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ABSTRACT: The performance of dye-sensitized solar cells (DSSCs)
depends significantly on the adsorption geometry of the dye on the
semiconductor surface. In turn, the stability and geometry of the adsorbed
molecules is influenced by the chemical environment at the electrolyte/
dye/TiO, interface. To gain insight into the effect of the solvent on the
adsorption geometries and electronic properties of dye-sensitized TiO,
interfaces, we carried out first-principles calculations on organic dyes and
solvent (water or acetonitrile) molecules coadsorbed on the (101) surface
of anatase TiO,. Solvent molecules introduce important modifications on
the dye adsorption geometry with respect to the geometry calculated in
vacuo. In particular, the bonding distance of the dye from the Ti anchoring
atoms increases, the adsorption energy decreases, and the two C—O bonds
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in the carboxylic moieties become more symmetric than in vacuo. Moreover, the adsorbed solvent induces the deprotonation of
the dye due to the changing the acid/base properties of the system. Analysis of the electronic structure for the dye-sensitized
TiO, structures in the presence of coadsorbed solvent molecules shows an upward shift in the TiO, conduction band of 0.2 to
0.5 eV (0.5 to 0.8 eV) in water (acetonitrile). A similar shift is calculated for a solvent monolayer on unsensitized TiO,. The
overall picture extracted from our calculations is consistent with an upshift of the conduction band in acetonitrile (2.04 eV vs
SCE) relative to water (0.82 eV vs SCE, pH 7), as reported in previous studies on TiO, flatband potential (Redmond, G.;
Fitzmaurice, D. J. Phys. Chem. 1993, 97, 1426—1430) and suggests a relevant role of the solvent in determining the dye—

semiconductor interaction and electronic coupling.

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are promising devices for
high-efficiency, low-cost solar energy conversion.' > In DSSCs,
TiO, nanoparticles are sensitized with light-harvesting dyes,
which are typically surrounded bz a liquid-phase electrolyte
containing the 17/I;~ redox pair®~® and acetonitrile (CH;CN)
as solvent.”'® Extensive research on DSSCs has shown that the
adsorption mode of the dye on the semiconductor plays a very
important role in the device performance.'”'” DSSCs are
generally fabricated under normal atmospheric conditions. In
this environment, humidity is always present. Thus DSSCs
always contain a certain amount of water in their constituting
materials. Moreover, the permeation of water at the sealing of
the DSSCs increases the water content in the electrolyte over
time."?

In previous experimental studies, water was deliberately
added to the DSSCs, either by direct addition to the solvent
used for the DSSC assembly or by pretreatment of TiO, with
water. Reports on the effects of this addition have been
somewhat controversial. An increase in the device efficiency has
been sometimes observed, which was explained by a decrease in
the recombination due to blocking of the TiO, surface by
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adsorbed water or by a reduced amount of I;~ on the TiO, due
to the higher solubility of the electrolyte."*™'® However, a
decrease in the short circuit current density has been also
reported, which was attributed either to desorption of the dye
from the TiO, surface into the solution or to a decrease in the
dye—TiO, interaction.'® In yet another study,'® TiO, electro-
des sensitized with N3, N719, and Z907 were exposed to water,
and the DSSCs performances were measured. It was found that
the hydrophilic chain of the Z907 dye effectively protects the
TiO, surface against water adsorption, whereas the presence of
water reduces the amount of N3 and N719 molecules on the
TiO, surface. Moreover, a change in the dye orientation at the
surface was observed, with a rearrangement of thiocyanate
ligands toward the TiO, surface. In general, a decrease in the
DSSCs performance is found when the amount of water
exceeds 10%.”" For this reason, the cell is usually sealed to
prevent water permeation into the electrolyte. Desorption of
the dye induced by the presence of water was observed also in a

Received: September 29, 2011
Revised: ~ February 8, 2012

Published: February 8, 2012

dx.doi.org/10.1021/jp209420h | J. Phys. Chem. C 2012, 116, 5932—5940


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

recent Car—Parrinello molecular dynamics simulation.”” Vice
versa, the solvent that has provided the best results in terms of
DSSCs efficiency is acetonitrile.”*?

