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We report results of density functional theory (DFT) calculations of a metal-free dye, 5-(4-sulfophenylazo)salicylic acid disodium
salt, known as Mordant Yellow 10 (MY-10), used as sensitizer for TiO

2
dye-sensitized solar cells (DSSCs). Given the need to better

understand the behavior of the dyes adsorbed on the TiO
2
nanoparticle, we studied various single and double deprotonated forms

of the dye bound to a TiO
2
cluster, taking advantage of the presence of the carboxyl, hydroxyl, and sulfonic groups as possible

anchors. We discuss various binding configurations to the TiO
2
substrate and the charge transfer from the pigment to the oxide by

means of DFT calculations. In agreement with other reports, we find that the carboxyl group tends to bind in bidentate bridging
configurations. The salicylate uses both the carboxyl and hydroxyl substituent groups for either a tridentate binding to adjacent
Ti(IV) ions or a bidentate Ti-O binding together with an O-H-O binding, due to the rotation of the carboxyl group out of the plane
of the dye. The sulfonic group prefers a tridentate binding. We analyze the propensity for electron transfer of the various dyes and
find that forMY-10, as a function of the anchor group, the DSSC performance decreases in the order hydroxyl + carboxyl> carboxyl
> sulfonate.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted consider-
able interest over the last years, as they offer the advantages
of low fabrication costs, transparency, and flexibility, when
desired [1]. For such reasons, DSSCs may constitute a choice
for affordable low-power generation in urban areas and
in particular a possibility of producing power generating
windows [2, 3].

The working principle of the DSSCs is based on light
absorption in a dye anchored on TiO

2
anatase nanoparticles,

followed by transfer of the photoelectron from the dye to the
wide bandgap semiconductor and through the transparent
conducting oxide to the external load; at the counter elec-
trode, the redox electrolyte facilitates the transport of the
electron back to the dye and the regeneration of the sensitizer,

through reduction of the triiodide ion at the counter elec-
trode, followed by oxidation of the iodide ion at the dye
[1, 4]. The efficiency of the photovoltaic device depends
strongly upon the dye and electrolyte used [5–7].The highest
efficiencies, of over 12%, have been obtained using metal
complexes [8], and values above 9% have been obtained also
with organic dyes [9–11].

An efficient solar cell sensitizer should demonstrate (i)
strong adsorption to the semiconductor surface through
anchoring groups, (ii) intense absorption in the visible part
of the spectrum, (iii) proper energy level alignment of the
excited state of the dye and the conduction band edge of the
semiconductor, as well as the redox level of the electrolyte and
the ground state of the dye, (iv) fast charge transfer from the
dye to the substrate, with low loss of photoelectrons, and (v)
electrochemical and thermal stability [1, 4, 12].
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The anchoring modes of the dye to the TiO
2
surface

are of crucial importance, the bonding type and the extent
of electronic coupling between the dye excited state and
the semiconductor unoccupied states influencing directly
the overall cell performance [1, 4, 13]. Anchoring to TiO

2

has been achieved through a number of functional groups
[14–16], such as carboxylic acid, sulfonic acid, phosphonic
acid, acetylacetonate derivatives, and salicylate the most
widely used and successful to date being the carboxylic acid
[4]. Some derivatives of carboxylic acid, such as ester, acid
chloride, acetic anhydride, carboxylate salt, amide, or silane
have also been used as anchoring groups [4, 17].

The standard anchoring group for sensitizers is carboxylic
acid (–COOH) [4, 11], as so far the best photovoltaic con-
version efficiencies have been obtained with dyes bound
to the substrate through carboxylic acid groups [5, 8]. The
carboxylic acid groups, while ensuring efficient adsorption
of the dye on the surface, also promote electronic coupling
between the donor levels of the excited chromophore and
the conduction band of the TiO

2
nanoparticles. Early exper-

imental studies indicated various anchoring configurations,
ranging from monodentate ester-like binding [18], bidentate
bridging [19], or both bidentate chelate and bridging [20].
More sensitive experiments [21] showed that 63% of surface
binding arises from ester formation, 34% from chelating and
bridging, and 3% from anion and hydrogen bonding.

Efficient anchoring with phosphonic acid has been
obtained for a ruthenium(II) complex with terpyridine
[22], which allowed for a binding to TiO

2
stronger than

the typical N3 dye [5] with carboxylic acid groups. The
sulfonic group was used as anchor for several porphyrin-
and phthalocyanine-based dyes [23] as well as for some
polypyridyl complexes [24] but it has been systematically
outperformed by the carboxyl group.

The salicylate has been reported in several studies [25, 26]
regarding adsorption to TiO

2
. A comparative study of the

surface complexation of colloidal titanium dioxide by mon-
odentate and bidentate benzene derivatives (benzoic acid,
phthalic acid, isophthalic acid, terephthalic acid, salicylic
acid, and catechol) [25] showed that there is a sharp acceler-
ation of the electron transfer in the presence of the bidentate
ligands salicylate and phthalate, whereas the monodentate
complexant benzoate exhibits practically no effect.

Another interesting experimental study [27] introduced
carboxyl, hydroxyl, and/or sulfonate anchoring groups onto
the skeletons of some hemicyanine-based organic dyes. It
was shown that the incident photon-to-current conversion
efficiencies (IPCE) for the photoelectrodes and the overall
photovoltaic conversion efficiencies of the DSSCs depended
strongly on the anchoring group types and decreased in the
order carboxyl + hydroxyl > carboxyl > sulfonate + hydroxyl
[27].

