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Initio Investigation
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ABSTRACT Adensity functional theory (DFT), time-dependent DFT, and ab initio second order Mgller—Plesset
perturbation theory study of the aggregation of the metal free indoline D102 and D149 dyes on extended Ti0,

models is reported. By selecting the relevant dimeric arrangements on the Ti0, surface and evaluating, at the same

time, the associated spectroscopic response, an almost quantitative description of the extremely different

aggregation behavior of the two dyes is provided. Nicely reproducing the experimental evidence, the present

results predict strong aggregation interactions and a sizable red-shift of the absorption band in the case of D102,

while negligible effects for D149. Our results open the possibility of computationally screening the various

aggregation patterns and predicting the corresponding optical response, thus paving the way to an effective

molecular engineering of further enhanced sensitizers for solar cell applications.
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wing to the growing renewable

energy demand, dye-sensitized

solar cells (DSSCs), put forward by
O’Regan and Grétzel in 1991,"2 have at-
tracted a significant attention as potential
low-cost photovoltaic devices. Ru(ll) com-
plexes have maintained a clear lead when
employed in DSSCs, with highest photon-
to-current conversion efficiencies exceed-
ing 11%.%2 A great deal of promising metal-
free dyes* ™7 have more recently been
developed for DSSC applications as alterna-
tives to the costly and nonenvironmentally
friendly metal complexes. The great struc-
tural variety of the organic dyes, allowing
for an effective tuning of the electronic and
optical properties, their high molar extinc-
tion coefficients, and, above all, their sim-
pler and lower-cost preparation processes
with respect to Ru complexes, make these
sensitizers an appealing choice in view of
large-scale industrial applications. Most no-
tably, top organic dyes currently deliver
only slightly lower efficiencies when em-
ployed in DSSC compared to Ru(ll) dyes,
with record efficiencies up to 9%.2
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The sensitizer performances are strongly
affected by some key factors which govern
the efficiency of the electron injection into
the TiO, conduction band,® such as the ex-
cited state redox potential, the unidirec-
tional electron flow from the donor moiety
to the anchoring acceptor group, enhanced
by the conjugation across the linker, and
the electronic coupling between the low-
est unoccupied molecular orbital (LUMO)
and the TiO, conduction band. Moreover,
other factors which play a prominent role
in determining the conversion efficiencies,
and which are probably more difficult to
control, are the charge recombination of
the injected electrons with the dye or oxi-
dized electrolyte and the formation of dye-
aggregates on the TiO, surface.’®”'* Dye-
aggregation is generally considered an
undesired phenomenon in DSSC, leading
to reduced IPCE values by virtue of intermo-
lecular excited state quenching.’®'>' In
some limited cases, however, a controlled
aggregation has been proven to enhance
the photocurrent generation as a result of
the larger spectral window where light is
absorbed, possibly combined to an efficient
charge transfer from the aggregate excited
state to the semiconductor.’'>"7'8 An ap-
propriate molecular design and the use of
an antiaggregation coadsorbent, typically
chenodeoxycholic acid (CDCA),'® can pre-
vent in some measure the dye-aggregation
on the nanocrystalline-TiO, surface, improv-
ing the overall photovoltaic perfor-
mances.'® An emblematic case in this re-
spect is represented by two recently devel-
oped and highly efficient indoline dyes, re-
ferred to as D1022° and D149,> which,
despite their very similar molecular struc-
ture, show extremely different response to
aggregation on TiO, and eventually photo-

www.acsnano.org



voltaic performances. In fact, upon adsorption on the
semiconductor electrode, the D102 dye, Figure 1, con-
taining a one-unit rhodanine ring, exhibits a consistent
red-shift (by as much as 0.23 eV) and broadening of the
absorption peak compared to the solution spectrum,?®
symptomatic of strong aggregation on the surface. On
the other hand, D149, Figure 1, having a two-unit
rhodanine group, presents only moderate broadening
and negligible bathocromic shift (0.07 eV)* from the so-
lution spectrum to the TiO,-adsorbed one. Moreover,
DSSC employing the D149 dye, achieved high efficiency
with the use of a much lower CDCA content compared
to D102.°