The electrochemical properties of TiO, are also strongly
influenced by the solvent. In water, a Nernstian dependence of
the semiconductor flat-band potential on pH is observed; the
flat-band potential shifts to more negative potentials (vs SCE)
by 0.06 V for every pH unit increase, according to the equation:
Vu(V, SCE) —040 — (0.06pH). In the presence of
acetonitrile, TiO, flat-band ;)otential measurements by
Fitzmaurice and coworkers**™>” have shown that the TiO,
conduction band undergoes an upward shift in comparison with
water.** In particular, a flat-band potential of 2.04 V versus SCE
was reported for a carefully dehydrated acetonitrile solution,**
whereas in water at pH 7 a TiO, flat-band potential of 0.82 V vs
SCE is expected. This large and somewhat surprising difference
suggests an important solvent effect on the position of the TiO,
manifold of unoccupied states.

Numerous theoretical investigations have examined the
adsorsption mode of small organic molecules (ie., formic
acid®®~** and benzoic acid,> isonicotinic acid,** and bipyridine
ligand*®), small phosphonate group,36 metal-free organic
dyes,'"*’™? and ruthenium-complex'***~* dyes on TiO,.
The overall picture extracted from these works indicates an
important role of the dye adsorption energy and geometry on
the electrochemical properties and the DSSCs efficiency.
Previous theoretical studies have also focused on the character-
ization of the solvent-TiO, interactions (water> *¢ and
acetonitrile”’ *%**) in both free and dye-sensitized TiO,.
However, a systematic study of the solvent—dye—TiO,
heterointerface, comparing water and acetonitrile solvents,
and of the associated structural and electronic changes is still
missing.

In this work, we use first-principles density functional theory
(DFT) calculations to investigate the effect of the explicit
solvent on the adsorption geometries and electronic properties
of prototypical dyes adsorbed onto TiO, anatase surfaces.
Focusing on three representative prototype organic dye
molecules, benzoic acid ([BA]), 2-cyano-3-phenyl-acrylic acid
([CA]), and the 4-(diphenylamino)phenylcyanoacrylic acid dye
([LO]) (see Scheme 1), we examine the effect of both water

Scheme 1. Chemical Structures of the Investigated
Molecules: Benzoic Acid [BA], 2-Cyano-3-phenyl-acrylic
acid ([CA]), and 4-(Diphenylamino)phenylcyanoacrylic
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and acetonitrile solvents on their atomic and electronic
structures. [BA] is the typical anchoring group of bipyridine
ligands in the widely employed Ru(Il) dyes. Investigation of
[BA] adsorption on TiO, allows us to establish the setup and to
check our theoretical approach by comparing our results to

previously published calculations.*® As for the other dyes
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considered in this study, [CA] shows the typical cyanoacrylic
anchoring/acceptor group of push—pull organic dyes, whereas
[LO] represents a prototype push—pull organic dye used in
DSSC, characterized by a triphenylamine donor moiety and by
a cyanoacrylic acid acceptor group.SI’52

2. METHODS

Periodic DFT calculations have been carried out within the
generalized gradient approximation (GGA) using the PBE
exchange-correlation functional>® The Car—Parrinello (CP)
code as implemented in Quantum-Espresso package was
used.>* Electron—ion interactions were described by ultrasoft
pseudopotentials with electrons from O, N, and C 2s, 2p; H 1s;
and Ti 3s, 3p, 3d, 4s shells explicitly included in the
calculations. Plane-wave basis set cutoffs for the smooth part
of the wave functions and the augmented density were 25 and
200 Ry, respectively.

The TiO, anatase (101) surface was modeled as a periodic
three-layers slab of oxide containing 48 TiO, units with eight
reactive Ti sites on both sides. The molecules were adsorbed on
one side only of the slab, and the vacuum between the top of
the molecules and the adjacent slab was ~7 A. As shown in ref
33a, a three-layer TiO, slab represents a good model for the
investigation of benzoic acid adsorption; in particular,
computed binding energies are almost independent of the
number of layers in the anatase slabs.*** A damped dynamics
was used for geometry optimizations with force threshold of 1.0
X 107* atomic units. The adsorbed molecules and all atoms of
the slab were allowed to relax. Using the optimized geometries,
electronic structure calculations were performed to obtain the
projected densities of states (PDOS). In the absence of
coadsorbed solvent molecules, the dye adsorption energies
were simply calculated as: E.g = Efgubaye] — Epaye] = Efstab]
where Efgp.ayely Efganp and Epgy) are the energies of the
adsorbate-covered slab, the relaxed bare slab, and the gas-phase
molecule, respectively. In the presence of the solvent, the dye
adsorption energy is calculated as: E 4 = Efgp-solv-dye] — Efdye] —
Elgap-solv)y Where Efgay qoiv-dye] is the energy of the slab with the
adsorbed dye and adsorbed solvent and E[gyp, o1 is the energy
of the slab with the same number of adsorbed solvent
molecules as in Efgsp-oly-dye]-

