JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Combined Experimental and DFT-TDDFT Computational
Study of Photoelectrochemical Cell Ruthenium Sensitizers

Mohammad K. Nazeeruddin, Filippo De Angelis, Simona Fantacci, Annabella
Selloni, Guido Viscardi, Paul Liska, Seigo Ito, Bessho Takeru, and Michael Grtzel

J. Am. Chem. Soc., 2005, 127 (48), 16835-16847+ DOI: 10.1021/ja052467I  Publication Date (Web): 12 November 2005
Downloaded from http://pubs.acs.org on March 25, 2009

Intensity (arb. units)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 102 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja052467l

A\C\S

ARTICLES

Published on Web 11/12/2005

Combined Experimental and DFT-TDDFT Computational Study
of Photoelectrochemical Cell Ruthenium Sensitizers

Mohammad K. Nazeeruddin,* Filippo De Angelis,*T Simona Fantacci,
Annabella Selloni,* Guido Viscardi,® Paul Liska, Seigo Ito, Bessho Takeru, and
Michael Gratzel
Contribution from the Laboratory for Photonics and Interfaces, Institute of Chemical Sciences
and Engineering, School of basic Sciences, Swiss Federal Institute of Technology, CH - 1015

Lausanne, Switzerland, and Istituto CNR di Scienze e Tecnologie Molecolari (ISTM-CNR), c/o
Dipartimento di Chimica, Uniersitadi Perugia,via Elce di Sotto 8, 1-06123, Perugia, Italy

Received April 15, 2005; E-mail: mdkhaja.nazeeruddin@epfl.ch; filippo@thch.unipg.it

Abstract: We report a combined experimental and computational study of several ruthenium(ll) sensitizers
originated from the [Ru(dcbpyH,)2(NCS);], N3, and [Ru(dcbpyH,)(tdbpy)(NCS),], N621, (dcbpyH, = 4,4'-
dicarboxy-2,2'-bipyridine, tdbpy = 4,4'-tridecyl-2,2'-bipyridine) complexes. A purification procedure was
developed to obtain pure N-bonded isomers of both types of sensitizers. The photovoltaic data of the purified
N3 and N621 sensitizers adsorbed on TiO; films in their monoprotonated and diprotonated state, exhibited
remarkable power conversion efficiency at 1 sun, 11.18 and 9.57%, respectively. An extensive Density
Functional Theory (DFT)—Time Dependent DFT study of these sensitizers in solution was performed,
investigating the effect of protonation of the terminal carboxylic groups and of the counterions on the
electronic structure and optical properties of the dyes. The calculated absorption spectra are in good
agreement with the experiment, thus allowing a detailed assignment of the UV—vis spectral features of the
two types of dyes. The computed alignments of the molecular orbitals of the different complexes with the
band edges of a model TiO, nanoparticle provide additional insights into the electronic factors governing

the efficiency of dye-sensitized solar cell devices.

1. Introduction

Dye sensitized solar cells are currently attracting widespread
academic and commercial interest for the conversion of sunlight
into electricity because of their low cost and high efficiefc3?.
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In these cells, undoubtedly, the dyes and the mesoporous TiO
films represent the key components for high power conversion
efficiencies. It was the extraordinary performance of tie
dithiocyanato bis(2,2bipyridine-4,4-dicarboxylate)ruthenium-
(I) sensitizer (N3) attached to nanocrystalline Fi®ms that
brought a significant advance in dye sensitized solar cell
technology?

The sensitizer, adsorbed on the T&Dirface, absorbs a photon
to produce an excited state, which transfers efficiently one
electron onto the Ti@conduction band. The oxidized dye is
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° N719 (¢) N621

Figure 1. Optimized molecular structures of the N7E0- isomers), N621 and of the fully protonated and fully deprotonated N3 complexes. For the N621
complex, the 4,4tridecyl groups have been replaced by'4ykthyl groups. For all the dyes, the labels-A’ denote the pyridines substituted in para
position by protonated carboxylic groups, the labelsB3 denote the pyridines substituted in para position by deprotonated carboxylic groups and, for the
N621-derived dyes, the labels-C ‘denote the pyridines substituted in para position by alkyl groups. Light$léu; yellow = S; purple= Na; red=

O; blue= N; green= C; white = H atoms.

subsequently reduced by electron donation from an electrolyte broad range of visible light absorption, its relatively long-lived
containing the iodide/triiodide redox system. The injected excited states with energies almost matching those of, TiO
electron flows through the semiconductor network to arrive at conduction band and its high thermal stabifiiyMoreover, the

the back contact and then through the external load to the presence of terminal acidic carboxylic groups allows stable
counter electrode (platinum sputtered conducting glass). At the anchoring of the sensitizer to the semiconductor surface, so as
counter electrode, reduction of triiodide in turn regenerates to ensure a high electronic coupling between the dye and the
iodide, which completes the circuit. To achieve high quantum semiconductor which is required for efficient charge injection.
yields of the excited state electron transfer process the dyelt is therefore important to analyze in detail the electronic
ideally needs to be in intimate contact with the semiconductor structure of the sensitizer, to investigate the energy and
surface. The charge separation has become controlled bycomposition of its excited states and their localization at the
irreversible chemical charge transfer kinetics, and the injected dye-semiconductor interface.

electrons from the sensitizer can, even in absence of a major 1nq gverall conversion efficiency;) of the dye sensitized

electrical field, be efficiently collected and may diffuse toward g a; cell is determined by the photocurrent densigy),(the
the front contact of a solar cell.

