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Influence of the dye molecular structure on the TiO2

conduction band in dye-sensitized solar cells:
disentangling charge transfer and electrostatic effects†

Enrico Ronca,ab Mariachiara Pastore,a Leonardo Belpassi,a Francesco Tarantelliab

and Filippo De Angelis*a

We report a thorough theoretical and computational investigation of the effect of dye adsorption on the

TiO2 conduction band energy in dye-sensitized solar cells that is aimed at assessing the origin of the shifts

induced by surface adsorbed species in the position of the TiO2 conduction band. We thus investigate a

series of working dye sensitizers and prototypical surface adsorbers and apply an innovative approach

to disentangle electrostatic and charge-transfer effects occurring at the crucial dye–TiO2 interface. We

clearly demonstrate that an extensive charge rearrangement accompanies the dye–TiO2 interaction,

which amounts to transfer of up to 0.3–0.4 electrons from the dyes bound in a dissociative mode to the

semiconductor. Molecular monodentate adsorption leads to a much smaller CT. We also find that the

amount of CT is modulated by the dye donor groups, with the coumarin dyes showing a stronger CT. A

subtle modulation of the semiconductor conduction band edge energy is found by varying the nature

of the dye, in line with the experimental data from the literature obtained by capacitance and open

circuit voltage measurements. We then decompose the total conduction band shift into contributions

directly related to the sensitizer properties, considering the effect of the electric field generated by the

dye on the semiconductor conduction band. This effect, which amounts to ca. 40% of the total shift,

shows a linear correlation with the TiO2 conduction band shifts. A direct correlation between the dye

dipole and the observed conduction band shift is retrieved only for dyes of similar structure and

dimensions. We finally found a near-exact proportionality between the amount of charge transfer and

the residual contribution to the conduction band shift, which may be as large as 60% of the total shift.

The present findings constitute the basis for obtaining a deeper understanding of the crucial

interactions taking place at the dye–semiconductor interface, and establish new design rules for dyes

with improved DSC functionality.
Broader context

The effect of surface-adsorbed species on the TiO2 conduction band energy is a highly debated issue in the eld of dye-sensitized solar cells. The possible
modulation of the position of the TiO2 conduction band appears to be a viable way to obtain higher cell open circuit voltages, and thus higher solar energy
conversion efficiency. By applying rst principles computational modeling, we investigate a series of working dyes and co-adsorbers to disentangle electrostatic
and charge-transfer effects occurring at the dye–TiO2 interface. We clearly demonstrate that an extensive charge rearrangement accompanies the dye–TiO2

interaction. A subtlemodulation of the TiO2 conduction band is found by varying the nature of the dye, in line with available experimental data. Such conduction
band shis are decomposed into contributions directly related to the sensitizer properties. A linear correlation is found between the dye electrostatic potential
and the conduction band shi, which is proportional to the dye dipole for dyes of similar structure and dimensions. We also found a near-exact proportionality
between the charge transfer and the residual contribution to the conduction band shi. The present ndings constitute the basis for a deeper understanding of
dye–sensitized semiconductors, with possible implications for the functioning of a wide range of optoelectronic devices.
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1 Introduction

Dye-sensitized solar cells (DSCs)1–4 have attracted signicant
attention as low-cost alternatives to conventional photovoltaic
devices for the conversion of sunlight into electricity, with a
highest certied efficiency of 11.4%.5 In DSCs, a dye sensitizer,
anchored to the surface of a mesoporous oxide layer (usually
TiO2), absorbs the solar radiation and transfers a photoexcited
Energy Environ. Sci.
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electron to the wide band gap semiconductor electrode con-
sisting of nanometer-sized particles, while the concomitant
hole is transferred to a redox shuttle in solution or to a solid
state hole conductor, see Fig. 1.

To obtain further progress and a wider DSC uptake, higher
conversion efficiencies need to be achieved. The three ingredi-
ents of a DSC, namely the dye, the semiconductor oxide and the
redox shuttle, can be individually or simultaneously optimized
for higher efficiencies. Out of the three DSC components, vari-
ations in the dye chemical nature and structure have been
widely investigated.

Traditionally, the most commonly used dyes in DSCs are
transitionmetal polypyridyl complexes,3usually containingRu(II)
centers.2–5 Recently, Zn(II)-porphyrins have reached even higher
efficiency when coupled to Co(II)/Co(III) redox shuttles, exceeding
12%.6 Fully organic dyes have also attracted considerable
interest,3,7–12 in light of the anticipated superior synthetic exi-
bility, scalability and reduced environmental impact. The most
efficient organic sensitizershave typically aD–p–A structure,with
the donor group (D) being an electron-rich unit, linked through a
conjugated linker (p) to the electron acceptor group (A), which is
directly bound to the semiconductor surface, usually through a
carboxylic or cyanoacrylic function.13–15 DSCs employing these
dyes have obtained efficiencies close to 10%.13–16

The solar energy-to-electricity conversion efficiency (h) of a
DSC is determined by the short circuit photocurrent density
(Jsc), the open circuit voltage (Voc), the ll factor (ff) of the cell,
and the intensity of the incident light (Is), namely:

h ¼ JscVocff/Is (1)

The photocurrent density is directly related to the charge
generation and collection efficiency, which in turn depend upon
the dye’s light-harvesting and the kinetics of electron injection,
dye regeneration and charge transport within the cell. Thus, the
charge generation contribution to Jsc depends directly on the
Fig. 1 Schematic representation of the charge flow and of the energy levels of a
dye-sensitized solar cell.