We also performed selected test calculations of [BA]
adsorbed on a (TiO,);5 cluster using the ADF program,55
with the PBE functional and a TZP (DZP) basis set for Ti
(O,C, H). The (TiO,)s5 nanoparticle®® > was modeled by
appropriately “cutting” an anatase slab exposing the majority
(101) surface.®® If not otherwise stated, we shall refer to Car—
Parrinello optimized geometries.

3. ADSORPTION STRUCTURES

We first consider the possible bidentate and monodentate
adsorption modes of [BA], [CA] and [LO] in vacuo; see
Scheme 2. We have identified four different adsorption modes:
bidentate, 1, and monodentate, 2, 3, and 4, either molecular or
dissociative. Starting from the geometries optimized in vacuo,
we added the solvent molecules, water or acetonitrile, so as to
saturate all of the reactive five-fold coordinated Ti sites on the
TiO, surface.

3.1. Bidentate Adsorption Mode. In the bidentate
structure 1, Figure 1(here and in the following Figures for
adsorbed [LO] are presented), both carboxylic oxygen atoms
(O1 and O2) are bound to two five-fold coordinated Ti atoms,

dx.doi.org/10.1021/jp209420h | J. Phys. Chem. C 2012, 116, 5932—5940
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Scheme 2. Schematic Representation of the Possible Adsorption Modes of [LO] on TiO,”
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Figure 1. Optimized adsorption structures of [LO]: bidentate 1;
molecular monodentate 2, 3, and 4.

whereas the acid hydrogen atom (H) is bonded to the bridging
O3 oxygen on the TiO, surface. As shown in Table 1, the Til—
O1 and Ti2—O2 bond distances in vacuo are not symmetric,
showing differences of 0.08, 018, and 0.24 A for [BA], [CA],
and [LO], respectively. The C1—0O1 and C1—O2 distances are
more symmetric, showing differences of ca. 0.02, 0.03, and 0.04
A for [BA], [CA], and [LO], respectively.

By adding a layer of water molecules, the Til—O1 and Ti2—
02 distances increase by 0.06 and 0.04 A for [BA], by 0.05 and
0.08 A for [CA], and by 0.05 and 0.07 A for [L0], whereas the
slight asymmetry of the O1—C1 and O2—C1 bonds is further
decreased. However, the main difference between the geometry
in vacuo and the geometry in the presence of coadsorbed water
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is that the more stable position of the proton changes from O3
to the O4 oxygen atom; see Scheme 2.

In the presence of a layer of acetonitrile molecules, we
observe a further elongation of the Til—O1 and Ti2—02
distances with respect to the geometry in water. The changes
are 0.09 and 0.12 A for [BA], 0.15 and 0.21 A for [CA], and
0.12 and 0.24 A for [LO].

3.2. Monodentate Adsorption Modes. The molecular
monodentate structure 2 (Figure 1) is characterized in vacuo by
a Ti—O1 bond and hydrogen-bond interaction between H and
the O4 oxygen atom belonging to the TiO, slab. From Table 1,
we can see that the O1—C1 and O2—C1 bond lengths are
asymmetrical: the O2—C1 distance is ~1.26 A, indicating a
carbonyl bond, whereas O2—C1 is about 1.32 to 131 A,
indicating a hydroxylic bond. The dihedral < O1-C1-02—-H
angle indicates that the carboxylic moiety is nearly planar. The
structural parameters in the presence of coadsorbed water, see
Figure 2 and Table 1, are similar to those in vacuo except for an
elongation of the Ti—O1 bond length of 0.06, 0.07, and 0.07 A
for [BA], [CA], and [LO], respectively. There is also a slight
elongation of the O2—H distance ranging from 0.02 A for [BA]
to 0.0S A for [L0], indicating a modification of the system acid/
base properties. By adding a layer of acetonitrile, structure 2
changes from molecular monodentate to dissociative mono-
dentate; see Figure 3. The deprotonated carboxylic moiety is
characterized by an O2—H distance in the range of 1.43 A for
[BA] to 1.37 A for [LO], whereas the distance between the acid
hydrogen (H) and the O4 oxygen of TiO, slab is about 1.05 to
1.07 A. The O1-Cl and O2—Cl1 distance are completely
symmetric in the presence of acetonitrile, about 1.27 to 1.28 A
for all the investigated species.