The h_lgh performance achieved by N3-sensitized,E@lar (25) Amirnasr, M.; Nazeeruddin, M. K.; Gzel, M. Thermochim. Act200Q
cell devices can be related to several factors, such as the dye = 348 105-114.
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open circuit potential\{(oc), the fill factor (ff) of the cell, and

the intensity of the incident lightld), namely* T

120 H
nglobalz iph Voc ff/ls 100 -
In the case of a sensitizer that contains protonated carboxylics 8o
groups, upon adsorption the anchoring groups transfer most of*
their protons to the Ti@surface charging it positively, and
thereby the Fermi level moves down (positivel§)2® The 40
electric field associated with the surface dipole generated in this 50 ﬂ ﬂ M
way enhances the adsorption of the ruthenium complex and
assists electron injection from the excited state of the sensitizer o | | | | | |
into the TiG, conduction band, favoring higher photocurrents. 10.0 9.5 9.0 8.5 8.0 7.5 7.0
However, the positive shift of the Fermi level decreases the PPM

Figure 2. Part of 600 MHz proton NMR spectrum of the N719 complex
in CD3OD. For clarity the peaks in the aliphatic region are not included.

60

gap between the redox couple iodide/triiodide and the Fermi
level, resulting in a lower open-circuit potenttdlOn the other

hand, adsorption of a sensitizer that contains no protons movesyegmetry, electronic structure and optical absorption spectra of
the Fermi level negatively, leading to a higher value for the j geries of 13 and 7 sensitizers derived from the N3 and N621
_open-cigcult potential while the value of the sho_rt circuit current dyes, respectively, and compared the theoretical results to those
is low.™ Therefore, there should be an optimal degree of ut giectrochemical and spectroscopic studies obtained within
p_roto_nat|on of the sensitizer, fF’r V‘_’h'Ch th? p_rodyct of short ¢ present investigation. In particular, we have extensively
circuit photocurrent and open circuit potential is high, 0 as 10 iy estigated the effect of protonation of the terminal carboxylic
maximize the power conversion efficiency of the cell. Varying groups and of the presence of counterions on the electronic
the degree of protonation of the sensitizer, however, intmducesstructure and optical properties of the two types of dyes. We
chqnges_also in its electronic structure, so _t_hat itis imporFant finally analyzed the lineup of the molecular energy levels for
to investigate how the energy and composition of the excited ¢ \arigus dyes investigated in this study with the semiconduc-
states change as a function of the protonation of the terminal tor band edges of a model TiGanoparticle. From this joint
carboxylic groups. . theoretical and experimental approach, significant insights into

In this paper, we report a combined theoretical and experi- yq natyre of the excited states involved in the electron injection
mental effort aimed at providing a better understanding of the process and the role of dye protonation on the solar cell device
role of the sensitizer, particularly of its electronic structure and performance are obtained.

excited-state properties, in the efficiency of dye-sensitized solar
cell devices. In particular, we investigate several ruthenium(ll) 2. Experimental Section
sensitizers originated from the prototype [Ru(dcbpygNCS)],

o ) 2.1. Spectroscopic and Electrochemical Studie§.hiocyanate is
N3, dye and from the amphiphilic heteroleptic [Ru(dcbp)H

an ambidentate ligand that can coordinate to the ruthenium center

(tdbpy)(NCS)], N621, dye (dcbpyk = 4,4-dicarboxy-2,2-
bipyridine, tdbpy= 4,4 -tridecyl-2,2-bipyridine), in which one
of the dcbpyH ligands is substituted by a tdbpy ligaf,

through the—N or —S end, and produces a mixture of isomers. The
proton NMR spectra of the crude complex show peaks at lower field,
which are due to S-bonded linkage isomer. Synthetic efforts on

bearing aliphatic substituents in the bipyridine para positions, sensitizers focus on elimination of the S-bonded isomer by repeated
see Figure 1. Amphiphilic heteroleptic sensitizers are attracting Purification on a Sephadex LH-20 column (see the Supporting
considerable interest owing to their improved stability toward Information for details on the experimental setup). Figure 2 shows the
water-induced desorption from Ti® IH NMR spectra of the N719 complex measured in;OD after three

On the experimental side, we consider the N621 dye and thetlmes purification.

. . It is striking to note the absence of linkage isomers in the N719
N3-derived (BuN)z[Ru(dcbpyH)(NCS)], N719, dye. A puri- complex because of repeated purification and isolation at pH 4.3. The

fication procedure was developed to obtain pure N-bonded ,resence of six peaks in the aromatic region corresponding to two

isomers of both types of sensitizers. The photovoltaic properties giferent pyridyl rings in which two pyridine rings are trans to the NCS
of the purified N719 and N621 sensitizers have been investigatedligands and the remaining two are trans to each other clearly show

as a function of the degree of protonation of the anchoring that the complex is pure N-bonded isomer. Tf@ NMR and ATR-

carboxylic groups, considering both diprotonated and mono- FTIR data are consistent with the presence of only N-bonded isomer.

protonated dyes. The resonance peaks in the aliphatic region for N719 complex (not
We have carried out Density Functional Theory (DFT) and shown in Figure 2) are due to tetrabutylammonium cations. The

Time Dependent DFT (TDDFT) calculations in solution of the integrated ratio of the aliphatic to aromatic protons shows the presence
of two tetrabutylammonium cations.

(26) Nozik, A. J.Annu. Re. Phys. Chem1978 29, 189-222. TheH NMR spectra of the N621 complex show the presence of 12
88 éan, E GHEIUPIP, Jh_'ﬂ- Zh%/:ig%ge:ﬂl%%% 3{108367—6870- peaks in the aromatic region corresponding to four different pyridyl
erisner, ectrochim. AC 3 .