Energy Environ. Sci.
dye. The DSC open circuit voltage represents the difference
between the quasi-Fermi level of the semiconductor under
illumination and the redox potential of the electrolyte, see
Fig. 1, the latter being nearly constant under operation condi-
tions due to the high concentration of redox species.17

The quasi-Fermi level (EF,n) of the semiconductor depends
“statically” on the semiconductor conduction band (CB) energy
and “dynamically” on the charge density (n) accumulated in the
semiconductor,12 according to the following equation:

EF,n ¼ ECB + kBT ln[n/Nc] (2)

where Nc is the density of states in the semiconductor.
Accordingly, charge density accumulation in the semiconductor
provides an increase of the quasi-Fermi level. As such, Voc
depends only indirectly on the dye.

Organic dyes usually show good light-harvesting properties,
due to their high extinction coefficients, so the limitations in
the efficiency with these materials can be mainly attributed to
recombination processes of the injected electrons with the
oxidized dye or electrolyte and/or to the formation of dye-
aggregates on the titania surface,18–26 which provide light
ltering and a means of excited state deactivation. While dye
aggregation can be controlled to some extent by the use of co-
adsorbents,27 the effect of the dye structure on the recombina-
tion process is more complicated and several studies have been
devoted to understanding this aspect.11,19,20,28–36

From a different perspective, the energetics of the TiO2

conduction band are known to depend on several factors, such
as the local pH,37–39 the concentration of potential determining
ions (e.g. Li+),39,40 and, possibly in relation to acid–base equi-
libria, also on the nature of the electrolyte solvent.40,41 The role
of surface adsorbed molecules, including the dye, in deter-
mining the TiO2 CB energetics is much less clear.17,42–49 Previous
works on ruthenium dyes have shown a correlation between the
dye protonation state and the DSC performance,45,46,49 with dyes
carrying a higher number of protons leading to higher Jsc but
lower Voc. An interesting correlation between the dipole
moment of co-adsorbing species, mainly substituted benzoic
acids, and the corresponding DSC Voc was observed by Rühle
et al.,44 who pointed out a linear relationship between the dye
coverage (N), the dipole (m) component normal to the surface
(q is the molecule tilting angle) and the potential shi (DV) at
the interface affecting the TiO2 CB energy:

DV ¼ Nm cos q

330
(3)

For ruthenium dyes, we reported a correlation between the
dye adsorption mode and the corresponding DSC Voc, with the
homoleptic N719 dye, adsorbing through three carboxylic
groups, constantly showing higher cell voltages than compa-
rably efficient heteroleptic dyes.46 Later work on solid-state DSC
has clearly shown a greater than 100 mV TiO2 conduction band
shi between a heteroleptic ruthenium dye and an organic dye,
which was interpreted in terms of a dipole-induced TiO2 CB
shi of different sign.50 Such shis are generally more difficult
to be observed in DSC based on a liquid electrolyte,20 in which
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Molecular structures of the L0, rh-L0, NKX-2587, NKX-2697, L1 and D5
dyes, and of benzoic acid (BA), 4-aminobenzoic acid (NH2-BA), nitrobenzoic acid
(NO2-BA), acetic acid (AA), trifluoroacetic acid (AAF3) and formic acid (FA).
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the high ion strength and the effect of thermal motion may
hinder the role of interface dipoles. Nevertheless, Kusama et al.
reported a combined experimental and theoretical study which
showed a clear correlation between the dipole moment of
electrolyte additives and their DSC Voc.51

When a dye binds to a semiconductor surface, two effects
might be at work: (a) the aforementioned electrostatic (EL)
effect, due to the dye dipole moment; and (b) the effect of the
charge transfer (CT) between the dye and the semiconductor,
which may accompany the dye–semiconductor bond formation.
To our knowledge, the latter effect has never been investigated
in the DSCs framework, although the interfacial ground state
CT could easily lead to semiconductor CB shis. CT occurrence
and extent upon formation of chemical bonds is controversial
and oen difficult to assess. We can successfully investigate it
using the Charge Displacement (CD) analysis, introduced by
some of us.52 This approach is based on a partial integration of
the electron density difference between a bound system and its
separated fragments, and its application led to signicant
progress in the comprehension of the chemical bond in various
systems,52–57 including organometallic complexes.58

Motivated by the high interest in providing a clear under-
standing of surface adsorbed species-induced CB shis, thus
tuning the DSCs open circuit voltage, in this paper we compu-
tationally investigate the adsorption of several prototypical
organic dyes and co-adsorbents on TiO2 models, disentangling
the effects of EL and CT contributions to the TiO2 CB energetics.
We nd substantial differences in both EL and CT effects as a
function of the dye structure and adsorption mode, and we
correlate them with available experimental information. Our
results provide a unied view of dye–semiconductor interac-
tions, which reconcile apparent discrepancies between previous
data and contribute to designing new and more efficient solar
cell sensitizers.
Fig. 3 Top: optimizedgeometries of the L0dye adsorbedonto the (TiO2)38 cluster
in bridged bidentate (BB, left) and monodentate (M, right) anchoring geometries.
Bottom: details of the anchoring region for BB and M adsorption modes.
2 Models and methods