The monodentate structure 3 in vacuo (Figure 1) is similar
to the structure 2 except for the dihedral < O1-C1-02—-H
angle. In this case, the proton is out of the plane described by
01, C1, and O2 atoms by a value between 20 and 45° going
from [BA] to [LO]; see Table 1. By adding one layer of water
molecules, we obtain a dissociated monodentate structure with
the proton adsorbed on the O4 oxygen of TiO, surface. As
shown in Figure 2, the deprotonation is promoted by the
stabilizing hydrogen-bond interaction between the hydrogen
belonging to one adsorbed vicinal water molecule (Hw) and
the O2 oxygen belonging to the organic dye. The O1—C1 and
02—CI1 distances are substantially symmetric, showing a value
around 1.28 A for all investigated systems; see Table 1. The
deprotonation of the molecular carboxylic group also occurs in
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Table 1. Main Optimized Geometrical Parameters of the Investigated Systems on TiO,

[BA] [CA] [Lo]
distance (A), angle (degree) vac. wat. ac. vac. wat. ac. vac. wat. ac.
Adsorption Mode 1
Til-01 2.040 2.102 2.133 2.021 2.074 2.168 1.990 2.040 2.114
Ti2—02 2.121 2.159 2242 2.207 2292 2.416 2.230 2298 2470
0O1-C1 1.299 1.287 1.290 1.298 1.288 1.280 1.307 1.295 1.296
02-C1 1.278 1.286 1.272 1.271 1.273 1.269 1.271 1.274 1.261
C1-C2 1.491 1.500 1.514 1.500 1.512 1.531 1.491 1.501 1.523
03-H 0.97 0.977 0.978 0.97 0.977 0.950 0.97 0.977 0.978
<Til-01-C1-C2 157 152 167 15§ 147 15§ 153 146 164
Adsorption Mode 2
Ti—0O1 2.142 2.198 2220 2.192 2.265 2377 2.10S 2.174 2.303
01-C1 1.258 1.253 1.278 1.255 1.250 1.270 1.264 1.257 1271
02-C1 1317 1.319 1273 1313 1313 1.272 1.311 1.309 1.275
Cl1-C2 1.485 1.491 1.516 1.492 1.501 1.534 1.472 1.482 1.541
02-H 1.040 1.061 1.425 1.045 1.082 1.439 1.052 1.098 1.365
0O4-H 1.517 1.456 1.059 1.482 1.390 1.052 1.433 1.330 1.072
<01-C1-02—-H 9 7 2 9 8 12 17 17 14
Adsorption Mode 3
Ti—-0O1 2.154 2.116 2.296 2.263 2223 2.404 2.185 2.077 2.276
01-C1 1.259 1.281 1.280 1.255 1.270 1.268 1.264 1.280 1272
02-C1 1.318 1.284 1.273 1.319 1.287 1.271 1.323 1.282 1.259
Cl-C2 1.485 1.499 1.518 1.493 1.508 1.529 1.471 1.492 1.509
0O2-H 1.043 1.571 1.398 1.047 1.533 1.409 1.051 1.493 1.384
0O4-H 1.486 1.015 1.057 1.457 1.019 1.049 1.441 1.031 1.049
02—Hw 1.607 1.599 1.856
<01-C1-02-H 20 62 37 32 62 27 45 49 38
Adsorption Mode 4
Ti—01 2.132 2.189 2.120 2.182 2.194 2.206 2.134 2.190 2.188
01-C1 1.267 1.265 1.282 1.265 1.278 1272 1.273 1271 1274
02-C1 1.318 1315 1.277 1.316 1.290 1.278 1318 1311 1.281
C1-C2 1.477 1.485 1.508 1.483 1.502 1.520 1.467 1.478 1.508
0O2-H 1.052 1.104 1.547 1.059 1.282 1.507 1.056 1.129 1.461
O3-H 1.454 1.353 1.024 1.427 1.139 1.029 1414 1.287 1.039
<01-C1-02-H 0 1 0 0 0 0 2 2 2