(29) Nazeeruddin, M. K.; Pe'chy, P.: Renouard, T.; Zakeeruddin, S. M.; 'Ngs in which all pyridine ring protons are chemically in different
Humphry-Baker, R.; Comte, P.; Liska, P.; Le, C.; Costa, E.; Shklover, V.; environment. The absence of linkage isomers in purified N621 complex

Spiccia, L., Deacon, G. B.; Bignozzi, C. A.; Gzal, M. J. Am. Chem. is evident from the NMR spectra (not shown). A new development for

So0c.200], 123 1613-1624. . . .
(30) (a) Nazeeruddin Md. K, Zakeeruddin S. M., LagreflJ Barolo C., Viscardi dyes applied to solar cell comes from the molecular engineering of

G., Liska P., Comte P., Schenk K.; Gzal M. Coord. Chem. Re 2004

248 1317-1328. (b) Zakeeruddin, S. M.; Nazeeruddin, M. K.; Humphry-

Baker, R.; Pechy, P.; Quagliotto, P.; Barolo, C.; Viscardi, Git@alaM.
Langmuir2002 18, 952—954.

sensitizers that enhance the charge separation at the oxide solution
interface?®2°The amphiphilic heteroleptic sensitizer N621 has several
advantages compared to the N719 complex: (a) The decreased charge

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 16837
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Figure 3. Cyclic voltammogram of N621 complex measured in DMF solution containing 0.1 M TBg)\({@tng a gold electrode with scan speed of 500
mV/s.

on the sensitizer attenuates the electrostatic repulsion and thereby
increasing the dye loading. (b) The presence of hydrophobic moiety
on the ligand increases the stability of solar cells toward water induced go -
desorption. (c) The oxidation potential of these complexes is cathodi-
cally shifted compared to the N3 sensitizer, which increases the .
reversibility of ruthenium 111/l couple leading to enhanced stabiity. 60 <

Upon scanning to positive potentials a reversible couplg;at=
0.35 V vs Fc with a separation of 0.1 V between anodic to cathodic
peak was observed due to the"®Rucouple. The ruthenium oxidation
potential in the N621 complex is shifted cathodically by 0.15 V,
compared to the N719 oxidation potential, which is observes,at=
0.5 V vs Fc as an irreversible wave. The difference (0.15 V) in the
oxidation potential of N621 complex compared to that of N719 is due
to the donor influence of 4'4ridecyl-2,2-bipyridine to the ruthenium
center.

For the N621 complex, when scanning toward negative potentials 0 T T T f

IPCE (%)
IS

two reversible waves were observed at E —1.83 and—2.17 V vs 400 E,?,?,ve.e,,gt., [nm;soo 700 800
Fc, which are assigned to the reduction of 4j¢arboxylic acid-2,2 Figure 4. Photocurrent action spectra obtained with the N621 (dashed line)

bipyridine and 4,4tridecyl-2,2-bipyridine ligand, respectively (Figure  and N719 (solid line) sensitizers attached to nanocrystalline i@. The

3). The separation between the anodic and the cathodic peaks of coupledhcident photon to current conversion efficiency is plotted as a function of
is 0.1 V. The N719 complex shows reduction potentidtat= —1.79 the wavelength.

V vs Fc and is assigned to the reduction of 4ditarboxylic acid-2,2
bipyridine ligand. A detailed description of the electronic structure and
optical absorption spectra of the two complexes is reported in the
theoretical section, see below.

2.2. Photovoltaic Data.Figure 4 shows the photocurrent action
spectrum of N621 solar cells based on a swift self-assembled procedur
on double layers of 12 4 um thick nanocrystalline Ti@films. The
incident monochromatic photon-to-current conversion efficiency (IPCE)
plotted as a function of excitation wavelength reaches a value of 85%
in the plateau region. The important effect of them-thick 400-nm
particles layer is obvious in the red region. The incident monochromatic
photon-to-current conversion efficiency value at 700 nm is twice as
high for the TiQ film containing a scattering layer as compared to the
12 um thick TiO, film without scattering layer. From the overlap
integral of this curve, one measures a short circuit photocurrent density
of 16 mA/cn?. In agreement with this measurement under a standard
global AM 1.5 solar conditions the cell gave a photocurrent density of
16.8 mA/cni, 778 mV open circuit potential and 0.73 fill factor yielding
power conversion efficiencies of 9.57%.

The structural features of the dye should match the requirements
for current rectification: in analogy to the photofield effect in transistors,

the gate for unidirectional electron flow from the electrolyte through
the junction and into the oxide is opened by the photoexcitation of the
sensitizer. The reverse charge flow, i.e., recapture of the electron by
the oxidized redox couple in the electrolyte is impaired by judicious
design of the sensitizer having alkyl chains'4ritlecyl-2,2-bipyridine.
eThe latter should form a tightly packed insulating monolayer blocking
the dark current. As mentioned above, we have obtained 9.57% power
conversion efficiency with N621 dye using a swift deposition procedure.
Under similar conditions at 1 sun, the N719 sensitized cell gave a
photocurrent density of 17.6 mA/&800 mV open circuit potential
and 0.73 fill factor yielding power conversion efficiencies of 10.26%.
Table 1 illustrates the effect of dye deposition solvent and the dye
dipping time on the photovoltaic performance of the cell. The data in
the Table 1 show that the optimum dipping time for concentrated
solutions is 16-15 min. The longer and the shorter dipping times
resulted in lower efficiency compared to the-1T6 min. The influence
of dye deposition solvent on current and voltage was investigated in
N,N-dimethylformamide, and methoxypropionitrile solvents. The op-
timum performance of dye-sensitized solar cell was observed with
methoxypropionitrile solvent as dye deposition medium. The rapid
deposition method of concentrated solution is potentially useful for
(31) Wang, P.; Zakeeruddin, S. M.; Moser, J.; Nazeeruddin, M. K.; Sekiguchi, fabricating dye-sensitized solar cells online at room temperature by
T.; Grazel, M. Nat. Mater.2003 2, 402-407. screen-printing or inkjet printing.
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Table 1. Performance Characteristics of Photovoltaic Cells Based on Nanocrystalline TiO, Films Sensitized by N621 and N719 Dye in
N,N— Dimethylformamide (DMF) and Methoxypropionitrile (MPN)

dipping time concentration Isc Voc fill efficiency at
dye (min) (M) solvent (mA/cm?) (mV) factor 1 Sun (n %)
N719 5 2% 1072 MPN 16.55+ 0.1 791+ 5 0.71 9.5+ 0.2
N719 10 2x 1072 MPN 17.5+0.1 800+ 5 0.73 10.25+ 0.2
N719 15 2x 1072 MPN 17.6+ 0.1 799+ 5 0.73 10.29+ 0.2
N719 20 2x 1072 MPN 17.8+0.1 789+ 5 0.71 9.9+ 0.2
N719 30 2x 1072 MPN 17.89+ 0.1 789+ 5 0.69 9.74+ 0.2
N719 35 2x 1072 MPN 17.29+ 0.1 783+t5 0.72 9.83+ 0.2
N719 10 2x 1072 DMF 18.284+ 0.1 772+ 5 0.72 10.22£ 0.2
N719 1200 5x 1074 1:12 17.73+ 0.5 846+ 20 0.75 11.18
N621 1200 3x 1074 1:12 15.85+ 0.1 762+ 5 0.73 8.81
N621 10 18x 1073 MPN 16.81+ 0.1 7775 0.73 9.57
N621 10 18x 1073 DMF 15.94+ 0.1 789+ 5 0.73 9.16