We investigate a wide series of organic dyes with a push–pull
(D–p–A) structure (see Fig. 2), effectively employed in DSC
devices. In this set of compounds we include dyes with the same
donor and p spacer, but with different anchoring units, such as
L0 (ref. 3,7 and 47) and rh-L0,47 that differ only in the substi-
tution of the conjugated cyanoacrylic group (in the former) with
a non-conjugated rhodanine-3-acetic unit (in the latter). We
have also analyzed sensitizers with the same donor and
anchoring groups but withp-spacers of different length, such as
the two coumarin dyes NKX-2587 and NKX-2697 that only differ
in the number of thiophenes contained in the central part of the
sensitizer (one in NKX-2587 and three in NKX-2697).3,18,59 Along
the same lines, we investigated L1 (ref. 7) and D5 (ref. 47, 60 and
61) dyes, that differ in the nature of the p-spacer. In addition,
we also investigated a set of small organic molecules commonly
used as prototypes for the simulation of co-adsorbents on TiO2.
This series includes benzoic acid,44 BA, and acetic acid, AA, with
some of their functionalized derivatives (nitro-benzoic acid,44

NO2-BA, 4-aminobenzoic acid, NH2-BA, and triuoroacetic acid,
AAF3) and the prototype formic acid, FA.
This journal is ª The Royal Society of Chemistry 2012
The compounds described above have been anchored on the
titania surface by the carboxylic group in both dissociative
bridged bidentate (BB) and molecular monodentate (M) adsorp-
tionmodes, Fig. 3.47,62 In theBB adsorptionmode, the sensitizer’s
proton is transferred to one of the TiO2 oxygens, and the dye’s
carboxylic group tends to interact with two surface titanium
atoms, while in the M adsorption mode the dye carboxylic –OH
group interacts by hydrogenbondingwith a surface oxygenwhich
is not directly bound to the Ti atom anchoring the dye.47
Energy Environ. Sci.
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Fig. 4 Isodensity contour plot and charge displacement curve for L0 adsorbed
onto TiO2 in a BB configuration. Yellow surfaces identify regions in which the
electron density decreases whereas zones of density accumulation are marked by
dark blue surfaces. The density value at the surfaces is �0.0005 e au�3.
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To model the TiO2 surface, we used two clusters, (TiO2)38
(ref. 63–65) and (TiO2)82,66 both obtained by appropriately
“cutting” an anatase slab exposing the majority (101) surface.67

The considered clusters represent a reasonable tradeoff between
accuracy and computational convenience and nicely reproduce
themain electronic characteristics of TiO2 nanoparticles. Indeed,
the lowest transition of the (TiO2)38 cluster calculated using time-
dependent density functional theory (TDDFT) is 3.20 eV,68 in good
agreement with the experimental bandgaps typical of TiO2

nanoparticles of a few nanometers in size (3.2–3.3 eV).69,70 The
TiO2 conduction band edge was calculated at ca. �4 eV vs.
vacuum, ingoodagreementwithexperimental values.71The larger
(TiO2)82 cluster showsa similar conductionbandstructure,within
0.1 eV, to the corresponding periodic model.72 We thus use the
(TiO2)38 cluster as our “workhorse”, resorting to the larger (TiO2)82
cluster to check the accuracy of our results. We also notice that
even though the use of relatively small clusters might introduce
some artifacts in the description of the dye–semiconductor
interaction, we are mainly interested here in relative variations
along a series of dyes, which should be much less affected. The
dye-adsorbed geometries were optimized in the gas phase using
density functional theory (DFT) with the ADF program package73

employing the PBE exchange correlation functional74with a TZVP
(DZVP) basis set for Ti (H, C, N, O, S) atoms.

A key approach in our analysis is the study of the electron
density changes taking place upon formation of the dye–TiO2

adducts. The electron density change (Dr) is dened as the
density difference between the interacting complex and the
isolated, non-interacting, partners placed at the same position
they have in the bonded adduct. For the BB-anchored systems,
we chose as fragments the deprotonated dye (negatively
charged) and the protonated TiO2 (positively charged), while for
the M-bound species we considered the neutral dye–TiO2 frag-
ments. Based on our previous results,75 we located for all the
investigated systems the dissociated proton on the surface
oxygen atom closest to the deprotonated carboxylic group. To
analyze the electron density rearrangement, we dene the
charge displacement (CD) along the z direction as:

DqðzÞ ¼
ðN

�N

dx

ðN

�N

dy

ðz

�N

Drðx; y; z0Þdz0 (4)