The fast electron transfer in the case of bidentate salicylate
ligand [25] and the higher performance of the dyes with both
carboxyl and hydroxyl anchoring groups [27] has led us to
revisit an earlier study [28] of a 5-(4-sulfophenylazo)salicylic
acid disodium salt dye, known asMordant Yellow 10 (MY-10).
Based on a combined experimental and theoretical approach,
we explained puzzling results regarding the correlation

between the pH of the solution and the photovoltaic conver-
sion efficiency of the device. Despite the relatively low effi-
ciency, initially attributed to the weak optical absorption in
the visible range and the unoptimized fabrication procedures,
MY-10 provides an interesting opportunity for the study of
the role of dye deprotonation on the device efficiency as well
as the influence of the energy difference between the excited
state of the dye and the conduction band edge of the oxide on
the short circuit current of the DSSC. More importantly, on
the topic of adsorption to the substrate,MY-10 offers a chance
to study the variousways of binding to the TiO

2
and compare,

for that purpose, the –OH, –CO
2
H, and –SO

3
H groups.

Our approach is inspired by the early theoretical studies
on dyes with –COOH anchors [29], which showed by means
of density functional theory (DFT) calculations that the
preferred binding configuration of the carboxyl group is
bidentate bridging. More recently extended theoretical mod-
eling [30] demonstrated that for the dyes bearing a carboxylic
acid as anchoring group, the preferred adsorption mode is
bidentate bridging, with one proton transferred to a nearby
surface oxygen, while the monodentate anchoring is usually
predicted to be less stable [31–33]. Moreover, DFT and time-
dependent DFT (TD-DFT) methods allowed for the descrip-
tion not only of the absorption spectrumof the dye but also of
the more complex system consisting of the dye, and the TiO

2

cluster.The bonding of the dye on the nanoparticle, the align-
ment of the energy levels of the two subsystems, and the trans-
fer of the electron from the dye to the cluster have all been
successfully calculated by means of a DFT approach [34, 35].

We report here results of DFT and TD-DFT calculations
performed on complex systems consisting of the MY-10 dye
and a TiO

2
nanocluster. Our present computational studies

provide the electronic structure and the optical spectra of
the dye-TiO

2
nanocluster system.We analyze various binding

configurations of the dye to the cluster and discuss the
energy level alignment with the semiconducting oxide and
the electrolyte as well as the charge transfer from the pigment
to the oxide. We compare our theoretical results with the
experimental data available and explain the puzzling behavior
of the short-circuit current.

2. Computational Details

The structures of all dyes were optimized in their various
forms, including protonated and/or deprotonated correspon-
dents, using the density functional theory (DFT) [36–38],
with the B3LYP exchange-correlation functional [39, 40]
and the 6-31G(d) basis set [41] for the free dyes or the less
demanding 3-21G(d) basis set for the adsorbed dyes on the
anatase cluster model. Vibrational analysis was performed at
the same level of theory to check the stability of all optimized
structures and to obtain the zero-point corrections to the total
electronic energies.

The molecular orbitals and electronic transitions were
calculated in solvent (water) employing the polarizable con-
tinuum model (PCM) [42, 43], by TD-DFT [44] using
the same B3LYP functional. The cavity used in the PCM
calculation was built from spheres centered on heavy nuclei,
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based on the United Atom for Hartree-Fock procedure
described in [42, 43].The basis sets on the heavier atomswere
augmented by diffuse functions via 6-31+G(d) [41] for better
evaluation of electronic states of the free dyes. In the case of
the dyes adsorbed on the cluster, the electronic states were
accurately computed using the double-𝜁 quality DZVP basis
sets including polarization functions for the valence electrons
[45]. All calculations were performed with the GAUSSIAN03
package [46].

3. Results and Discussion

This section is divided in five parts. The first two subsections
refer to the independent dye, dealing with the proton affinity
and the electron transfer.The third subsection treats the TiO

2

nanocluster, whereas the last two deal with themore complex
system consisting of the dye-oxide couple.

3.1. Dye Deprotonation. In a previous study [28] we reported
extensive experimental and theoretical studies of DSSCs sen-
sitized withMordant Yellow 10, 5-(4-sulfophenylazo)salicylic
acid disodium salt, C

13
H
8
N
2
Na
2
O
6
S. The dye has the struc-

tural pattern of salicylic acid, having three functional groups:
one of them (–SO

3

−) ensures its solubility in water and the
others (–COO−, –OH) act as chelating groups. MY-10 may
also be viewed as the product of the double deprotonation of
an organic acid, 5-(4-sulfophenylazo)salicylic acid, which for
convenience will be labeled here as H

3
ACY (acid chrome yel-

low). Consequently, we further label H
2
ACY−, HACY2−, and

ACY3−, the various partially and fully deprotonated species.
One of the key factors required for an efficient operation

of the DSSCs is the ability of the dye molecules to adsorb
onto the semiconductor surface. This condition is uniquely
fulfilled by H

3
ACY, which offers the ground for comparing

some of the most important anchoring groups: –COOH,
–OH, and –SO

3
H, all present in the same simple pigment.

Upon adsorption of the dye on the substrate, the proton
of the anchoring group is lost by the pigment. In order to
identify themost probable deprotonation site, and thuswhich
group is energetically favored to act as anchor, we computed
the proton affinities of the dyes, in water solvent, as energy
difference between the various deprotonated species and the
protonated form.

The deprotonation of H
3
ACY was performed at sites

labeled as H1, H2, and H3 in Figure 1. Vibration analysis was
performed on all optimized structures to ensure their stable
character and to provide zero-point corrections to proton
affinities. The results are presented in Table 1.

Based on the results shown in Table 1, the first proton to
go isH1, the one that belongs to the –SO

3
Hgroup.The energy

required for the deprotonation increases for the hydroxyl
group and evenmore so for the carboxyl group. However, the
deprotonation at the H2 and H3 sites is almost as likely to
occur, the difference in energy being very small.