the presence of acetonitrile, with O2—H (O4—H) distances of
1.40 (1.06), 1.41 (1.05), and 1.38 (1.05) A for [BA], [CA], and
[LO], respectively. In this case, the deprotonation is not
induced by the hydrogen-bond stabilization but by the increase
in the basic character of the solvated TiO, surface due to the
acetonitrile adsorption. In particular, the donor effect of the
acetonitrile adsorption increases the basicity of the TiO,
oxygen atoms and makes possible the proton transfer from
the dye to the oxide surface. Also, in this case, we find an
increase in the Til—O1 distance with respect to the values in
vacuo and symmetric O1—C1 and O2—C1 distances.

The monodentate structure 4 (see Figure 1) is characterized
by Til—O1 distances of 2.13, 2.18, and 2.13 A for [BA], [CA],
and [LO], respectively, and a hydrogen bond between the
proton and the O3 surface oxygen atom, which is directly
bonded to the Ti atom. Whereas very similar structures are
calculated for the cluster models of 1 and 2 using the CP and
ADF programs (see Supporting Information), for the cluster
model of 4 the ADF-optimized structure shows the proton to
be transferred to the surface, whereas in the CP-optimized
structure the proton is retained in the [BA] carboxylic group as
in the periodic boundary conditions optimized structure; see
the Supporting Information. In the presence of coadsorbed
water molecules (Figure 2), an elongation of the Ti—O1 and
02—H distances is observed. In particular, whereas [BA] and
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[LO] show only an elongation of the O2—H bond (by 0.05 and
0.07 A, respectively), for [CA], we find a partial deprotonation
of the carboxylic moiety with an O2—H distance of 1.28 and an
03—H distance of 1.14 A. Also, in this case, the presence of
acetonitrile induces the complete deprotonation of the
carboxylic group of the molecules, with O2—H (O4-H)
distances of 1.55 (1.02), 1.51 (1.03), and 1.46 (1.04) A for
[BA], [CA], and [LO], respectively. We also find an increase in
the Til—O1 distances with respect to their values in vacuo as
well as fully symmetric O1—C1 and O2—Cl1 distances with a
length of 1.27 A for all investigated species.

4. ADSORPTION ENERGIES

The computed adsorption energies for all investigated
structures of [BA], [CA], and [LO] are reported in Table 2.
The most stable adsorption structure in vacuo is the molecular
monodentate structure 4, which gives adsorption energies of
—21.1, —20.6, and —23.4 kcal/mol for [BA], [CA], and [LO]
respectively. The [LO] dye shows the highest adsorption energy
in vacuo, most likely because of the presence of the nitrogen-
donor moiety, which increases the charge donation from the
dye to the TiO, surface through the Ti—O bonds. Our results
compare favorably with those of previous theoretical studies. In
particular, our computed adsorption energy for [BA] in vacuo is
in good agreement with the result of ref 33, and the adsorption

dx.doi.org/10.1021/jp209420h | J. Phys. Chem. C 2012, 116, 5932—5940
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Figure 2. Optimized structured of [LO] coadsorbed with water:
dissociative bidentate 1, molecular monodentate 2, dissociative
monodentate 3, and molecular monodentate 4.

geometry is similar to those of [BA] and isonicotinic acid in ref
34. Moreover, a binding energy difference of 7.4 kcal/mol
between monodentate and bidentate isonicotinic acid was
obtained in ref 34; this result is close to our computed energy
difference of 6.9 kcal/mol in vacuo for the respective
adsorption modes 1 and 4 of [BA].