where Dr is the electron density difference as dened above.
Dq(z) measures at each point z along the chosen axis the elec-
tron charge that, upon formation of the adduct, is transferred
from the right to the le side of the perpendicular plane
through z (ref. 52) (a negative value thus corresponds to electron
ow from le to right). The evaluation of Dq(z) along an axis
joining the interacting species is immediately helpful for a
qualitative assessment of the occurrence and extent of CT,
because the curve suggests CT when it is appreciably different
from zero and does not change sign in the region between the
fragments, whereas CT may be uncertain (in both magnitude
and direction) if the curve crosses the zero axis. In the present
case, aer dening the average TiO2 surface plane, we choose
the z direction perpendicular to this plane and passing through
the carboxylic carbon of the dye.
Energy Environ. Sci.
The electronic densities were obtained in all cases by per-
forming single point calculations at the DFT/B3LYP level of
theory using the SVP basis set76,77 on the ADF optimized
geometries. Solvation effects (acetonitrile) have been taken into
account by means of the C-PCM78,79 solvation model as imple-
mented in Gaussian 09 (G09).80 The chosen combination of
methods ensures efficient geometry optimizations, which are
necessary for the rather large systems studied here, while
retaining the accuracy typical of hybrid functionals, e.g. in terms
of TiO2 band gap, for the description of the electronic structure
of the dye–semiconductor assemblies. We also checked the
basis set effect by calculating the CD curve of Fig. 4 with a larger
6-31G* basis, nding negligible differences, ESI.† In order to
extract information regarding the energetic position of the CB
edge of the semiconductor, we evaluated the Partial Density of
States (PDOS) proles on TiO2 calculated at the B3LYP/SVP level
of theory in acetonitrile solution considering a window of 40
virtual orbitals. The resulting PDOS have been plotted using a
Gaussian function with a standard deviation s ¼ 0.20 eV. We
then performed a linear tting of the low energies prole in a
range from 20 to 80% of the maximum height, see ESI.† The
intercept of this line with the energy axis was taken as the CB
edge. The chosen 20–80% interval was employed since it allows
us to include the possible deformation of the DOS curves on the
low energy side. We checked that the relative trends are unaf-
fected by the choice of the interval.
3 Results and discussion
3.1 Charge displacement analysis

We start our analysis by performing a study of the interaction
between the sensitizer and TiO2. In Fig. 4 we show the iso-
density contour plot of the electron density difference and the
CD curve, calculated by eqn (4) for the prototypical L0 dye
This journal is ª The Royal Society of Chemistry 2012
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adsorbed onto TiO2 in the BB conguration. The density
deformation plot shows an evident rearrangement of both dye
and semiconductor’s electronic structure as a consequence of
the dye–surface interaction. In particular, we can see signicant
charge depletion lobes in the areas around the carboxylic group,
the nitrogen atom of the nitrile group and the phenyl bound to
the cyanoacrylic moiety. Charge accumulation lobes can be seen
instead on the central carbon of the cyanoacrylic anchoring
group of the sensitizer, in proximity of the proton detached
from the dye and adsorbed on the TiO2 surface and, in partic-
ular, in regions of the semiconductor cluster. Turning to the CD
curve, the pronounced rearrangement of the electron density in
the sensitizer is evident from the shape of the curve, which
slowly rises in the region of the triphenylamine donor group, to
increase more rapidly in proximity of the cyanoacrylic linker.
Note that the curve is largely positive across the entire adduct,
implying a continuous charge transfer from the dye to the TiO2.
The maximum of the CD curve in the inter-fragment region is
0.36 electrons, see Table 1. This is clearly a pronounced CT,
which reects the strong interaction between the oppositely
charged sensitizer and semiconductor, as demonstrated also by
the large binding energy, see below.

The CD curves for the entire series ofmolecules are presented
in the ESI.† It suffices here to notice that a strongermaximumCT
(0.40 electrons), Table 1, and a higher binding energy for the
dissociative BB adsorption mode (2.25 eV when accounting for
Table 1 Total calculated CB shi (DCBTOT, eV), the component of the molecular
dipole moment for the neutral dye perpendicular to the TiO2 surface (mz, D), the
average electrostatic potential generated by the molecular charges evaluated on
the rst Ti layer of the cluster (VEL, eV, eqn (6)), the average dipolar electrostatic
potential generated by the dye dipole on the TiO2 surface (VDIP, eV, eqn (7)), the
contribution to the CB shi due to the electric eld generated by the molecular
system (DCBEL, eV), the residual contribution due to charge transfer (DCBCT, eV)
and the entity of charge transfer (CT, electrons) for the investigated species
adsorbed onto the (TiO2)38 cluster

Dye DCBTOT mz VEL VDIP DCBEL DCBCT CT

Dissociative bridged bidentate adsorption

NKX-2587 0.29 18.5 �2.76 — 0.09 0.20 0.40
D5 0.28 8.9 �2.58 — 0.09 0.18 0.37
L1 0.28 6.8 �2.57 — 0.09 0.18 0.36
L0 0.27 6.4 �2.59 — 0.10 0.17 0.36
rh-L0 0.26 3.9 �2.67 — 0.11 0.16 0.34
NKX-2697 0.25 21.1 �2.64 — 0.09 0.16 0.36
NH2-BA 0.31 5.3 �2.71 — 0.13 0.18 0.39
BA 0.28 1.5 �2.59 — 0.10 0.18 0.36
NO2-BA 0.27 �3.8 �2.41 — 0.10 0.17 0.34
AA 0.30 0.8 �2.65 — 0.13 0.17 0.36
AAF3 0.25 �1.8 �2.49 — 0.11 0.15 0.30
Undissociated monodentate adsorption