Considering next the double deprotonation, we note that
once the first proton is gone from the sulfonic group, the
next proton that can leave the molecule is at the –OH group.
Again, the difference in energy being so small, it is almost as

H1

H3
O

O O
H2

Figure 1: Optimized geometry of the dye, in its protonated form, as
acid chrome yellow (H

3
ACY), calculated at DFT/B3LYP/6-31G(d)

level. The atom labeling is used in Table 1.

Table 1: Proton affinities (PA) of H3ACY in water solution using the
PCM approach [42, 43].

Dye (deprotonation site) Energy
(hartree)

Proton
affinity (eV)

ACY3− (missing all three: H1, H2,
and H3) −1459.0783688 36.97

H1-ACY2− (missing H2 and H3) −1459.5074405 25.29
H2-ACY2− (missing H1 and H3) −1459.5449373 24.27
H3-ACY2− (missing H1 and H2) −1459.5473253 24.21
H1H2-ACY− (missing H3) −1459.9751650 12.57
H1H3-ACY− (missing H2) −1459.9792599 12.45
H2H3-ACY− (missing H1) −1460.0061527 11.72
H3ACY −1460.4369320 —

likely for the proton to leave the –CO
2
Hgroup.Unlikely is the

deprotonation at the hydroxyl and carboxyl groups leaving
the proton on the sulfonic group. Finally, the loss of all three
protons comes at a higher price.

3.2. Electron Transfer for the Free Dye. Based on the exper-
imental and theoretical results reported in our earlier paper
[28], we exclude the case of ACY3−, as it led to poor energy
level alignment and small photovoltaic conversion efficiency.
Also, the case of the fully protonated dye, H

3
ACY, is not of

real interest, as the binding to the substrate only through
H-bonds is unlikely [15, 21] and unappealing. As we shall
demonstrate in Section 3.4, the H-bonds may strengthen
mechanically the anchoring to the substrate when other
binding pathways exist. However, in the absence of 𝜋 binding
pathways, the presence of an intermediate H atom can harm
the charge injection. It is the presence of conjugated bonds,
allowing for 𝜋 electron delocalization, that facilitates the
electron transfer [47].

We assume that the energy level alignment is appropriate,
allowing for the electron injection into the conduction
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LUMO

HOMO

H1H2-ACY− H1H3-ACY− H2H3-ACY−

O

O

Figure 2: Isodensity surfaces (0.03 e/bohr3) of the key molecular orbitals of the single deprotonated forms of the dye calculated at
DFT/B3LYP/6-31+G(d) level in water.

LUMO

HOMO

H1-ACY2− H2-ACY2− H3-ACY2−

Figure 3: Isodensity surfaces (0.03 e/bohr3) of the key molecular orbitals of the double deprotonated forms of the dye calculated at
DFT/B3LYP/6-31+G(d) level in water.

band of the oxide, and the regeneration of the sensitizer
is possible. This requirement is verified by the single and
double deprotonated forms of the dye, as shown earlier for
two particular cases [28]. To also explore the likelihood of
the electron transfer processes, it is useful to also look at the
electron densities of the highest occupied (HO) and lowest
unoccupied (LU) molecular orbitals (MO) of the single and
double deprotonated forms of the dye (see Figures 2 and 3,
resp.). A quantitative measure of the propensity for electron

transfer of the dyes can be obtained by calculating the
contribution to the electron density of each atom and adding
these weights for three units, considered as donor, bridge,
and acceptor. The three distinct units that we considered are
benzenesulfonic acid, azo group, and salicylic acid.The values
are reported in Table 2.

As it can be seen in Figures 2 and 3, the azo group
plays an important role in the molecule as the nature of
the bonding between the two nitrogen atoms correlates
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Table 2: Contributions of various groups, in %, to the electron density of the HOMO and LUMO, calculated at DFT/B3LYP/6-31+G(d) level.

Dye MO BSA –N=N– SA

H2-ACY2− (missing H1 and H3) HOMO 26.73 7.80 65.46
LUMO 33.96 38.52 27.51

H1H2-ACY− (missing H3) HOMO 37.75 7.84 54.41
LUMO 52.70 19.93 27.37

H1-ACY2− (missing H2 and H3) HOMO 49.81 6.72 43.47
LUMO 46.20 7.20 46.60

H3-ACY2− (missing H1 and H2) HOMO 49.80 6.72 43.48
LUMO 48.43 11.27 40.30

H1H3-ACY− (missing H2) HOMO 44.46 11.53 44.01
LUMO 53.20 21.18 25.62

H2H3-ACY− (missing H1) HOMO 38.24 11.49 50.27
LUMO 38.42 38.08 23.49

BSA: benzenesulfonic acid, SA: salicylic acid.

well with the character of the entire molecular orbital. The
HOMO is an 𝜋 orbital and corresponds to an –N=N– double
bound, whereas the LUMO is an 𝜋∗ orbital, matching the
antibonding between the nitrogen atoms.

The propensity for electron transfer of the dyes can be
correlated with the variation in electron density following the
photoexcitation of the dye from the ground to the excited
state. The push-pull concept [11] expresses the tendency of a
donating part of the dye to transfer an electron, through an 𝜋
bridge, to an accepting unit.

In this context, looking at the values reported in Table 2,
we note that for all forms of dye, the azo group has a higher
electron density in the LUMO than in the HOMO. This
increase comes from the decrease of electron density on
the salicylic acid, with only one exception, H1-ACY2−, for
which the variation is in case very small. Therefore, with one
exception, when it is a very poor acceptor, the salicylic acid
tends to act like an electron donor.

Looking carefully at the benzenesulfonic acid, we observe
that it acts as a poor donor in the case of H1-ACY2− and H3-
ACY2−. More often it tends to be an acceptor, a poor one in
the case of H2H3-ACY2− and a much better one in the other
instances, particularly for H1H2-ACY2−.