A deep understanding of the dye-aggregation
mechanism on TiO, surfaces and of its implications for
DSSCs functioning is obviously a very important requi-
site for the design of new dyes and for a detailed atom-
istic understanding of the device functioning. Only re-
cently Snaith et al. have reported an experimental
investigation on the effect of aggregation in DSSC de-
vices based on the D149 dye," while a detailed atomis-
tic description of dye aggregation phenomena rel-
evant to DSSCs is still missing.

We therefore report here a density functional theory
(DFT), time-dependent DFT (TDDFT), and second order
Mgller-Plesset perturbation theory (MP2) investigation
on the aggregation of the prototypical D102 and D149
indoline dyes on extended TiO, anatase models, with
the aim of ascertaining the possible arrangements of
surface aggregates for both dyes, evaluating at the
same time their impact on the corresponding elec-
tronic and optical properties. Thanks to our realistic
models and high-level computational set up, we pro-
vide evidence of a different aggregation motif for D102
and D149 on TiO, induced by the presence in the latter
of the second rhodanine ring, leading to drastically dif-
ferent optical responses.

RESULTS AND DISCUSSION

We start our analysis by briefly reporting the results
for D102 and D149 stand-alone molecules, Figure 1,
and adsorbed on the reduced (TiO,)s5 cluster, Figure 2.
For the deprotonated dyes®* we calculate lowest exci-
tation energies in ethanol solution of 2.11 and 2.06 eV
for D102 and D149, respectively, both transitions being
strongly dipole-allowed (oscillator strengths of 0.820
and 0.805, respectively) and corresponding essentially
to HOMO—LUMO excitations. This data, although quite
underestimated, agrees with the trend of experimental
absorption maxima of 2.53 and 2.36 eV for D102 and
D149, respectively.® The almost rigid red-shift which we
calculate with respect to the experiment was found to
be due to the level of theory used for geometry optimi-
zations rather than to the x-c functional used in TD-
DFT, suggesting that the hybrid B3LYP or PBEO?® func-
tionals, can successfully reproduce the optical
properties of the investigated systems, as previously
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Figure 1. Molecular structures of D102 (upper left) and D149 (lower
left); notice, the second rhodanine ring in the molecular structure of
D149. Absorption spectra of D102 (upper right) and D149 (lower
right) in solution (dashed line) and on TiO; (solid line). Upper right
graphic reprinted with permission from Horiuchi, T.; Miura, H.; Uchida,
S., Highly efficient metal-free organic dyes for dye-sensitized solar
cells, Chem. Commun. 2003, 3036—3037. Copyright 2003 Royal Soci-
ety of Chemistry. Lower right graphic adapted from Horiuchi, T.; Mi-
ura, H.; Sumioka, K.; Uchida, S., High Efficiency of Dye-Sensitized So-
lar Cells Based on Metal-Free Indoline Dyes, J. Am. Chem. Soc. 2004,
126, 12218—12219. Copyright 2004 American Chemical Society.

noted.>*?* This is also confirmed by the fact that when
the B3LYP/6-31G* optimized geometries are used, low-
est excitations of 2.37 and 2.23 eV are calculated for
D102 and D149, respectively, in better agreement with
experimental values. We also stress that we are inter-
ested here in relative band shifts upon aggregation,
rather than in absolutely reproducing excitation
energies.