NKX-2697 0.07 18.5 �0.20 �0.17 �0.01 0.06 0.14
NKX-2587 0.07 18.9 �0.30 �0.29 �0.01 0.06 0.14
L0 0.04 8.0 �0.20 �0.15 �0.01 0.05 0.10
NH2-BA 0.04 5.3 �0.20 �0.20 �0.01 0.06 0.13
BA 0.02 1.6 �0.07 �0.05 �0.02 0.05 0.11
NO2-BA 0.01 �3.9 0.09 0.16 �0.03 0.04 0.10
AA 0.02 1.0 �0.06 �0.05 �0.02 0.04 0.10
AAF3 �0.02 �1.9 0.10 0.11 �0.04 0.02 0.06
FA 0.02 0.2 0.01 0.07 �0.02 0.04 0.09

This journal is ª The Royal Society of Chemistry 2012
basis set superposition error, BSSE) are calculated for the
NKX-2587 coumarin dye, suggesting that the coumarin unit is a
more efficientdonor group than theTPAone, aspreviously found
by Wang and Liu.81 As a check of our methodology, we also
calculated the binding energy for undissociated M formic acid
adsorption to TiO2, nding a BSSE-corrected value of 1.02 eV,
very close to the 0.92 value reported by Vittadini et al.82 The large
difference between BB and M binding energy data is related to
the different choice of the fragments, whereby for BB the nega-
tive dye interacts with the positively charged protonated TiO2,
also leading to a larger CT. It is also interesting to notice that a
comparable amount of CT is calculated from the CD curves and
from the partial dye charges obtained for the interacting dye–
semiconductor assemblies, see ESI.† Finally, to check the
convergence of our results with respect to the size of the TiO2

substrate,we repeated theCDanalysis forNKX-2587 adsorbedon
the larger (TiO2)82 cluster and found aCTof 0.39 electrons, which
conrms the adequacy of the approach employed.

3.2 Dye effect on the TiO2 conduction band

In the previous section we have shown that a substantial charge
rearrangement takes place upon dye adsorption onto the
semiconductor surface. This charge redistribution can cause
signicant modications on the TiO2 electronic structure, with
likely consequences on the CB energetics. As discussed in the
introduction, however, a pure electrostatic (EL) contribution,
due primarily to the dye dipole, is also able to alter the TiO2 CB
energy.17 It is thus very desirable to try to disentangle CT and EL
effects. For this purpose, we formulate here a simple model
enabling us to associate the calculated CB shi to the varying
degree of EL and, in turn, CT contributions. We assume that the
total TiO2 CB shi, DCBTOT, can be expressed as the sum of
various contributions:

DCBTOT ¼ DCBsolv + DCBions + DCBEL + DCBCT (5)

where terms due to the solvent (DCBsolv), to the ions present in
the electrolyte (DCBions), to the electrostatic eld of the dye
(DCBEL) and to the amount of dye / semiconductor charge
transfer (DCBCT) appear. Assuming DCBsolv and DCBions remain
approximately constant, which is reasonable for DSCs fabri-
cated under comparable conditions (e.g. using the same solvent
and electrolyte composition), our attention will be focussed only
on the EL and CT contributions, which are strictly related to the
sensitizer, in the most typically employed acetonitrile solvent.
While the possible screening effect of ions in the electrolyte (e.g.
Li+) is beyond the scope of the present work, for the prototype L0
dye we investigated the effect of different solvents of increasing
dielectric constant on the CT contribution, see Fig. S1 in the
ESI† for the corresponding CD curves. We nd that the CD
results are stable from dichloroethane (3 � 10) to water (3 � 78),
while a stronger degree of CT is predicted in vacuo and heptane
(3 � 1 and 2, respectively).

The total calculated CB shis due to the presence of the
various investigated systems are reported in Table 1 (see Fig. 6
below for the corresponding PDOS proles in the L0 case, and
ESI†). As canbenoticed inTable 1, thedifferent systemsanchored
Energy Environ. Sci.
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Fig. 5 Upper panel: TiO2 conduction band energy as a function of the distance
due to a nearby electric dipole. A 20 D dipole, pointing toward the TiO2 surface,
was employed. Lower panel: effect of the dipole strength on the TiO2 conduction
band energy (the distance of the dipole center from the semiconductor is 2 Å).
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in the same BB geometry show quite similar perturbations of the
TiO2 CB edge, varying from 0.24 to 0.31 eV. In all cases the
observed differences lead to a CB energy upshi, as previously
reported for organic dyes.50 As mentioned above, the calculated
shis do not take into account the effect of ionic screening, and
the solvent effects are approximated by a continuum model, so
they should be considered only for comparison purposes.

Despite the small differences among the investigated
systems, some interesting information can be extracted from
these data and compared to available experimental data. For
example, comparing the results obtained for the two coumarin
dyes, we can see that (as pointed out above also for CT) the
shorter NKX-2587 sensitizer shows a more signicant CB energy
upshi than that produced by the longer NKX-2697 dye. The
difference, amounting to 40 meV, is in exact agreement with the
experimental results obtained through capacitance measure-
ments by Miyashita et al. in ref. 20. Furthermore, Liu et al.11

reported experimental investigations about oligothiophene dyes
and observed, as in our case, a decline of the open circuit voltage
by increasing the number of thiophene units in the dyep-spacer.
This can be partly related to the CB energy downshi that we
observe here on going from NKX-2587 to NKX-2697. A trend can
also be outlined for the series of substituted benzoic acids. In
this case, the CB shi tends to increase with the donor character
of the substituent, in agreement with the results obtained by
open circuit voltage measurements by Rühle et al. in ref. 44.