2The dye solutions were prepared in 1:1 O+ tert-BuOH solution mixture and was added 1 equivalent of tetrabutylammonium chenodeoxycholic
acid salt to generate monoprotonated species. The data were collected using A6141 electrolyte.

20 . . . . - corresponding to 4, 2, 1, and 0 protons on the carboxylic groups,
considering both the anionic complexes and saturating the
negative charge by counterions; for the di- and monoprotonated
complexes we also considered the various (three and two,
respectively) possible isomers, resulting in a total of 13 N3-
derived dyes. For the N621-derived dyes the species with 2, 1,
L =17.73mAlcm ° and 0 protons have been investigated, including the counterions
V,, = 846 mV L effect and the possible isomers, for a total of 7 N621-derived
dyes. For computational convenience, we mimic the experi-
mental bulky tetrabutylammonium counterions byNens. We
generally refer to the N3-derived species as {NBfyNa)[*y—),
wherex is the number of protong; is the number of sodium
counterions, and the total charge of the moleculecisy(—4).
For the N621-derived dyes, the bulky tridecyl groups in para
0 : : : : to one of the bipyridine ligands have been modeled by smaller
0 200 400 600 800 methyl groups. We analogously refer to the various N621-
Potential [mV] derived dyes as [N622H—yNa)]**¥~2). Notice that within the
o oo s s oy i e o Model smplcations adopte i the caleuators, (B3¢
l(ilc;q.gl ser?sgthizer was passegthree times over a Sgphadex L?ﬂ-go cblungNa)](O) ar?d [N3QH—3Na)](°) correspond to the eXpenmenta”y_
for purification. The cell was equipped with an antireflecting coating. The Characterized diprotonated and monoprotonated N719 species,
conversion efficiency in full AM 1.5 sunlight illumination (100 mW ci#) while [N3(4H—0Na)|©@ corresponds exactly to the N3 sensitizer.
:_s rr]eflaortgd. The cell is nlllasked V]Yithlbla%k plastic to avoid the diffusive Similarly, [N621@H—0Na)]?, [N621AH—1Na)]?, [N621OH—
'ght leaving an active cell area of 0.158 &m 2Na)]@ represent the models of the experimentally characterized
The N621 and N719 dye solutions containing the monoprotonated diprotonated, monoprotonated, and nonprotonated N621 species.
species were also prepared in 1:14CN + tert-BuOH solution mixture Calculations have been performed using the B3LYP exchange-
by adding 1 equiv of tetrabutylammonium chenodeoxycholic acid salt correlations functionad? as implemented in the Gaussian03
to the dye solution. The concentration of the dye solution was typically program packag® Geometry optimizations were performed in
between 3 and 5 10™* M and the electrodes were dipped for120 water solution using a 3-21 g* basis ¥etithout any symmetry
h. Figure 5 shows the cu.rremoltage.charactensucs obtamgd W'th. @ constraints. Solvation effects were included by means of the
sandwich cell under illumination by simulated AM 1.5 solar light using conductor-like polarizable continuum model@CM)3 For

N719 dye. 0 . .
The photocurrent action spectra of the N719 sensitizer show broad [N3(2H—2Na)]?, corresponding to the diprotonated N719 dye,

features covering a large part of the visible spectrum, see Figure 4.@nd for the related anionic [N2(—O0Na)]>”) species, we
The incident monochromatic photon-to-current conversion efficiency Optimized the geometries of the three possible diprotonated
(IPCE) plotted as a function of excitation wavelength exhibits in the complexes (with the two protonated carboxylic groups trans
plateau region a value of 87%. At one sun the monoprotonated N719 trans, cis-cis and cis-trans to the NCS ligands) which we label
sensitized solar cell exhibited 17.#230.5 mA current, 846 mV potential as a, b, and c, see Figure 1. Also, for [NELH—BNa)](fJ),

an_d fill f_aptor O._75 yielding an oyerall conversion efficiency of 11.18%. corresponding to the monoprotonated N719 dye, and for the
This efficiency is a remarkable improvement compared to our previous analogous anionic [N3H—0Na)|®") species, as well as for

data using the N719 complex that contains two protons. The cell voltage [N621(1H—1Na)]@, corresponding to the monoprotonated N621
is mainly responsible for increased efficiency. Under similar conditions, '

the N621 sensitized solar cell showed slightly lower efficiency (35) gecke, A. D.J. Chem. Phys1993 98, 5648-5652.

-
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|
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|

FF =0.745

Current [mA/cm

Efficiency = 11.18

compared to the swift deposition procedure (see Table 1). (33) Frisch, M. J., et alGaussian 03revision B.05; Gaussian, Inc.: Pittsburgh,
PA, 2003 (Supporting Information Available for complete ref 33).