Following previous work on the adsorption of small
molecules on anatase TiO, (101) surfaces,?® for D102
we investigated two possible adsorption modes on
TiO,, corresponding to monodentate binding through
a single carboxylic oxygen (structure a in Figure 2) and
to bidentate binding with proton transfer to a nearby
surface oxygen (structure b in Figure 2). As found for re-
lated organic dyes,'*?” we computed the bidentate ad-
sorption mode to be largely energetically favored com-
pared to the monodentate one, by as much as 30 kcal/
mol. Although this value might be overestimated, this
data clearly points to a D102 bidentate coordination
mode, which in turn implies that the dye molecules are
lying almost flat with respect to the surface (structure
b in Figure 2), rather than pointing in an orthogonal di-
rection to the surface plane (structure a in Figure 2).
We notice that our results are in agreement with a re-
cent investigation by Howie et al. on D102 and D149
dyes,”® which was performed for a bidentate adsorp-
tion mode based on calculated and measured dye cov-
erages on titania.
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Figure 2. Optimized geometries of the (a) monodentate and (b)
bidentate binding modes of D102 on the (TiO,);; cluster.

Aggregation Schemes. Table 1 compiles the MP2 and
B3LYP relative energies of the deprotonated dimers in
ethanol solution, computed with respect to the most
stable configuration; the description of the nomencla-
ture adopted can be found in the last section, where the
model and the computational details are illustrated.
An extremely interesting picture comes out from MP2
results: the lowest-energy configuration for D102 is that
termed (0,2), having the two molecules aligned along
the y direction (top of Figure 3) with the 1 systems al-
most perfectly stacked. Most notably, this arrange-
ment turns out to be the highest in energy for D149
(by 4.5 kcal/mol), while the preferred configuration is
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TABLE 1. B3LYP and MP2 Relative Energies (kcal/mol) of a
Series of Dimers of D149 and D102“

D102 D149

dimer B3LYP MP2 B3LYP MP2
02) 6.80 0.00 12.49 450
22) 557 3.94 33 0.00
42) 0.00 447 0.00 362
(—22) 414 481
(4,0) 10.03 164

(-1,0) n23 123

“The calculations have been carried out on the deprotonated dyes in solution using
a 6-31G* basis set. The nomenclature (x,y) adopted to indicate the position of the
second molecule on the Ti0, surface is illustrated in Figure 5.

(2,2), with the molecules separated by one Ti atom
along the x axis (bottom of Figure 3). It is also worth-
while to notice that for D102, there are at least two
other arrangements, namely (4,0) and (—1,1), precluded
to D149 because of the presence of the second rhoda-
nine ring, which are very close in energy to the (0,2)
dimer. Moreover, to exclude any artifact due to the sol-
vation effects, we also carried out MP2 calculations on
the protonated dimers in gas phase, quantitatively con-
firming the relative energetic order reported in Table
1.

Using the size-consistent MP2 data, the stability of
the aggregates with respect to the noninteracting
monomers can be easily estimated as the difference be-
tween the energy of the dimer and twice the energy
of the isolated molecule at the same level of calcula-
tion. For D102, the favored (2,0) dimer is computed to
be 9.0 kcal/mol lower in energy than two isolated mol-
ecules, while the energy of the more stable (2,2)-D149
configuration is slightly higher (3.2 kcal/mol) than that
of two noninteracting D149 molecules. These results
clearly account for the experimentally observed differ-
ent tendency of the two dyes to form aggregates on the
TiO, surface, predicting a sizable stabilization upon dye-
aggregation for D102 while essentially no energy gain
in the case of D149. As is also apparent, the energetics
obtained by DFT and MP2 are rather different. For both
dyes, DFT does not predict dye aggregation, delivering
an increasing stability as the distance between the two
dye molecules increases: the (4,2) configuration is pre-
dicted to be the more stable one for both D102 and
D149.