It is also very interesting to note that a signicantly different
perturbation is observed when anchoring the dye in the mon-
odentate versus bidentate geometry, the former showing a CB
edge shi signicantly lower (in the range 10–70 meV) than the
latter (�200 to 300 meV). This highlights the importance of the
dye anchoring mode for tuning the TiO2 CB energy. We shall
further discuss and clarify this point later.

An additional useful comparison can be made by looking at
the total CB shi calculated for theNKX-2587 dyewhen adsorbed
on (TiO2)38 or (TiO2)82, the latter exposing a surface roughly three
times larger. A reduced total CB shi is calculated for the larger
(TiO2)n cluster (0.23 vs. 0.28 eV, for n ¼ 82 and 38, respectively),
which is consistent with the observation that the dye-induced
shi of the TiO2 CB is a function of the dye coverage (see eqn
(3)),44 a fact that should always be taken into account to make
meaningful comparisons. In this regard, it is important to
highlight that by scaling theDCBTOT relative to the benzoic acids
in the BB anchoring geometry for the coverage density (�1018

molecules per m2 in our case, to be compared to the 2 � 1017

molecules per m2 value of Rühle et al. in ref. 44), we obtain
DCBTOT values in the range 50–60 mV (57 mV for BA, 61 mV for
NH2-BA and 54mV for NO2-BA), in line with the results of ref. 44.
Our results also suggest that the investigated dyes are less likely
to be adsorbed on TiO2 in a monodentate geometry, because the
shis calculated for molecules in this adsorption mode are one
order of magnitude smaller than those observed experimentally.
3.3 Electrostatic effects

Let us now begin the analysis of electrostatic effects (EL) by
assessing the effect of an applied dipole on the TiO2 electronic
Energy Environ. Sci.
structure. Following our previous work,46 we computed the TiO2

DOS in the presence of an articial dipole applied in the
direction z normal to the surface plane. The results are shown in
Fig. 5 where we show how the CB edge energy changes by
varying the distance of a 20 D dipole from the semiconductor
surface. The plot displays the CB position versus the dipole
distance from the surface, which falls off as the inverse square
distance: it clearly appears that, as previously pointed out,44,48

dipoles pointing away from the semiconductor (positive
dipoles) produce CB energy upshis; the opposite holds for
negative dipoles. Moving the dipole away from the surface (i.e.,
as the potential decreases), the magnitude of the CB shi tends
to decrease, reaching the value of the bare TiO2 CB in the
absence of the eld (��3.6 eV at the present level of theory). An
accurate quadratic t is found throughout, which corresponds
to a linear dependence of the shi on the dipole magnitude for
a given dipole distance.44

To estimate now the extent of the EL effects due to the
surface adsorbed species and to decouple them from the CT
effects, we simulate the electrostatic eld due to the dye on the
TiO2 CB by using a simple point-charge model, Fig. 6. We obtain
a set of atomic charges by tting the dye electrostatic potential
through the Merz–Singh–Kollan method.83,84 In these calcula-
tions the isolated dyes are calculated in solution at their opti-
mized geometry when adsorbed on TiO2. We then simply
calculate the electronic structure of the (TiO2)38 cluster in the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Top-middle panels: schematic representation of the model used to assess
the CB shift due to the electrostatic potential generated by the sensitizer for the
L0 case. Bottom: calculated conduction band PDOS for the bare TiO2 (red solid
line) for TiO2 in the presence of the L0 point charges (green solid line) and for the
fully interacting L0–TiO2 system (blue solid line). The dashed lines intercepts with
the energy axis correspond to the calculated CB edges.
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presence of the calculated charges at the optimized interacting
geometry, Fig. 6. Note that this simple approach, which corre-
sponds to the classic long range denition of the electrostatic
potential, has the advantage of being independent of the choice
of a charge center, and it can be used also for chargedmolecules
(such as the dyes in the BB anchoring mode) whose multipoles
depend on the reference system origin. At the same time the
employed approach does not account for dynamic polarization
of the conjugated molecules in the presence of the TiO2

nanoparticles.
This journal is ª The Royal Society of Chemistry 2012
The calculated electrostatic CB edge shis, DCBEL, evaluated
in this model are reported in Table 1 for all the investigated
systems. As can be observed, these shis vary in the range
0.08–0.13 eV, thus amounting to 30–40% of the total calculated
shis (DCBTOT). It is worth noticing that the monodentate-
anchored systems give rise to smaller electrostatic perturba-
tions (10–40 meV), due to the fact that in this conguration the
dye is neutral.

Comparing the CB shis due to the presence of the dye point
charges to the corresponding neutral dye dipole moment
component perpendicular to the semiconductor surface
(Table 1), we notice there is not a clear correlation between the
two quantities. This behavior is evident by comparing NH2-BA
and NO2-BA in the BB adsorption mode. Despite the fact that
NO2-BA has a dipole opposite to NH2-BA, it shows a comparable
CB electrostatic shi of the same sign with respect to that of the
unsubstituted BA. The same behavior can be observed for the
AA and AAF3 systems. Another clear example can be seen by
comparing the dyes in the bidentate anchoring geometry with
their analogs in the monodentate one. Surprisingly small
differences in the dipoles (e.g. less than 3 D for L0) give rise to a
consistent CB shi variation (e.g. �0.11 eV for L0) whereas the
much larger difference of �11 D between L0 and NKX-2587 (in
the BB geometry) produces a change on DCBEL of only 0.01 eV.

