J.-H.; Fantacci, S.; De
Angelis, F.; Di Censo, D.; Nazeeruddin, M.K.; Grätzel, M. J. Am.
Chem. Soc. 2006, 128, 16701.
Hagberg, D.P.; Yum, J.-H.; Lee, H. J.; De Angelis, F.; Marinado, T.;
Karlsson, K.M.; Humphry-Baker, R.; Sun, L.; Hagfeldt, A.; Grätzel, M.;
Nazeeruddin, M.K. J. Am. Chem. Soc. 2008, 130, 6259.
Fantacci, S.; De Angelis, F.; Selloni, A. J. Am. Chem. Soc., 2003, 125,
4381.
De Angelis, F.; Fantacci, S.; Selloni, A.; Nazeeruddin, M.K. Chem.
Phys. Lett., 2005, 415, 115-120.
Ito, S.; Miura, H.; Uchida, S.; Takata, M.; Sumioka, K.; Liska, P.;
Comte, P.; Pechy, P.; Grätzel, M., Chem. Comm. 2008, 5194.
Pastore, M.; Mosconi, E.; De Angelis, F.; Grätzel, M., J. Phys. Chem. C
2010, 114, 7205.
Pastore, M.; Fantacci, S; De Angelis, F J. Phys. Chem. C 2010, 114,
22742.
De Angelis, F.; Fantacci, S.; Selloni, A.; Nazeeruddin, M.K.; Grätzel,
M., J. Phys. Chem. C 2010, 114, 6054.
Nunzi, F.; De Angelis, F. J. Phys. Chem. C 2011, 115, 2179.
Rego, L. G. C.; Batista, V. S. J. Am. Chem. Soc. 2003, 125, 7989.
Prezhdo, O. V.; Duncan, W. R.; Prezhdo, V. V. Acc. Chem. Res. 2008,
41, 339.
De Angelis, F.; Fantacci, S.; Mosconi, E.; Nazeeruddin, M.K.; Grätzel,
M., J. Phys. Chem. C 2011, 115, 8825.
Yum, J-H.; Walter, P.; Huber, S.; Rentsch, C.; T. Geiger, T.; Nüesch, F.;
De Angelis, F.; Grätzel, M.; Nazeeruddin, M.K. J. Am. Chem. Soc. 2007,
129, 10320.
De Angelis, F.; Fantacci, S.; Gebauer, R. J. Phys. Chem. C 2011, 2, 813.

Prep. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2012, 57 (1), 89

Proceedings Published 2012 by the American Chemical Society