3. Theoretical Section (34) Binkley, J. S.; Pople, J. A.; Hehre, W.Jl.Am. Chem. S0d.98Q 102 2,
939-947.

; ; ; i (35) (a) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995-2001. (b)
3.1. Models and Computational DetailsWe have investi Cossi M. Rega, N.- Scalmani, G.. Barone, X Comput. Chem2003

gated all of the possible complexes derived from the N3 dye 24, 669-681.
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Table 2. Main Optimized Geometrical Parameters (A, deg) for the [N3(4H—0Na)]©, I, a—c Isomers of [N3(2H—2Na)]@, II-1V,
[N621(2H—0Na)]©, V, and [N621(0H—2Na)]©, VI, Compared to Available X-ray Data for the N3 Complex,*3 Corresponding to
[N3(4H—0Na)]@a

parameter exp. (N3) | Il 1l \% Vv Vi
Ru—NCS 2.048(12)2.046(16) 2.0722.072 2.079-2.079 2.08+2.082 2.082-2.081 2.082-2.083 2.083-2.083
Ru—bpyeis 2.036(15)-2.058(12) 2.0782.078 2.092-2.092 2.086-2.085 2.093-2.084 2.083-2.097 2.088-2.096
Ru—bpyuans 2.030(13)-2.013(14) 2.0682.069 2.073-2.073 2.086-2.080 2.08+2.070 2.068-2.085 2.076-2.082
N—C(NCS) 1.162(21y1.103(27) 1.1841.184 1.18%+1.181 1.18+1.181 1.18%+1.181 1.18%+1.181 1.18%+1.181
C—S(NCS) 1.615(18y1.685(22) 1.6381.638 1.6471.647 1.6481.648 1.6471.648 1.6481.648 1.656-1.650
<N(NCS)-Ru—N(NCS) 88.7(5) 90.7 89.3 90.4 90.5 91.0 91.2
<N(bpYrang—RUu—N(bpyss)  79.5(5) 78.9-78.9 78.9-78.9 78.9-78.9 78.9-79.0 79.0-78.5 78.9-78.5
<N(bpYrang—Ru N(bpyand  90.6(5) 92.2 92.3 91.6 91.7 91.7 91.5
<N(bpycis) —Ru—N(bpycis) 174.5(6) 175.3 175.4 175.6 175.2 175.2 174.9

aThe subscripts cis and trans refer to the SCN ligands. For the asymmetric ¢ [N3(J[© isomer (IV) the first entries correspond to parameters
referring to atoms which belong to groups trans to, or belonging to the bipyridine bearing theNa®@roups. For [N621(2H0Na)[?, V, and [N621(0H-
2Na)9, VI, the first and second entry correspond to parameters referring to atoms which belong to groups trans to, or belonging to the bipyridine bearing
the COOH or COONa* groups.

dye, and for the related [N62I—ONa)]*~) charged species, plexes; relevant differences are found in the electronic structure
we optimized the geometries of the two possible monoproto- and spectra of the tetradeprotonated N3 dye (IN3{ONa)]“-)
nated complexes (with the protonated carboxylic group cis and in vacud®and in solutiorf%¢ Solvation effects have been found
trans to the NCS ligands); these are denoted’aand b, to be important for a correct description of dye-sensitized,TiO
respectively. TD-DFT excited states calculations of the lowest nanoparticles as wetf Moreover, even though a polarizable
singlet-singlet and singlettriplet excitations were performed  continuum model usually properly accounts for solvation effects
in water solution using the same 3-21 g* basis set used for in dye sensitizers including subtle effects such as solvato-
geometry optimizations, by means of the nonequilibrium version chromism?®in the present case we checked the effect of explicit
of the C-PCM algorithm3® We note that in the present GO3 solvation in conjunction to €PCM, including two water
implementation dispersion-repulsion contributions to solvent molecules solvating each carboxylate group of the anionic [N3-
shifts are not included since they are identical for different (OH—ONa)]“~) species. Notice that results reported here for the
electronic states. For the simulation of the absorption spectra[N3(4H—0Na)|@ species optimized in water solution are slightly
of the [N3@H—2Na)]©® and [N6210H—2Na)]© species, cor-  different from those of ref 40e, in which the geometry was
responding to the experimentally characterized diprotonated optimized in vacuo.
N719 and nonprotonated N621 dyes, respectively, we performed 3 2 Geometries.In Table 2, main optimized geometrical
TDDFT calculations using the larger DGDZVP basis’5ét parameters for a few species, namely [N3tNa)], thea—c
ethanol solution. In this case, the 50 (3) lowest sing&nglet isomers of [N3(2H-2Na)[?, [N621(2H-0Na)[?, and [N621-
(singlet-triplet) excitation energies were computed. The simula- (oH—2Na)]9), are compared to available X-ray data for the N3
tion of the absorption spectra was performed by a convolution compled3 (we remind that the latter corresponds to the
of Gaussian functions centered at the calculated excitation compuytationally investigated [N3(4-HDNa)[© species).
energies, with a constant = 0.20 eV for all the transitions.
For [N6210H—2Na)]©@ we also simulated the spectrum by a
variableo, usingo = 0.20 and 0.12 eV for the transitions below
and above 4.0 eV, respectively, see Supporting Information.
Previous theoretical investigations on dye sensitizers were
mainly performed by means of semiempirilnd DFT
calculations®® and only recently TDDFT investigations on Ru-
(1) sensitizers have appeared in the literattfrén particular,
we 40d-e41and Guillemoles, et #° have shown that inclusion
of solvation effects is crucial when describing the electronic
structure and absorption spectra of Ru(ll)-polypyridyl com-

The agreement between crystal structure parameters and main
calculated data in solution is quite good, suggesting that the
geometry is only partially affected by solvation, since the general
slight overestimate of the calculated bond lengths with respect
to the experimental data is present also in gas-phase calcula-
tions#ot4la On the other hand, bond angles are accurately
reproduced by our calculations. From Table 2, it appears that
the geometry of the two NCS groups is only marginally affected
by the different bipyridine substituents and only the symmetric
[N3(4H—0Na)[® complex and the [N3(2H—2Na)[? isomer,
which have protonated carboxylic groups trans to the NCS

(36) Cossi, M.; Barone, VJ. Chem. Phys2001, 115, 470&4717. |igandS, show Sllght'y shorter RLN(NCS) bonds Compared to
(37) 1Gg%dzb%t'5§b; Salahub, D. R.; Andezelm, J.; WimmerC&n. J. Chem. the other structures (2.072 and 2.079 vs 2:08283 A). The