The electron transfer from the dye to the oxide also
depends on the matrix element connecting the two states
[48], which is correlated with the orbital overlap between the
𝜋
∗ orbital of the dye and the 𝑑 orbitals of the Ti(IV) ion

[49]. In turn, the overlap depends on the relative symmetry
of the orbitals and on the electron density localized on the
binding atoms [17]. Qualitatively, the electron density of the
key atoms can be seen in Figures 2 and 3. However, for a
more quantitative approach, we display inTable 3 the electron
density on the key oxygen atoms from the –OH group, the –
COOH group (the one situated closer to the hydroxyl group),
and from the –SO

3
H group (considered all together).

As it can be seen from Table 3, the electron density is
consistently high on the oxygen atom of the –OH group for
the HOMOs of all forms of dye. In the case of the LUMOs
there are some significant variations between the various dye
species, the electron density being slightly larger than for the

HOMOofH1-ACY2− but significantly smaller in the rest.This
result suggests that if the dye binds to the titania substrate
through the oxygen of the –OH group, the higher electron
transfer rate would occur in the case of the H1-ACY2− dye.

The oxygen atom on the –COOH group has, consistently,
a smaller electron density than the oxygen of the –OH group,
for all the key MOs. These small values of the electron
densities on the –COOH suggest that, if the binding was
through that oxygen atom, the electron injection rate would
be relatively low.The two cases for which the electron density
is more significant are when the H3 proton is present, H3-
ACY2− and H1H3-ACY−, but even in these instances, the
LUMOs have lower charge than the corresponding HOMOs.
Therefore, if the dye binds to the titania substrate through the
oxygen of the –COOH group, one would expect a relatively
low transfer rate.

The electron density present on the three oxygen atoms
of the sulfonic group is smaller or comparable to the one
localized on the hydroxyl group. However, the charge is
slightly larger in the LUMOs of the single deprotonated dyes
that preserve the H1 proton: H1H2-ACY− and H1H3-ACY−.
The charge increases from HOMO to LUMO in the cases
when the H1 proton is present, but in such cases, the binding
to the titania cluster would be hindered. Hence, we are led
to think that if the dye binds through the sulfonic group, the
electron transfer rate would be relatively small.

To summarize the analysis of this section, none of the
forms of the dye is optimized for the use in DSSCs, as the
push-pull effects and the charge on the binding atoms are
far from being competitive. However, these systems provide
an interesting laboratory for the analysis of some of the key
DSSC sensitizer design criteria. Taking each form of dye one
by one, based on the limited information provided by Tables
2 and 3, we can speculate the following:

(i) H1-ACY2−: there is a slight push-pull effect from the
benzenesulfonic acid to the azo bridge and the sali-
cylic acid, and the electron density on the peripheral
oxygen atom is high. Binding through the oxygen
of the –OH group might lead to a sizeable electron
transfer;
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Table 3: Contributions of the oxygen atoms (O from the −OH group, O from the −COOH group, and all from the −SO3H group, considered
together), in %, to the electron density of the HOMO and LUMO, calculated at DFT/B3LYP/6-31+G(d) level.

Dye MO O (−OH) O (−COOH) 3 × O (−SO3H)

H2-ACY2− (missing H1 and H3) HOMO 9.48 0.99 1.82
LUMO 1.99 0.02 1.67

H1H2-ACY− (missing H3) HOMO 8.21 0.84 0.89
LUMO 1.40 0.01 2.31

H1-ACY2− (missing H2 and H3) HOMO 3.28 0.65 1.07
LUMO 3.75 0.08 2.49

H3-ACY2− (missing H1 and H2) HOMO 14.05 6.62 1.34
LUMO 3.11 0.40 1.33

H1H3-ACY− (missing H2) HOMO 8.86 1.37 1.22
LUMO 3.20 0.47 3.52

H2H3-ACY− (missing H1) HOMO 10.33 0.87 4.29
LUMO 2.20 0.07 1.58

(ii) H2-ACY2−: there is a clear push effect from the
salicylic group, but the charge remains localized on
the azo group, with a slight pull effect from the
benzenesulfonic acid. Under these circumstances, the
transfer through the carboxyl group is likely to be
small due to both the reverse push-pull and the small
electron density. The binding through the sulfonic
group might be advantageous due to the push-pull
and the charge density on the peripheral oxygen
atoms but remains questionable due to the symmetry
of the binding orbitals;

(iii) H3-ACY2−: both acids push the charge to the azo
bridge group located in the middle of the molecule.
Binding through the oxygen of the hydroxyl seems
more desirable;

(iv) H2H3-ACY−: fairly similar to H3-ACY2−;
(v) H1H2-ACY−: there is a significant push-pull effect

from the salicylic acid to the benzenesulfonic acid.
The binding through the oxygen atoms of the sulfonic
group seems more likely to allow for charge transfer
(provided that) but the H1 proton may hinder such
binding;

(vi) H1H3-ACY−: a case relatively similar to H1H2-ACY−.

3.3. Titania Nanocluster. TiO
2
anatase nanoparticles are

modeled by a geometry optimized cluster with the molecular
formula Ti

24
O
50
H
4
, originating from the experimental struc-

ture of (101) surface, which is most common in the anatase
form of TiO

2
[50]. To avoid the problem of the surface states

in the gap, we performed geometry optimization of model
clusters with a slight deviation from the TiO

2
stoichiome-

try and introduced four hydrogen atoms to terminate the
dangling bonds at the periphery. This approach resulted in
compact structures with 4-, 5-, and 6-fold coordinated Ti
ions, together with 2- and 3-fold coordinated oxygen atoms.

Following the geometry optimization, the structure is
slightly distorted (see Figure 4) to minimize the surface
stresses. Other clusters of larger sizes have also been studied

Figure 4: Lateral view of the optimized structures of the Ti
24
O
50
H
4

nanoclustermodeling the anatase titania (101) surface.The geometry
optimization was performed at DFT/B3LYP/3-21G(d) level.