A survey of optimized molecular structures for all
possible dimeric arrangements of D102 and D149 on
TiO, is reported in Supporting Information. Here we
briefly discuss the preferred dye dimeric arrangements
on TiO, and report in Figure 3 the corresponding opti-
mized geometries of (0,2)-D102 and (2,2)-D149. As else-
where reported for similar dyes,?” the interaction be-
tween the deprotonated molecules and the TiO,
surface is rather strong, with average calculated dis-
tances between the carboxylic oxygens and the TiO,
surface (O—Ti bond) of 2.05—2.1 A. In the closest (0,2)-
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D102 configuration, the distance between the carboxy-
lic carbons of the two molecules is roughly 10.5 A, while
it amounts to 11.1 A in the (2,2)-D149 dimer. More-
over, the surface-bound dye molecules lie slightly bent
with respect to the TiO, surface in both dimeric arrange-
ments, but in the (0,2)-D102 dimer the 1 systems are
perfectly stacked with a reciprocal average distance of
about 3.5-4.0 A.

In summary, on the basis of our model calcula-
tions we have identified different aggregation
schemes for D102 and D149, which, as we shall dis-
cuss in the next section, will arguably have a differ-
ent impact on the excited states. Intuitively, one can
indeed expect a stronger electronic coupling in the
w-stacked (2,0)-D102 structure rather than in (2,2)-
D149 dimer.

Absorption Spectra. Considering the stability order
discussed above, we report in Table 2 the excita-
tion energies and the oscillator strengths of the low-
est excited states for the relevant dimeric configura-
tions: (0,2), (4,0) and (—1,1) for D102 and (2,2) for
D149. The energy shifts are computed with respect
to the lowest excited states of the stand-alone D102
and D149 dyes.

The results show that the different aggregation
schemes investigated for D102 have different, and
even opposite, effects on the excited states. In fact,
the (4,0) configuration with the molecules placed
side-by-side and the m-systems almost parallel, pro-
duces a blue-shift of the excited states, typical of so-
called H-aggregates. If one looks at the excited state
with the largest oscillator strength (1.195), located
at 2.21 eV, the blue-shift of the absorption maximum
for the (4,0) dimer is even more pronounced,
amounting to ca. 0.1 eV, so that this aggregation
pattern can be reasonably disregarded. On the other
hand, the two D102 dimeric arrangements which in-
duce a sizable w— stacking, (0,2) and (—1,1), im-
ply the appearance of new bands in the absorption
spectra which are substantially red-shifted com-
pared to the monomer spectrum (0.15 and 0.11 eV,
to be compared to a 0.23 eV experimental shift), a
characteristic signature of J-aggregates. Notably, the
most stable (0,2) dimer shows also the largest red-
shift. Notice also that a comparable excited state
evolution accompanies the formation of the (0,2)
and (—1,1) dimers, so that on the basis of calculated
data alone, it is hardly possible to establish the pre-
ferred aggregation motif between these two con-
figurations for D102.

If we now compare the calculated data for D102
and D149, our model almost quantitatively reproduces
the different spectroscopic behavior of the two dyes ad-
sorbed on the TiO, surface. Selecting the most stable
configurations, the red-shifts computed upon aggrega-
tion are 0.15 and 0.08 eV for D102 and D149, respec-
tively, to be compared to the experimentally measured
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2,0)-D102

(2,2)-D149

Figure 3. Optimized structures of the preferred (0,2)-D102 (top) and

(2,2)-D149 (bottom) configurations.

values of 0.23° and 0.07 eV.> Most notably, also the
computed oscillator strengths for the dimer excited
states further reveal a stronger interaction in the case
of the (0,2)-D102 configuration, with ca. a 3-fold reduc-
tion of the J-band oscillator strength calculated in (2,2)-