(38) (a) Rensmo, H.: Stergren, S.: Patthey, L.; Westmark, K.; Vayssieres, L.; most significant differences in geometry are found for the-Ru

Khole, O.; Brihwiler, P. A.; Hagfeldt, A.; Siegbahn, KLhem. Phys. Lett. i i idi
1997 274, 51-57. (b) Nazeeruddin, Md. K.; Zakeeruddin, S. M.; Humphry- Nbpy bond Ie_ngths, Wl.th th.e R-UNb’?y bond.s of the blpyrldl(;‘)le
Baker, R.; Goreslky, S. I.; Lever, A. B. P.; Gzal, M. Coord. Chem. Re ||gand5 bearlng the a'lphath substituents in [N621{‘Z}Na)}
200Q 208 213-226. (c) Renouard, T.; Fallahpuor, R.-A., Nazeeruddin, 0) H i i

Md. K.; Humphry-Baker, R.; Goreslky, S. I.; Lever, A. B. P.; &el, M. and [[\l62_1(0|+2Na)]( be_mg Ionger both in cis and trans
Inorg. Chem.2002 41, 367—378. (d) Cecchet, F.; Gioacchini, A. M.;  coordination to the NCS ligands.

Marcaccio, M.; Paolucci, F.; Roffia, S.; Alebbi, M.; Bignozzi, C. A.
Phys. Chem. 2002 106, 3926-3932.

(39) Daul, C.; Baerends, E. J.; Vernooijs, IRorg. Chem.1994 33, 3538— (41) (a) Fantacci, S.; De Angelis, F.; Sgamellotti, A.; ReQem. Phys. Lett.
3543. 2004 396, 43—48. (b) Fantacci, S.; De Angelis, F.; Wang, J.; Bernhard,
(40) (a) Monat, J. E.; Rodriguez, J. H.; McCusker, JJKPhys. Chem. 2002 S.; Selloni, A.J. Am. Chem. So004 126, 9715-9723. (c) Fantacci, S.;
106, 7399-7406. (b) Guillemoles, J.-F.; Barone, V.; Joubert, L.; Adamo, De Angelis, F.; Sgamellotti, A.; Marrone, A.; Re, N. Am. Chem. Soc.
C. J. Phys. Chem. R002 106, 11354-11360. (c) Zabri, H.; Gillaizeau, 2005 127, 14144-14145.
I.; Bignozzi, C. A.; Caramori, S.; Charlot, M.-F.; Cano-Boquera, J.; Odobel, (42) De Angelis., F.; Tilocca., A.; Selloni, Al. Am. Chem. SoQ004 126,
F. Inorg. Chem.2003 42, 6655-6666. (d) Fantacci, S.; De Angelis, F.; 15024-15025.
Selloni, A.J. Am. Chem. So2003 125, 4381-4387. (e) De Angelis, F.; (43) Shklover, V.; Ovchinnikov, Yu. E.; Graginsky, L. S.; Zakeeruddin, S. M.;
Fantacci, S.; Selloni, AChem. Phys. Let2004 389, 204—208. Grézel, M. Chem. Mater1998 10, 2533-2541.
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Figure 6. Comparison between the frontier orbitals of the [N3(Z2Na)[? a—

[N3(2H-2Na)|© (c) [N621(0H-2Na)]©@
c isomers and of [N621(0H2Na)[® models of the diprotonated N719 and

nonprotonated N621 complexes, respectively. Results obtained with the DGDZVP basis set in ethanol solution are reported. Energy scale in eV.

3.3. Electronic Structure. A schematic representation of the
energy levels for [N621(0H2Na)[® and for thea—c [N3(2H—
2Na)[? isomers calculated with the DGDZVP basis set in
ethanol solution is reported in Figure 6.

For all of the considered complexes, the pattern of the
occupied orbitals is qualitatively similar. The seven highest
occupied molecular orbitals (HOMOSs) can be divided into three
subgroups. The almost degenerate HOM@DMO-2, lying
within ca. 0.3 eV, have essentially rutheniumy tharacter
(47%—53%) with sizable contribution coming from the NCS
ligand orbitals, mixed in an antibonding fashion with metal
states, see Figure 7. The HOMO-3, lying ca. 0.3 eV below the
HOMO-2, is an isolated orbital made of a nonbonding combina-
tion of the sulfur lone pairs and the nitrogen p orbitals localized
on both NCS ligands. At lower energy, ca. 0.5 eV below the
HOMO-3, the HOMO-4/HOMO-6 set represents the bonding
counterpart of the HOMOGHOMO-2, corresponding to the
combination between the Rut,q and the NCSt orbitals. This

orbitals of [N3(2H-2Na)[? (aisomer) and [N621(0H2Na)[©)

are reported in Figure 7. For [N3(2+2Na)[® the LUMOs
appear as three couples of almost degenerate orbitals: the
LUMO/LUMO +1, LUMO+2/LUMO++3, and LUMOt4/LU-
MO-+5 couples are essentially localized over the pyridines
bearing the protonated carboxylic groupsHA'), delocalized

all over the two bipyridines (AB—A'—B'), and localized over
the pyridine ligands bearing the deprotonated carboxylic groups
(B—B'), respectively, see Figure 7. The stabilization of #tfe
orbitals localized on the pyridine ligands bearing the protonated
carboxylic groups is a common feature of all the investigated
N3-derived dyes. For the [N621(G+2Na)]© species the LUMO

is mainly localized on the bipyridine bearing the carboxylates
(B—B’"), while the LUMO+1 is localized on the bipyridine
bearing the alkyl substituents ('). For both type of
complexes, the AA' and B-B' 7* orbitals show sizable
contributions from the carboxylic groups; this should favor the
electron injection from the dye excited states to the semiconduc-

relevant thiocyanate character in the HOMOs was already foundtor surface. We also notice, that while taeandb isomers of

in the N3 dye?8a40ef and seems to play an important role in
the regeneration of dye sensitized solar c&fi&elow the seven
HOMOs, a set of four orbitals is found, corresponding to two
bipyridinesr bonding orbitals and two carboxylate oxygen lone
pairs. As it can be noticed from Figure 6, changing the relative