Our calculations for [BA] adsorbed on the (TiO,),s cluster
are reported in the Supporting Information. It is worth noting
that CP and ADF predict a slightly different relative stability for
structures 1 and 4 of [BA] on the (TiO,)s5 cluster, as they give
an energy difference of 6.9 and 3.9 kcal/mol, respectively, in
favor of 4. The 2—4 energy difference is less sensitive to the
employed method: 9.3 vs 10.7 kcal/mol. Interestingly, single-
point CP calculations at the ADF-optimized geometry give
almost the same 1—4 difference, 7.2 kcal/mol; see the
Supporting Information. These data indicate that ADF and
CP provide a somewhat different description of the acid—base
energetics of the dye on the TiO, substrate.

In the presence of a water layer, the most stable geometry is
the dissociated monodentate structure 3, with adsorption
energies of —16.8, —16.5, and —20.2 kcal/mol for [BA], [CA],
and [LO], respectively. The adsorption energy and geometry
that we obtain for [BA] with coadsorbed water are similar to
those for adsorbed formic acid on hydrated TiO, reported in a
recent theoretical work.>' Also, in this case, the highest L0
binding energy within the series can be associated to the
presence of the donor moiety, although the presence of water
reduces the LO binding energy by more than 3 kcal/mol.

In acetonitrile, the most stable configuration is the
dissociated monodentate structure 4, the computed adsorption
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Figure 3. Optimized structures of [LO] coadsorbed with acetonitrile:
dissociative bidentate 1; dissociative monodentate structures 2, 3, and
4.

energies being —13.5, —17.8, and —16.3 kcal/mol for [BA],
[CA], and [L0], respectively. The adsorption energy for [LO] is
thus further reduced by 4 kcal/mol compared with water.
Moreover, for [LO], the adsorption energy of the bidentate
structure 1 is very similar to that of the dissociative
monodentate 4. For this configuration, the highest adsorption
energies are those of [CA] and [LO], which have the same
cyanoacrylic anchoring group with the —CN moiety that is
present also in acetonitrile. The similar adsorption energy can
be associated with the interaction between the adsorbed
CH,CN on the TiO, surface and the —CN moiety of the dyes.
This can induce a further stabilization during the adsorption
leading to the same adsorption energy. [BA], which does not
have the —CN group, shows a lower adsorption energy of about
3 to 4 kcal/mol in comparison with [CA] and [L0]. As shown
in Table 2, for [LO], the adsorption energies of structures 1 and
4 in acetonitrile are similar (—15.7 and —16.3 kcal/mol,
respectively), suggesting that the two adsorption modes have
essentially the same probability of being present on the TiO,
surface.

5. ADSORPTION OF A SOLVENT MONOLAYER

To gain insight into the effect of the solvent and the differences
between water and acetonitrile, we also studied the TiO,
surface fully covered with a monolayer of solvent molecules,
saturating all of the five-coordinated Ti atoms of our (101)
surface model. As we can see in Figure 4, water molecules are
bound to Ti centers by their oxygen atoms, with average bond
distances of 2.35 A. The two water hydrogen atoms, H1 and
H2, are involved in different hydrogen-bond interactions.
Whereas H1 (Figure 4) points toward the oxygen belonging to

dx.doi.org/10.1021/jp209420h | J. Phys. Chem. C 2012, 116, 5932—5940
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Table 2. Adsorption Energies for the Investigated Systems®

AE, 4 [kecal/mol]

[BA] [CA] [Lo]
vac. wat. ac. vac. wat. ac. vac. wat. ac.
1 —14.2 -6.9 -9.0 —13.8 —8.7 —10.1 -17.6 —-12.4 -18.7
2 -19.6 —-11.5 —12.1 —18.6 —14.6 -11.9 —18.5 —-11.1 -10.8
3 -19.3 -16.8 -10.6 -13.6 -16.5 -13.0 —11.1 -20.2 -85
4 -21.1 —13.1 -13.5 -20.6 —14.7 -17.8 -23.4 —-16.3 -16.3

“Values in bold indicate the most stable structures.