TABLE 2. Computed TDDFT(B3LYP)/6-31G* Excitation
Energies (eV) and Oscillator Strengths for the Four Lowest
Excited States of the Most Stable Dimers of D102 and
D149.7

dimer excited energy F shift

(0,2)-D102 1.96 0.022 —0.15
2.10 1.016
218 0.537
2.28 0.001

(4,0)-D102 213 0.075 +0.02
2.14 0.077
221 1.195
221 0.048

(—1,1)-D102 2.00 0.028 —0.m
2.09 0.535
2.23 0.698
230 0.283

(2,2)-D149 1.97 0.007 —0.08
2.05 0.720
2.07 0.784
2.23 0.001

“The corresponding shifts (eV) with respect to the reference monomers are listed in
the last column.
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Figure 4. Schematic representation of the HOMO—LUMO splitting in the dimeric (0,2)-D102 configuration. The intramolec-
ular and intermolecular charge transfer (CT) excitations are shown by plotting the electronic density of the HOMO—LUMO
transition (intramolecular) and HOMO—LUMO+ 1 transition (intermolecular).

D149. On overall, the larger shift and higher intensity tance between the two monomers. This picture
of the new spectroscopic feature appearing in D102 as  nicely accounts for the different behavior of D102
a function of dye aggregation is perfectly in line with and D149, whereby D149 cannot attain the strongly

the available experimental information. coupled configurations which in D102 are the ener-
The interaction underlying the optical responses getically preferred ones.
of the favored aggregate configurations are those In a further attempt to discriminate between the

typical of the formation of J-aggregates.>® Upon in- two possible D102 (0,2) and (—1,1) dimeric configura-
teraction of the molecular orbitals of the two mono-

meric units, a splitting of the otherwise degenerate
highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) oc-
curs, providing a set of two A
couples of occupied and unoccu- Y
pied orbitals, see Figure 4 for the H
D102 case. The red-shifted optical
response is the result of intermo-
lecular excitations, which displace
electron density from the HOMO,
largely based on one monomeric
unit, to the LUMO+1, maximally
localized on the other monomer,
Figure 4. A slight mixing (ca. 6%)
with the intramolecular CT

HOMO — LUMO transition is also
found. Obviously, the splitting
(therefore the red-shift) and the
oscillator strength of the new tran-
sitions characterizing the dimeric

aggregates strongly depend on

the electronic coupling, which, for Figure 5. Graphical representation of the (101) Ti0, anatase surface. The scheme
. illustrates the convention adopted to indicate the relative positions of two mol-

a given molecular system, de- ecules: each couple is labeled with the (x,y) coordinates of the second mol-

creases with an increase in the dis-  ecule, the first one being conventionally fixed in (0,0).

tions, we might resort to available experimental dye
coverages, which were conveniently estimated for the
same dyes by Howie et al.?® In that work, exactly the
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same coverage (3.6 X 10'* cm~2) was measured for
both D102 and D149.?8 The favored (0,2)-D102 and
(2,2)-D149 configurations produce essentially the same
calculated coverage, which incidentally turns out to be
of the order of 3.7 X 10" cm™2, while the closer pack-
ing attained by the (—1,2)-D102 dimer results in a
higher coverage, of the order of 5 X 10'® cm~2. There-
fore, two competing aggregation motifs can be out-
lined for D102 on the basis of energetics and optical re-
sponse, while the only configuration compatible with
the experimental coverage is (0,2)-D102; in any case,
only the (2,2) aggregation configuration seems possible
for D149.

CONCLUDING REMARKS

We have presented a computational investiga-
tion, based on ab initio MP2 and DFT/TDDFT calcula-
tions of the aggregation of two metal free indoline
dyes, namely D102 and D149, on an extended
(TiO3)g2 model. Our computational approach, based
on a preliminary selection of the relevant preferred
dimeric arrangements on the TiO; surface and on the
subsequent precise evaluation of the associated op-
tical responses, fully accounts for the experimental