[N3(2H—2Na)]? show essentially the same electronic structure,
the c isomer shows relevant differences in the pattern of the
unoccupied orbitals, which results in a reduction of the HOMO
LUMO gap. This is due to the fact that the two bipyridine
ligands in thec isomer are no longer equivalent.

arrangement of the protonated/deprotonated carboxylic groups The calculated electronic structures for the [N3(22Na)[®

in the a—c [N3(2H—2Na)]® isomers does not lead to sizable
changes in the energy and character of the occupied levels.
The lowest unoccupied molecular orbitals (LUMOS) of the
investigated complexes are a set of bipyridirteorbitals, with
different localization depending on the protonation of the

a—c and [N621(0H-2Na)[? models are consistent with the
experimental cyclic voltammograms of the N719 and N621
dyes, showing an increase of the oxidation potential of 0.15 V
and a slight decrease of the reduction potential of 0.04 V going
from N621 to N719. For [N621(0H-2Nay] we calculate the

terminal carboxylic groups as well as on the substituents in the HOMO at—5.37 eV while for the [N3(2H-2Naf) the HOMO

bipyridine ligands. The LUMOs in Figure 6 are classified on
the basis of their localization on the single pyridines, according
to the labels of Figure 1. Isodensity plots of selected molecular

is at —5.59 eV. The HOMO energy difference in the two
complexes, 0.22 eV, nicely correlates with the experimental
trend of oxidation potentials. Moreover, for [N621(62Na)[?,
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Figure 8. Comparison between calculated (blue line) and experimental
(red line) spectra of the [N621(CH2Na)® model and of the nonprotonated
N621 complex. Blue vertical lines correspond to calculated excitation
energies and oscillator strengths. Energy in eV. The experimental (calcu-
lated) absorption maxima of bandslll are at the following: 2.41 (2.49),
3.32 (3.46) and 4.064.19 (4.29) eV.

improved overall spectral shape, showing the band Il substruc-
ture (Supporting Information).

We discuss here only the most relevant transitions constituting
each band, while a detailed list of excitation energies with the
relative oscillator strengths (f) is reported as Supporting
Information. We compute two transitions of significant intensity
below 2.7 eV, which give rise to band I. The final states of
these transitions are the LUMO and LUMQ, and the initial
states are in the first set of RISCN b-7* orbitals (HOMO—
HOMO-2). Therefore we assign band | as a mixed metal-NCS
to bipyridine charge transfer band. The dominating transition
composing this band, at about 2.46 elV=f 0.097), has as
arriving state the LUMO, localized essentially on the bipyridine
the computed LUMO and LUM®1 energies are-2.56 eV bearing the carboxylate groups-{B'), while for the next most
and —2.32 eV, respectively, which is consistent with the intense transition, at about 2.65 elv= 0.047), the final state
presence of two reduction potentials separated by 0.34 V in theis the LUMO+1, which is mainly localized on the bipyridine
cyclic voltammogram of N621. Thus, from the character of the bearing the alkyl groups (€C'). At lower energies, two weaker

N621-LUMO (B-B™)

N621-LUMOA+1 (C-C7)

Figure 7. lsodensity plot (isodensity value 0.035) of HOMO, LUMO,
LUMO+2 and LUMO*+4 of the [N3(2H-2Na)[® model @ isomer) of the
N719 complex and of the LUMO and LUM®L of the [N621(G-2Na)[©
model of the N621 complex. The LUMOs are classified on the basis of
their localization, as defined in Figure 1. Additional orbital plots are available
as Supporting Information.

LUMO and LUMO+1 in the [N621(0H-2Na)[? model, the
two reduction potentials are assigned to the twfoorbitals

transitions give rise to the band tail. At higher energies, band
Il appears to be composed by a series of low-intensity transitions

localized over the bipyridine ligands bearing the deprotonated spanning the range 3-(8.9 eV. For most of these transitions,

carboxylic (B-B') and aliphatic groups (€C'), respectively.
3.4. Absorption Spectra.A comparison between the experi-

the starting orbitals are both RINCS sets of HOMOs and the
final states involve the entire set of the first six LUMOs. Band

mental and theoretical absorption spectra of the nonprotonatedll appears at higher energy because of the involvement of the
N621 complex in ethanol solution is reported in Figure 8. The lower set of HOMOs and higher set of LUMOs in the starting
experimental spectrum shows three main features, labeled as land arriving states, respectively. Interestingly, one of the
I, and Ill, in order of increasing energy. The two almost equally transitions composing band I, namely the transition at 3.13 eV
intense bands | and Il, at 2.41 and 3.32 eV, are followed at (f =0.012), originates from the HOMO-3, localized on the NCS
higher energy by two close and intense peaks at 4.00 and 4.19igands, to the LUMO, and therefore constitutes a ligand (NCS)
eV, forming the Il feature. By comparing this experimental to ligand (bipyridine) charge transfer (LCT) transition. We
spectrum with the absorption spectrum of the [N621{OH also notice that a few weak-a transitions contribute to band
2Na)[® model calculated in ethanol solution, we notice that Il. The most intense transitions composing band Il are found
the agreement between theory and experiment is good both inat 4.07 { = 0.276), 4.37 (= 0.145), and 4.42f(= 0.221) eV
terms of band positions and relative intensity. In particular, the and give rise to the experimentally characterized sub-structure
computed | and Il bands are at 2.49 and 3.46 eV, respectively, of this feature. The transition at 4.07 eV is an intraliganer*

with band | slightly less intense than band II. The theoretical transition having the LUMO as arriving state, and generates
band Il gives rise to a more intense feature at 4.29 eV, and therefore an excited-state localized within the bipyridine ligand
appears to be composed by two groups of transitions, at ca. 4.1which carries the deprotonated carboxylic groups-B8); the