8 -3.9¢V 276N

(&)

-7.0 -6.0 5.0 -4.0 -3.0 -6.0 -5.0 -4.0 -3.0 2.0
eV eV

Figure 4. Optimized structures and DOS of the TiO, surface with an
adsorbed monolayer of water (A) (blue line) and acetonitrile (B) (red
line). A Gaussian broadening of 0.01 Ry is used.

a nearby water molecule with a distance comprised between 3.1
and 3.2 A, the H2 atom (Figure 4) points toward the two-
coordinated oxygen of the TiO, surface with a distance
comprised between 2.50 and 3.0 A. This structural result nicely
agrees with previous theoretical work.*

Similarly, we studied the geometrical structure of TiO,
covered by a monolayer of acetonitrile; see Figure 4. The
acetonitrile molecules are bound to the five-coordinated Ti
atoms through their nitrogen atoms. The average N—Ti and
C™-0,, distances (Figure 4) are 2.44 and 3.42 A, respectively,
with a Ti—=N—C angle of 144°. These results are in agreement
with previous computational work.**

The results in Table 3 show that the adsorption energy of a
single molecule of water is similar to that of a single molecule of

Table 3. Adsorption Energy Per Molecule for a Single
Solvent Molecule and a Full Monolayer of Solvent Molecules
in Kilocalories Per Mole

coverage H,0 CH,CN
single molecule -174 -17.6
full coverage -159 -9.0

acetonitrile (—17.4 vs —17.6 kcal/mol), whereas at full coverage
the adsorption energy of water is higher than that of acetonitrile
(—15.9 vs —9.0 kcal/mol per molecule). This can be attributed
to the higher steric hindrance of acetonitrile compared with
water. Moreover, the intermolecular hydrogen bond between
adsorbed water molecules (see Figure 4A) further contributes

to stabilizing the full-coverage monolayer formation.

5937

By comparing the results in Table 3 to the dye adsorption
energies in Table 2, we can approximately estimate the relative
affinity of the dyes and the solvent molecules for anchoring on
to the bare TiO, surface. Our results suggest that water can
effectively compete with dye adsorption, whereas acetonitrile
should be less effective in competing with the dye for the TiO,
anchoring sites. This is in line with the impact of water
contamination on the DSSC stability and supports the results
of the Car—Parrinello molecular dynamics simulation in ref 22,
where desorption of the dye was observed in the presence of
bulk water solvation.

In Figure 4 we show the density of states (DOSs) for a slab
covered by a full monolayer of water or acetonitrile. The
absolute energy of the TiO, conduction band was determined
by referring the Kohn—Sham eigenvalues to the value of the
electrostatic potential in the vacuum region between consec-
utive slabs. (See the Supporting Information.) In the presence
of water, we find an upward shift of the conduction band by 1.2
eV compared with that of the bare TiO, slab. This can be
attributed to the donor character of the adsorbed water
molecules, leading to an increase in the negative charge on the
TiO, surface. A similar conduction band upshift (1.6 eV) upon
hydration has also been obtained for rutile TiO, in the presence
of a water monolayer,*® and a further (0.5 to 0.6 €V) upshift of
the conduction band was found with increasing water
coverage.*® The energy level of the conduction band with up
to a monolayer of water reported in ref 46 (—4.3 eV) and
calculated by us (—3.9 eV) is in good agreement with the
experimental measurement of —4.1 eV.'?

In the presence of an acetonitrile monolayer, our calculations
show an additional upshift of the TiO, CB of 1.2 eV relative to
the water case. By comparing the calculated band gap of the
bare and the solvated TiO, with a monolayer of acetonitrile, we
find a very slight variation (<0.1 eV), in agreement with a
previous computational study.’® The computed CB upshift in
acetonitrile relative to water compares favorably with the values
of Fitzmaurice and coworkers,”*™>" even though our calcu-
lations do not include the effects of surface protonation and
bulk solvation, which could also affect the position of the TiO,
CB.

6. ELECTRONIC STRUCTURE OF DYE-SENSITIZED TIO,
IN THE PRESENCE OF THE SOLVENT

Although the employed computational setup, in particular, the
use of a GGA exchange-correlation functional, is known to be
problematic in describing the alignment of energy levels at
dye—semiconductor interfaces,®" the relative level shifts
observed in the TiO, conduction band states from vacuo to
solvent are expected to be significant. For comparative
purposes, in Figure 5, we report the computed DOS for the
most stable optimized structures of [BA], [CA], and [LO]
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Figure S. Density of states (DOS) for the three investigated TiO,/dye
systems in vacuo (black line), in water (blue line), and in acetonitrile
(red line). Green lines represent the contribution of the adsorbed
molecules to the density of states (PDOS). The energies are referred
to the vacuum level.