MODELS AND COMPUTATIONAL DETAILS

Using a simple topological approach we investigate the ag-
gregation patterns of the D102 and D149 dyes, providing a quali-
tative and quantitative description of the different optical re-
sponses of the dyes adsorbed on the TiO, anatase surface. To
this end, we employ a TiO, nanoparticle model consisting of a
(101) (TiO,)g, anatase slab of approximately 4 nm? area, with
three rows of five- and six-coordinated surface Ti sites and suffi-
cient coordination sites to accommodate the considered dimeric
arrangements. On this TiO, slab we have investigated the dye-
aggregation for both D102 and D149, initially selecting among
all the possible dimeric arrangements the closest interacting
ones with no explicit superposition of atomic structures. Using
a reduced (TiO,)ss model,>>3" we have investigated both mono-
dentate and bidentate dye binding modes on TiO,. Even though
surface protonation is known to have a large impact on DSSC ef-
ficiency,”” we considered the dyes to be deprotonated in their
interaction with the surface, to limit the number of variables of
our model. After this preliminary screening, a set of six configu-
rations was selected for D102 (Supporting Information), while,
due to the steric hindrance introduced by the presence of the
second rhodanine moiety, only three of them were retained as
possible candidates for the D149 molecule (Supporting Informa-
tion). The nomenclature we use to label the dimer confirgura-
tions is illustrated in Figure 5, along with a top view of the ana-
tase TiO, (101) surface. Keeping fixed the position of the
molecule placed in (0,0), each dimer is labeled by the (x,y) coor-
dinates of the second molecule. Therefore, the six dimers of
D102 examined in this study are labeled as (4,0), (—1,1), (—2,2),
(0,2), (2,2), and (4,2); for D149 only the (0,2), (2,2), and (4,2) con-
figurations are considered.

For each configuration, the geometries of the dyes adsorbed
on the TiO, surface have been optimized by the Car—Parrinello
(CP) method?? using the PBE exchange-correlation functional,®*
a plane-wave basis set and ultrasoft pseudopotentials.3*3> Addi-
tional geometry optimizations on the D102 and D149 isolated
molecules were performed at the same level of theory employed
for the dimers.

To evaluate the relative stability of the various optimized
configurations, we carried out single point MP2 as well as DFT

www.acsnano.org

evidence of a drastically different behavior of the
two dyes against aggregation on the semiconduc-
tor surface. Briefly, we found different aggregation
motifs for the two dyes, showing that in the most
stable D102 dimeric arrangement, the dyes mol-
ecules lie aligned with the 7 system perfectly
stacked, whereas the preferred configuration for
the sterically hindered D149 has the two molecules
separated by one Ti atom, thus leading to a reduced
m—r stacking interaction. Excited state calculations
on the selected dimers almost quantitatively repro-
duced the measured red-shifts, predicting values of
0.15 and 0.08 eV for D102 and D149, respectively, to
be compared with the experimental values of 0.23
and 0.07 eV, confirming the overall picture extracted
from the adsorption studies.

The present results represent a first successful at-
tempt of providing a theoretical model for the com-
plex aggregation phenomena of organic dyes on
TiO; electrode surfaces. The possibility of discrimi-
nating among the various aggregation patterns and
predicting the corresponding optical response pave
the way to an effective molecular engineering of fur-
ther enhanced sensitizers for solar cell applications.

calculations on the deprotonated dimers in solution taking the
optimized geometries of the dyes adsorbed onto TiO,. We ex-
pect MP2 to provide a reliable description of the energetic un-
derlying the weak (mainly m—r stacking and van der Waals) in-
teractions responsible for dye aggregation.®® The absorption
spectrum of the D102 and D149 monomers and of each dimeric
arrangement was computed by TDDFT with the hybrid B3LYP
exchange-correlation functional.?” Both MP2 and TDDFT calcula-
tions were carried out with the 6-31G* basis set, taking into ac-
count solvation effects by means of the conductor-like polariz-
able continuum model (C-PCM)*%33° as implemented in the
Gaussian 03 package.*® We also checked the consistency of
MP2 data on the deprotonated dyes, by performing benchmark
calculations in vacuo on the protonated species.
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tures of the considered D102 and D149 dimers adsorbed on the
(TiO,)g, cluster. This material is available free of charge via the In-
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