[51] but when dealing with relatively small molecules, such
as MY-10, the Ti

24
O
50
H
4
cluster provides a reasonable com-

promise between accuracy and computational costs. Larger
clusters, such as (TiO

2
)
82
, might be more appropriate when

dealing with larger dye molecules, particularly the typical
ruthenium(II) complexes [52].

The average value of the Ti-O distance was 1.909 Å,
smaller than the experimental value of 1.950 Å, valid for the
bulk oxide. The distribution of these distances widens signif-
icantly compared to the bulk, with the standard deviation of
the Ti-O distance being 0.133 Å for the cluster and 0.022 Å
for the bulk.The deformation of the structure changes angles
anddistances such that the increase in the length of the cluster
from 12.04 Å in the bulk to 12.12 Å in the cluster is opposite
to the decrease in width, from 7.59 Å to 7.21 Å. The relative
variation of the cluster distances compared to the values in
the bulk, is less than 5%. We note that the values reported
earlier [51] have slight deviations from those presented here,
due to the different DFT functional and basis set used.

The geometry relaxation led to band gaps of 4.24 eV
significantly larger than the experimental value of ∼3.2 eV for
anatase titania [1]. We modeled TiO

2
anatase nanoparticles

by means of geometry-optimized clusters with molecular
formulae Ti

24
O
50
H
4
, Ti
34
O
70
H
4
, and Ti

44
O
90
H
4
. [51]. The

resulting bandgaps were 4.24, 4.36, and 4.26 eV, respectively,
sensitive to the DFT functional and basis sets used. The
differences from the experimental value of the bulk are likely
due to the size effects, demonstrated [53] for (TiO

2
)
𝑛
(with 𝑛
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Figure 5: Density of states of the Ti
24
O
50
H
4
cluster calculated at

DFT/B3LYP/DZVP level in water. The contributions of the orbitals
to Ti andO atoms as well as to the –OH groups are shown separately.

being between 1 and 68). Moreover, for 𝑛 < 60, the bandgap
has a nonmonotonous variation with 𝑛 [53].

A quantity that crucially influences the performance of
DSSCs is the position of the conduction band edge, which
can be determined by DFT calculations, 𝐸CB, or based on the
energy of the electronic transition, as an oxidation potential
[35], CBOP: −4.62 eV.

The nature of the states in the valence and conduction
band can be more easily identified from Figure 4, which
displays the density of states (DOS), and Figure 5, which
illustrates the electron density of the key molecular orbitals.
The valence band is dominated by the contributions from
the O p orbitals, whereas the conduction band is dominated
by the 𝑑 orbitals of the Ti atoms. The introduction of the
hydrogen atoms that end the four dangling bonds has aminor
contribution to the key regions of the DOS (near the edges of
the valence and particularly conduction bands) but plays an
important role in removing any surface states from the gap.

The electronic structure of the Ti
24
O
50
H
4
cluster is shown

in Figure 6. The highest occupied valence band (VB) state
consists mostly of oxygen 2p atomic orbitals, whereas the
lowest unoccupied state of the conduction band is formed by
titanium 3d atomic orbitals.

3.4. Dye Adsorption: Binding Configurations. The anchoring
modes of the dye to the TiO

2
surface are of crucial impor-

tance, the bonding type and the extent of electronic coupling
between the dye excited state and the semiconductor unoccu-
pied states influencing directly the overall cell performance

Table 4: Distances, in Å, and angles, in o, relevant to the binding
through the –COOH group of the dye to the nanocluster. The
geometry was optimized at DFT/B3LYP/3-21G(d) level.

H2-ACY2− H1H2-ACY−

𝑟(Ti–O) 1.949 1.980
𝑟(Ti–O) 2.038 2.059
𝜓 39.10 32.41
𝜃 13.14 8.82
𝜑 −4.31 −3.83

[1, 4, 30]. As discussed in the Introduction, a number of
theoretical studies have approached the adsorption of the dye
on the titania surface [5, 29–33, 51].The calculations show that
for the organic dyes bearing a carboxylic acid as anchoring
group, the preferred adsorption mode is bidentate bridging,
with one proton transferred to a nearby surface oxygen, while
the monodentate anchoring is usually predicted to be less
stable [52].

In contrast to the usual dyes,MY-10 provides an unusually
rich ground for exploration of the various binding config-
urations, as it offers –SO

3
H, –COOH, and –OH anchoring

groups. We start our analysis with the dyes anchored to the
substrate in the familiar way, through the carboxyl group.
The optimized geometries are shown in Figure 7 whereas the
distances and angles relevant to the binding of the dye to the
Ti
24
O
50
H
4
cluster are presented in Table 4.

In Table 4, the angle 𝜓 was chosen between the dye
axis (the direction joining the S atom and the C atom
bound to the hydroxyl group) and the direction of the two
binding Ti atoms. This way, the angle 𝜓 is sensitive to the
difference between the two bond lengths and correlates to
the mechanical strength of the anchoring of the dye to the
substrate.The angle 𝜃 is made by the plane of the dye with the
direction of the Ti-O bond. Finally, the angle 𝜑 is measured
between the plane of the dye and the direction defined by the
two titanium ions bound to the dye. Both 𝜃 and𝜑 angles affect
the orbital overlap between the𝜋∗ of the dye and the𝑑orbitals
of the Ti(IV) ion, influencing the electron transfer.

The first thing to note for both the H1H2-ACY− and the
H2-ACY2− dyes is the bidentate bridging binding configu-
ration, in agreement with other reports, either experimental
[14–21] or theoretical [29, 30] for dyes with carboxyl group
anchors. It is worthmentioning that starting the optimization
from other initial geometries (monodentate ester-like or
bidentate chelating) eventually leads to the same bidentate
bridging configuration.