These apparent inconsistencies are lied if we recognize that
the CB shi should be considered in relation to the electrostatic
potential generated by the dye molecule rather than with its
standalone dipole moment. Thus, we evaluate the average dye
electrostatic potential on the TiO2 surface by using the following
relationship:

VEL ¼ 1

nTi

XnTi
i¼1

Xnq
j¼1

qj

rij
(6)

where qj is the j
th of the nq dye point charges previously used for

the evaluation of the electrostatic CB shi, and rij represent the
distances of these charges from each of the nTi titanium atoms
constituting the supercial layer of the TiO2 cluster. This
quantity represents the effective average electrostatic potential
generated by the dye charge distribution in the region of the
rst semiconductor titanium layer, see Fig. 6, and is related to
the potential of eqn (2) under the condition of a homogeneous
dye monolayer coverage of the same density.

The relationship between the TiO2 CB shi and the electro-
static potential of eqn (6) is reported for the investigated dye
series in Fig. 7. Looking at the main panel, we can immediately
notice an approximately linear relationship between the elec-
trostatic potential and the CB shi for the dyes adsorbed on
TiO2 in a monodentate way. The accuracy of the t, character-
ized by R2 ¼ 0.86, is denitely good, considering the simplicity
of the model and the heterogeneity of the investigated systems.
Including also the dyes anchored on TiO2 in the BB geometry,
we can see that the linear trend persists and actually the t
quality improves (R2 ¼ 0.97). It is of course eye-catching that the
BB dyes generate a signicantly higher potential on the TiO2

surface with consequent larger shis. This behavior can be
simply explained considering that, as pointed out earlier, the
Energy Environ. Sci.
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species adsorbed on the semiconductor in BB geometry are
charged. Our results suggest then that to obtain conduction
band shis comparable with those measured experimentally,
we need to consider charged molecules adsorbed on TiO2. In
comparison with the M-adsorbed dyes, the BB systems show a
larger deviation from the linear trend. This can be explained by
taking into account the irregularities in the low energy DOS
prole due to the presence of the proton adsorbed on the
surface and the larger perturbation generated by a charged
species on the semiconductor.

The above results conrm the direct proportionality between
the electrostatic component of the CB shi and the electrostatic
potential generated by the sensitizer. Now it would be very
interesting to investigate, for the systems in the monodentate
geometry (neutral species), the relationship connecting the TiO2

electrostatic CB shi with the dipole moment of the isolated
dye. In order to do this, we evaluated the average dipolar elec-
trostatic potential (VDIP) generated by eachmolecule on the TiO2

surface by the following relationship:

VDIP ¼ � 1

nTi

XnTi
i¼1

m
!
$ui
!

ri2
(7)

where m is the dipole moment of the isolated dye, ri is the
distance from the center of the nuclear charges of the sensitizer
to the ith titanium atom on the surface layer of the TiO2 cluster
and ui is the unit vector along the ri direction. The value of this
potential for all the monodentate dyes is reported in Table 1.
Comparing the dipolar potentials with the corresponding VEL we
can immediately notice that they have practically the same value
(differences do not exceed 0.05 eV, a negligible value considering
the total variation of the potential along the series). This result
clearly suggests that for the neutral dyes, the electrostatic
potential is well approximated by its dipolar component, and it
therefore varies linearly with the dipole moment and with the
inverse squareof thedistance of thedipole from theTiO2 surface.
Fig. 7 CB shift due to the electric field generated by the adsorbed dye molecule
as a function of the electrostatic potential (eqn (6)) generated by the dye point
charges for all the dyes in their monodentate adsorption mode. Inset: same but
including the charged dyes in the bidentate adsorption mode.

Energy Environ. Sci.
It thus emerges that higher multipoles produce negligible
contributions to the electrostatic potential, while, for the mole-
cules anchored in theBBgeometry, thedominant contribution is
the monopolar component due to the charge.

We would like to nally comment on the seeming inconsis-
tency that the lines in Fig. 7 do not cross zero for V¼ 0 (the point
roughly corresponding to the FA adsorbate). We can possibly
attribute this small systematic negative CB shi to the effect of
the protonated carboxylic group. To quantify this aspect, we
resort to the prototypical formic acid case, which produces an
almost zero electrostatic potential to the surface, Table 1, yet it
shows a small negative TiO2 CB shi. We trace this effect back
to the interaction between the dye-bound proton and the TiO2

surface, which slightly downshis the TiO2 CB energy. An
alternative plausible explanation is that due to the delocalized
nature of the electron density, some residual perturbation on
the semiconductor is present even when VEL ¼ 0. Nevertheless,
shiing the data in Fig. 7 by the DCBEL value of FA restores the
expected crossing at V ¼ 0.
3.4 Charge transfer effects

Having satisfactorily described and explained the electrostatic
DCB component, we now turn our attention to the fact that, as
mentioned above, this contribution is found to be only a frac-
tion of the total shi. In particular, we would like to establish
whether the residual shi component can condently be
attributed to CT effects. To verify this supposition, we rst
investigate if a meaningful relationship can be established
between the residual shi (DCBTOT � DCBEL) and the CT
amount predicted by the charge displacement analysis along
the series of dye–TiO2 systems. This is displayed in Fig. 8, which
evidences beyond doubt a surprisingly accurate linear correla-
tion between the two computed quantities (R2 ¼ 1.00).