adsorbed on TiO, in vacuo, water, and acetonitrile. The
absolute energy of the TiO, conduction band was determined
by referring the Kohn—Sham eigenvalues to the vacuum level,
as determined from the value of the electrostatic potential in
the vacuum region of the supercell. In the Supporting
Information, we report the electrostatic potentials along the
direction normal to the surface for the dye-sensitized TiO, slab
in vacuo and in the presence of the solvent (water and
acetonitrile, alternatively). By comparing the CB level of the
bare and the dye-sensitized TiO, in vacuo, we find differences
in the behavior of the three investigated molecules. As
previously described, it is the sensitizer’s dipole component
normal to the surface that induces a shift in the TiO, CB
energy.'"®" To gain insight into the effect of the dipole
moment of the adsorbed molecules on the TiO, conduction
band energy, we performed single-point calculations on the
isolated [BA], [CA], and [LO] in their adsorption geometry
using the Gaussian03 packageé2 (B3LYP/6-31G*). The
resulting values of the dipole moment for [BA], [CA], and
[LO] are +1.9, 0.0, and +2.7 D, whereas the CB shifts with
respect to the bare TiO, are +0.3, +0.1, and +0.4 eV,
respectively.

Concerning the effect of the coadsorbed solvent, the TiO,
conduction band in the presence of water is upshifted by 0.2 to
0.5 eV compared with the value in vacuo. In the presence of
acetonitrile, the upshift is 0.6 to 1.0 eV relative to that in water.
Therefore, the presence of the dyes modulates the TiO,
conduction band upshift, decreasing the shifts found without
dyes. Moreover, specific dye/acetonitrile interactions may give
rise to the differences in the shifts found for the three dyes in
this solvent, with LO showing the lowest shift. In any case, also
for the dye-sensitized interfaces, the presence of acetonitrile
contributes to raise the TiO, CB, which should be beneficial for
the DSSCs performance in terms of open circuit voltage.

7. CONCLUSIONS

A first-principles investigation has been carried out to gain
insight into the effects of explicit solvent (water and
acetonitrile) molecules on the adsorption energy and electronic
structure of organic dye molecules adsorbed on the TiO,
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anatase (101) surface. The selected systems are prototype
examples of dyes anchoring with a carboxylic ([BA]) or
cyanoacrylic ([CA] and [LO]) moieties. We investigated
altogether one bidentate and three monodentate (both
molecular and dissociative) structures, in vacuo and in the
presence of one layer of coadsorbed solvent molecules. From
the calculated energies, the most stable structure in vacuo is a
molecular monodentate structure, whereas in the presence of
coadsorbed water the most stable structure is a dissociated
monodentate configuration. In acetonitrile, a different dis-
sociated monodentate structure is found, with essentially the
same binding energy of the bidentate structure. (Actually, the
relative stabilities of these two adsorption modes are sensitive
to the level of calculation.) Our systematic study shows
important effects of the solvent on the dye adsorption
geometry: (i) the adsorbed solvent induces the deprotonation
of the dye due to the changing the acid/base properties of the
system; (ii) the solvent increases the bonding distance of the
dye from the Ti anchoring atoms, reducing the dye adsorption
energy; and (iii) the O—C—O bonds in the carboxylic moieties
become more symmetric than in vacuo.

Analysis of the electronic structure for the most stable
configurations shows the crucial effect of explicit solvation on
the position of the TiO, conduction band. The TiO,
conduction band in the presence of water is upshifted by 0.2
to 0.5 eV compared with the vacuo and downshifted by 0.6 to
1.0 eV compared with acetonitrile. The differences between
water and acetonitrile can be related to two aspects: (i) the
dipole of the acetonitrile molecules pointing with the negative
charge toward the TiO, surface and (ii) the donor role of the
acetonitrile —CN group with respect to the reactive Ti atoms.
Even with the limitations of the model and the approximation
employed in our simulations, the overall picture extracted from
our calculations is consistent with conduction band upshift
measured in acetonitrile compared with water, as from the
classical papers by Fitzmaurice and coworkers’*™>" and
suggests a relevant role of solvation in determining the dye—
semiconductor electronic coupling. Further studies are in
progress to include the effect of surface protonation and of bulk
solvation on the position of the TiO, conduction band.
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