The two Ti-O bond lengths are different by less than
5% for both dyes. The shorter distances suggest a stronger
binding forH2-ACY2−.The angle𝜓 is well correlatedwith the
relative difference between the Ti-O distances, being larger
for H2-ACY2−. The small values for the 𝜃 and 𝜑 angles may
suggest a weaker orbital overlap with the 𝑑

𝑧2
and a stronger

overlap with 𝑑
𝑥𝑧
.

We continue our analysis with the dyes anchored to
the substrate, through the hydroxyl group. The optimized
geometries are displayed in Figure 8. The bond lengths and
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(a) (b)

Figure 6: Isodensity surfaces (0.03 e/bohr3) of the key molecular orbitals of the Ti
24
O
50
H
4
cluster, calculated at DFT/B3LYP/DZVP level in

water: (a) highest occupied valence band orbital, (b) lowest unoccupied conduction band orbital.

H2-ACY2−

(a)

H1H2-ACY−

(b)

Figure 7: Optimized structure of complex dye-oxide systems with anchoring through the carboxyl group, calculated at DFT/B3LYP/3-21G(d)
level.

H1-ACY2−

(a)

H3-ACY2−

(b)
H1H3-ACY−

(c)

Figure 8: Optimized structure of complex dye-oxide systems with anchoring primarily through the hydroxyl group, calculated at
DFT/B3LYP/3-21G(d) level.
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Table 5: Distances, in Å, and angles, in o, relevant to the binding
primarily through the –OHgroup of the dye to the nanocluster. OD–
H and H–OS refer to the distances between the H3 proton and the
adjacent oxygen atom on the dye and on the substrate, respectively.
The geometry was optimized at DFT/B3LYP/3-21G(d) level.

H1-ACY2− H3-ACY2− H1H3-ACY−

𝑟(Ti–O) 1.880 1.832 1.855
𝑟(Ti–O) 2.063 2.020 1.932
𝑟(Ti–O) 2.029 — —
𝑟(OD–H) — 1.082 1.504
𝑟(H–OS) — 1.462 1.060
𝜓 89.54 95.17 92.49
𝜃 16.96 29.35 33.58
𝜑 28.12 11.53 10.45

angles relevant to the binding of the dye to the nanocluster
are reported in Table 5.

We note that for all three dyes, binding through the oxy-
gen of the hydroxyl group is accompanied by supplementary
binding through the adjacent carboxyl group. Also, for all
three dyes, the shortest bond length is the one to the oxygen of
the hydroxyl group, revealing the strongest bond. Moreover,
the lengths of the shortest Ti-O bonds are smaller in this
case than in the previous case of binding through a carboxyl
anchor.

The similarities stop here as for the H1-ACY2− dye, the
binding is tridentate, through both oxygen atoms of –COO−.
In this case, the group twists away from the plane of the dye
allowing the two oxygen atoms to bind to the neighboring
Ti(IV) ions. The axis of the dye suffers a large inclination,
𝜓, within its plane, while the plane of the pigment is rotated
with respect to the Ti-Ti direction leading to a large 𝜑 angle
of 28.12∘.

When the carboxyl group is protonated, the binding
configuration remains bidentate, the difference arising from
the supplementary hydrogen bond. In the case of H3-ACY2−
the proton remains bound in the carboxyl group, whereas
for H1H3-ACY−, the situation is reversed, the proton binding
to an oxygen atom from the substrate. The large differences
between the O-H distances clearly show that in the latter case
the proton leaves the dye and binds to the substrate.The value
close to 90∘ of 𝜃 in the case of H1-ACY2− suggests that that
the dye is supported in a balanced way by its two pillars, the
hydroxyl and the carboxyl groups. In the case of the other
two dyes, H3-ACY2− and H1H3-ACY−, the values in excess
of 90∘ indicate that the axis is inclined due to shorter bond
lengths with the oxygen of the hydroxyl group. Also, for these
two pigments, the carboxyl group remains in the plane of the
molecule, which suffers smaller deviations, 𝜑, from the Ti-Ti
direction.

The early work on surface complexation of colloidal
titanium dioxide by various benzene derivatives [25, 26]
suggested that the salicylate complex formed involves both
substituent groups and leads to the formation of a six-atom
ring with a chelating type of bonding to the same Ti(IV)
ion (see Figure 9(a)). Our results confirm the involvement

O

O

O
Ti

(a)

O
O

O
Ti

TiTi

(b)

O
O

O
H

TiTi
O

(c)

Figure 9: Binding schemes for the salycilate unit to the TiO
2

substrate.

of both substituent groups but clearly demonstrate that the
main binding configuration is bridging, engaging at least two
adjacent titanium ions (Figures 9(b) and 9(c)). Moreover, a
third bond, either a covalent O-Ti bond or a hydrogen bond,
strengthens mechanically the anchoring to the substrate.

We end our analysis of the optimized geometry of the
sensitizers adsorbed to the substrate with H2H3-ACY−, for
which the anchor is the sulfonic group. The optimized
geometry is presented in Figure 10.

The geometry optimization of the complex system con-
sisting of the H2H3-ACY− sensitizer bound to the Ti

24
O
50
H
4

cluster through the sulfonic group indicates tridentate bind-
ing to three adjacent Ti(IV) ions. The bond lengths are
different, 2.155, 2.167, and 2.152 Å, longer than the typical
values obtained in the previous cases. The angle 𝜓 is 83.21∘,
showing that the dye is not supported in a balanced way by
its three pillars. The other angles are 𝜃 = 13.75∘ and 𝜑 = 6.26∘,
indicating a relatively small tilt of the plan of the dye with
respect to the direction of the shortest Ti-O bond and also a
fairly small rotation of that plan with respect to the Ti-Ti axis.