As usual, the complexes at hand cluster in two distinct
groups, one corresponding to the neutral M-bound dyes, at
smaller shis and CT values, and the other to the charged BB-
anchored systems. The linear correlation appears to t both
Fig. 8 Difference in eV between the total CB energy shift and its electrostatic
componentplottedversus theamountofCT (electrons). The top rightpartof thegraph
refers to BB-anchored dyes, the bottom left part of the graph to M-anchored dye.

This journal is ª The Royal Society of Chemistry 2012
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groups equally accurately. This nding clearly strengthens our
claim that the additional CB shi component must be attrib-
uted to CT, besides conrming the adequacy of the charge
displacement analysis as a tool to measure CT and supporting
our estimate of the electrostatic contribution to the band shi.
We can however attempt to further validate our conclusions by
independently investigating how charge transfer affects the
position of the TiO2 CB edge. This can be very simply done by
evaluating the TiO2 DOS when electrons are added or sub-
tracted. We have thus computed the CB shi with respect to the
neutral TiO2 for TiO2

+, TiO2
� and TiO2

2�, see ESI,† as a function
of the cluster charge. Again, a very accurate linear correlation is
found (R2 ¼ 0.97) with the points corresponding to the inves-
tigated actual systems (the same as Fig. 8) lying very close to,
although always above, the best-t line found, rmly supporting
the emerging picture.

On the basis of the above results, we believe it may be safely
concluded that, in the dye–TiO2 interaction, CT effects induce a
CB shi which for BB anchored systems is much larger than for
the M-bound ones, and this, as well as the electrostatic effect,
contributes to their larger upward CB shi. It thus turns out
that the CT component of the CB shi may in fact be the
dominant one (60% of the total), with a relative variability
comparable to that exhibited by the electrostatic component.
4 Conclusions

We have set up and applied to a series of working dye sensitizers
and prototypical surface adsorbers an innovative approach to
disentangle electrostatic and charge-transfer effects occurring
at the crucial dye–TiO2 interface, which lies at the heart of dye-
sensitized solar cells (DSCs). Our focus is on the effect of the dye
on the TiO2 conduction band energy in an effort to provide
fundamental insight useful to obtain higher DSC open circuit
output voltages and to li apparent discrepancies among data
obtained in different conditions.

We clearly demonstrated that an extensive charge rear-
rangement accompanies the dye–TiO2 interaction which, using
the well-established charge-displacement analysis, we esti-
mated to generate a net charge transfer of up to 0.3–0.4 elec-
trons from the dyes to the semiconductor. Different dyes
adsorbed in the same dissociative bridged bidentate adsorption
mode show little variations in the amount of CT, while the
molecular monodentate adsorption geometry leads to a much
smaller CT. We showed that the amount of CT is modulated by
the dye donor groups, with the coumarin dyes showing a
stronger CT, for the same acceptor and p-spacer groups.

We evaluated the TiO2 partial density of states in the pres-
ence of a sensitizer for a wide series of organic molecules,
nding a subtle modulation of the semiconductor conduction
band edge energy. Our results are perfectly consistent with the
experimental data from the literature obtained by capacitance
and open circuit voltage measurements.

To give a physical interpretation of these observations, and
to assist the design of new dyes potentially able to shi the TiO2

conduction band in a predictable way, we decomposed the total
conduction band shi into contributions directly related to the
This journal is ª The Royal Society of Chemistry 2012
sensitizer properties. First, we evaluated the effect of the electric
eld generated by the dye molecules on the semiconductor
conduction band. We found that the electrostatic potential
generated by the dye charge distribution correlates linearly and
very accurately with the observed TiO2 conduction band shis.
This implies that a direct correlation between the dye dipole
and the observed conduction band shi effectively exists only
for dyes of similar structure and dimensions. By varying the
dimensions of the employed TiO2 model, we also veried that
such electrostatic shi scales with the surface coverage.

The estimated electrostatic contribution to the conduction
band shi amounts to about 40% of the total calculated shis.
Considering the pronounced ground state dye/ semiconductor
charge transfer, we investigated the supposition that the
remaining contribution to the semiconductor conduction band
shi is directly due to charge transfer effects.We established that
there is indeed near-exact proportionality between the amount of
charge transfer calculated by the charge displacement analysis
and the residual contribution to the conduction band shi. We
thus found that theCT inducedCB shimaybe as large as 60%of
the total shi. The results of our work suggest that in order to
obtain higher Voc, a possible recipe is the use of organic dyes with
rather short p-spacers but strong donor groups, to improve the
electrostatic effect on the TiO2 surface. The CT component could
be tuned again by using stronger donor units and by exploiting
new anchoring units able to transfer a larger amount of charge
upon interacting with the semiconductor.

In our view, the present ndings provide useful insights and
a solid basis for obtaining a deeper understanding of the crucial
interactions taking place at the dye–semiconductor interface,
and establish a novel computational tool which can be used to
design new dyes with improved functionality in DSCs.
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