3.5. Electron Transfer for the Adsorbed Dye. In Section 3.2,
we analyzed the propensity for charge transfer of the various
free dyes. We return to the topic, this time treating the entire
dye-substrate system. Following a similar procedure, we look
at the key molecular orbitals, particularly at the one that
corresponds to the excited state of the dye and the one that
matches to the conduction band edge of the semiconductor.

As already mentioned, although the key information
regarding the electron transfer rate may be provided by the
matrix element connecting these two states [48], a simpler
and still useful indication of the likelihood of the transfer
may be offered by the overlap between the 𝜋∗ orbital of the
dye and the 𝑑 orbitals of the Ti(IV) ion [49]. In turn, the
overlap depends strongly on the electron density localized on
the binding atoms. Qualitatively, the electron density of the
key atoms can be seen in Figures 11 and 12, whereas some
quantitative measures are reported in Tables 6 and 7, in the
form of electron densities of the TiO

2
nanocluster, on the

entire dye as well as on its main three parts (benzenesulfonic
acid, azo group, and salicylic acid), and on the peripheral oxy-
gen atoms bound to titanium. The actual overlaps between
the key orbitals involved in the charge transfer are reported
in Table 8.

The key molecular orbitals of H2-ACY2− and H1H2-
ACY− are qualitatively similar in the sense that the HOMOs
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(a) (b)

Figure 10: (a)Optimized structure of theH2H3-ACY−-oxide system, with anchoring through the sulfonic group, calculated atDFT/B3LYP/3-
21G(d) level. (b) Isodensity surfaces (0.03 e/bohr3) of the MO corresponding to the excited state of the sensitizer key molecular orbitals of the
H2H3-ACY− dye adsorbed on the TiO

2
nanocluster calculated at DFT/B3LYP/DZVP level in water.

Table 6: Contributions of various groups, in %, to the electron
density of theMOcorresponding to the excited state of the sensitizer,
calculated at DFT/B3LYP/DZVP level.

Dye TiO2 Dye BSA –N=N– SA O O O
H2-ACY2− 18.74 81.26 22.46 39.82 18.98 0.031 0.106 2.008
H1H2-ACY− 9.23 90.77 28.65 39.98 22.14 0.025 0.118 2.772
BSA: benzenesulfonic acid, SA: salycilic acid.

and the LUMOs have 𝜋 and 𝑑 characters, respectively.
Moreover, the HOMOs and LUMOs are strongly localized
on the dye and on the substrate, respectively, whereas the
MO corresponding to the excited state of the sensitizer has a
mixed character, being delocalized also on the titania cluster.

When looking at the free H2-ACY2− dye, we noticed
a sizeable push effect from the salicylic group and a slight
pull effect from the benzenesulfonic acid, with the charge
localized on the azo group. In the case of the interacting
sensitizer, binding through the carboxyl group, where the
charge is negligible, leads to almost 19% delocalization of the
electron over the substrate.The higher electron density on the
oxygen of the hydroxyl group remains unused.

In the case of H1H2-ACY−, there is a significant change
between the noninteracting and the interacting sensitizers.
In the free case, we found a clear push-pull effect from
the salicylic to the benzenesulfonic acid but when the dye
is adsorbed on the substrate, the charge tends to localize
more on the azo group, and about 9% leaks to the cluster.
Similar to the previous case, the charge on the carboxyl group
is negligible and the high density on the hydroxyl group
substrate stays trapped.

We now move further to the dyes bound through the
oxygen of the hydroxyl group. The HOMOs and the LUMOs
have, as expected, 𝜋 and 𝑑 characters, respectively, and are
strongly localized on the dye or on the substrate. The MO

Table 7: Contributions of various groups, in %, to the electron
density of the HOMO and LUMO, calculated at DFT/B3LYP/DZVP
level.

Dye TiO2 Dye BSA –N=N– SA O O O
H1-ACY2− 29.37 70.63 21.43 30.21 18.99 0.042 0.133 0.830
H3-ACY2− 70.83 29.17 6.58 12.32 10.28 0.256 0.194 0.280
H1H3-ACY−79.42 20.58 5.05 7.70 7.83 0.084 0.521 0.211
BSA: benzenesulfonic acid, SA: salycilic acid.

corresponding to the excited state of the sensitizer has a
mixed character, being delocalized also on the titania cluster.

In the case of H1-ACY2−, almost 30% of the electron den-
sity is distributed over the cluster, whereas the percentages are
significantly larger, for both H3-ACY2− and H1H3-ACY−, of
more than 70% and 79%, respectvely.Themuch larger charge
distributed on the titania, reflecting the higher likelihood of
charge transfer, may be correlated with the strong binding
through both salycilate substituents.Wenote, as it can be seen
from Figure 12, that the main pathway for charge transfer is
through the oxygen atom of the hydroxyl group.

The free H1-ACY2− dye showed a slight push-pull effect
from the benzenesulfonic acid towards the azo bridge and
the salycilic acid. Also, the electron density on the peripheral
oxygen atom was high. The interacting dye tends, again, to
accumulate more charge on the azo group but passes more of
it to the substrate, by taking advantage of the higher orbital
overlap.

In the case of the noninteracting H3-ACY2− sensitizer,
both acids push the charge to the azo bridge group located
in the middle of the molecule, whereas the high electron
density on the oxygen atom makes the binding through the
corresponding hydroxylmore desirable.This tendency is pre-
served for the interacting sensitizer, whose electron density is
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LUMO+9 LUMO+4

LUMO LUMO

HOMO-1 HOMO
H2-ACY2− H1H2-ACY−

Figure 11: Isodensity surfaces (0.03 e/bohr3) of the key molecular orbitals of the dyes adsorbed on the TiO
2
nanocluster calculated at

DFT/B3LYP/DZVP level in water.

nowmore significantly pushed from the benzenesulfonic acid
through the median azo group towards the salicylic group
and the substrate.

The single deprotonated dye H1H3-ACY2− displayed a
clear push-pull effect from the salycilic to the benzenesulfonic
acid, but when the pigment is adsorbed on the substrate the
charge tends to transfer in the opposite direction towards the
cluster.

We note for the last two dyes that the presence of the
intermediate H atom does not create a significant pathway
for charge injection, the H-bonding having amore important
role in the mechanical adherence to the oxide.

The orbital overlap between the MOs corresponding to
the excited state of the dye and the conduction band edge
of the substrate is correlated, as expected, with the electron
densities on the peripheral, contact atoms. The overlap is
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LUMO+2 LUMO+4 LUMO+3

LUMO LUMO LUMO

HOMO HOMO HOMO
H1-ACY2− H3-ACY2− H1H3-ACY−

Figure 12: Isodensity surfaces (0.03 e/bohr3) of the key molecular orbitals of the dyes adsorbed on the TiO
2
nanocluster calculated at

DFT/B3LYP/DZVP level in water.

Table 8: Orbital overlap between the key molecular orbitals (the excited state of the dye and the conduction band edge of the substrate),
calculated at DFT/B3LYP/DZVP level.

H2-ACY2− H1H2-ACY− H1-ACY2− H3-ACY2− H1H3-ACY− H2H3-ACY−

0.0061 0.0097 0.0294 0.0199 0.0424 0.0042

very small for the cases of anchoring through the carboxyl
group (H2-ACY2− and H1H2-ACY−) and larger in the cases
of binding through the hydroxyl group.

As early as 1979, Goodenough and coworkers suggested
that the 𝜋∗ orbitals of the dicarboxy-bipyridine ligand of the
ruthenium(II) dye would promote rapid excited-state elec-
tron injection into the conduction band of TiO

2
but not that

of SnO
2
or ZnO [49]. The reason originated in the difference

of symmetry, as the TiO
2
conduction band is comprised

mainly of unfilled d orbitals where that of SnO
2
and ZnO

possesses predominantly s-orbital character. The coupling
would be optimalwhen the carboxyl group and the bipyridine
are close to coplanarity. In fact, it was shown computationally
that the planar geometry enhances the injection [54].

Our results, so far, have shown that the oxygen of the
hydroxyl group offers, in the context of a salicylate, a good
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electron transfer pathway, as it preserves the 𝜋∗ nature of
the dye MO. In contrast, in the case of the adhesion through
the sulfonic group, the tetrahedral anchor does not preserve
the planar symmetry of the dye. By twisting the lobes of the
p orbitals of the oxygen atoms away from the plane of the
dye, to insure the proper binding to the neighboring Ti(IV)
ions, the electron transfer pathway is affected, likely causing
the lower photovoltaic conversion performance of the actual
devices [24]. Although the dyes studied are different from
those reported by Chen et al. [27], our results are consistent
with theirs in the sense that the DSSC performance depends
strongly on the anchoring group types and likely decreases in
the order hydroxyl + carboxyl > carboxyl > sulfonate.

4. Conclusions

The anchoring modes of the dye onto the TiO
2
surface are

of crucial importance to the DSSC performance through the
bonding type and the extent of electronic coupling between
the dye excited state and the conduction band edge of the
semiconductor. As most of the theoretical studies so far have
focused on sensitizers with carboxyl groups as anchors, we
took advantage of the opportunity offered by the protonated
form of theMordant Yellow 10 dye, which has a –OH, –CO

2
H

and –SO
3
H groups, to perform a comparative study of the

various anchors, binding configurations as well as propensity
for electron transfer.

We studied the dye in various single and double deproto-
nated forms both free and anchored to a TiO

2
nanocluster in

various binding configurations. First, we determined the pro-
ton affinity to identify the way the dye would tend to depro-
tonate. Than we studied the distribution of charge on the dye
for the keyMOs to analyze the intramolecular charge transfer,
following a push-pull approach. We also determined the
distribution of charge on the anchoring oxygen atoms to get
an indication of the likelihood of the transfer to the substrate.

After optimizing the Ti
24
O
50
H
4
nanocluster, we studied

the interacting dye-substrate system. The geometry opti-
mization showed, in agreement with other reports, that the
carboxyl group tends to bind in bidentate bridging configura-
tions.The salycilate uses both the carboxyl and hydroxyl sub-
stituent groups to for either a tridentate binding to adjacent
Ti(IV) ions or a bidentate Ti-O binding together with a O–
H–O binding, due to the rotation out of the plane of the dye
of the carboxyl group.TheH-bonds strengthen mechanically
the anchoring to the substrate when other binding pathways
exist. However, in the absence of 𝜋 binding pathways, the
presence of an intermediate H atom can harm the charge
injection. It is the presence of conjugated bonds, allowing for
𝜋 electron delocalization, that facilitates the electron transfer.
The sulfonic group prefers a tridentate binding.

To better understand the electron transfer process, we
studied the distribution of charge on the cluster, on the entire
sensitizer as well as on the various parts of the dye, and
on the peripheral oxygen atoms. Inspired by the ideas of
Goodenough and coworkers, we discussed the orbital overlap
between the 𝜋∗ orbital of the dye and the 𝑑 orbitals of Ti(IV)
ion. We showed that the oxygen of the hydroxyl group offers

in the context of a salicylate, a good electron transfer pathway,
as it preserves the 𝜋∗ nature of the dye MO. In contrast, in
the case of the anchoring through the sulfonic group, the 𝑝
orbitals of the oxygen atoms are moved away from the plane
of the dye, to insure the proper binding to the neighboring
metal ions, affecting the electron transfer pathway. Based
on our computational results and analyses, we suggest that
the DSSC performance decreases in the order hydroxyl +
carboxyl > carboxyl > sulfonate.
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