and 4.4 eV. We notice that reducing the Gaussian width usedtwo transitions at 4.37 and 4.42 eV have, on the other hand,
for the simulation of the transitions above 4.0 eV leads to an the LUMO+1 and LUMO+5 as arriving states, and generate
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Figure 9. a—c. Comparison between the calculated (blue line) spectra of the [N3(OH®2Nadels &—c isomers) and of the experimental N719 spectrum
(red line) in ethanol solution. Blue vertical lines correspond to calculated excitation energies and oscillator stle@yihgarison between the average
calculated spectrum (blue line) for the thr@ec isomers and the experimental spectrum (red line). Energy in eV. Calculated absorption maxima of bands
I=1ll: (a) 2.24, 2.96-3.37, 3.92 eV; If) 2.31, 3.27, 3.98 eVd) 2.62, 3.26, 4.01 eV;d) 2.30, 3.29, 3.97 eV. The experimental absorption maxima of bands
I—Ill are at 2.35, 3.22, and 3.97 eV.

therefore excited states mainly localized within the bipyridine is a considerable blue-shift of the absorption maximum of band
ligand bearing the aliphatic substituents{C). Interestingly, | with respect to both the andb isomers and the experimental
while the transition at 4.07 eV is of pure—z* character, the spectrum.
two transitions at 4.37 and 4.42 eV have also a considerable Qverall, the calculated spectrum of thésomer is the one
percentage of RUNCS orbitals in the starting states. For the which seems to better fit the experimental N719 spectrum.
[N621(0H-2Na)I? model, the lowest singletriplet transition However, on the basis of the absorption spectra, it is difficult
is computed at 1.90 eV and corresponds essentially to ato make any definitive conclusion about the species effectively
HOMO-LUMO excitation, giving therefore rise to a RINCS present in solution, also considering that all the three isomers
— dcbpy excited-state localized on the bipyridine bearing the have comparable solution free energies (within 0.3 kcal fol
carboxylates (B-B').The lowest triplet excited-state localized |f we admit that all the three—c isomers are present at the
on the bipyridine bearing the alkyl substituentsHC) is same time in solution, then the resulting spectrum should be a
computed as the third triplet excited state at 2.17 eV. superposition of the spectra computed for the three isomers.
In Figure 9a-c, we compare the experimental spectrum of By averaging the spectra of the thrae-c [N3(2H—2Na)?
the N719 dye in ethanol solution with the calculated spectra isomers (with the assumption that they have all the same
for thea—c [N3(2H-2Na)[9 isomers. The experimental absorp- concentration in solution), the spectrum in Figure 9d is obtained,
tion spectrum of the N719 complex is qualitatively similar to which shows an improved agreement with the experiment than
that discussed above for N621. The main difference betweenthe calculated spectra for the single isomers. We notice,
the spectra of the two complexes is a general red-shift of all however, that théH NMR spectra of the N719 complex is not
the main spectral features of the N719 with respect to those of compatible with the presence of thesomer in CROD solution.
the N621 dye. Indeed, the almost equally intense bands | and A detailed assignment of the transitions composing the
Il are found at 2.35 and 3.22 eV, vs 2.41 and 3.32 eV for N621. spectrum of thea—c [N3(2H—2Na)[? isomers is reported as
Moreover, in the N719 spectrum the intense band Ill, at 3.97 Supporting Information. The transitions composing band | arise
eV, appears as a single feature, as opposed to the N621 casdrom the first three HOMOSs to the pair of LUMO/LUM®L
As it can be noticed from Figure 9& the calculated spectra  states. Therefore, band | is assigned to have a mixed metal-
for the a—c [N3(2H—2Na)[© isomers qualitatively agree with  NCS to ligand charge transfer character as in N621, but the
the experimental spectrum, even though for ¢thsomer there excited states are in this case mainly localized on the pyridines

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 16843



ARTICLES Nazeeruddin et al.

bearing the protonated carboxylic groups. As in the N621 case, than typical band gaps of Tihanoparticles of a few nm siZé.
for the a—c [N3(2H—2Na)[® isomers band Il is composed by  As it can be noticed from Figure 10a,b for all the investigated
a series of transitions spanning the range-3.7 eV. For all dyes, the orbital set formed by the seven dye HOMOs fall within
of these transitions, the starting orbitals are the seven HOMOsthe TiG, gap.
and the final states involve the entire set of the first six LUMOs.  The [N3(4H-0Na)[9complex, which corresponds to the N3
Band Il shows also a LICT component shifted at lower energy  gye with four protonated carboxylic groups, is the species which
cpmpa_red to the N621 case. Band Ill is assigned to have aghows the smallest HOMELUMO gap and the lowest first
bipyridines — z* character. A summary of the calculated and - singlet-singlet and singlettriplet excitation energies among
experimental spectral data in terms of band positions and relativeine considered dyes, 2.58, 1.88, and 1.69 eV, respectively.
intensitigs for the N621 and N719 complexes is reported as \jgreover, the LUMO of this species is found to lie slightly
Supporting Information. For the [N3(2H2Na)I? model, the pelow (0.03 eV) the energy of the TiQtonduction band.
two lowest singlet triplet transitions are calculated at 1.77 and  \joving to the [N3(2H-2Na)]® model of the N719 dye, the
1.82 eV, corresponding essentially to HOMO-1/HOM® | yMO energy raises by only 0.17 eV, so that it lies slightly
LUMO excitations. Analogously to the lowest singlet excited 4p0ve the energy of the TiGedge. The increased HOMO
states, these two transitions give rise t0o-RNCS — dcbpy | ymo gap and first excitation energies (2.67, 1.97, and 1.76
excited states localized on the pyridines bearing the protonatedgy, respectively) with respect to [N3(4HONa)l? are due
carboxy!lc groups (A-A). . . essentially to the LUMO destabilization. It is also interesting
3.5. Lineup of Molecular Energy Levels and TiQ, Semi- to compare the results obtained for the [N3(22Na)[© with
conductor Band EdgesA detailed microscopic understanding  those for the corresponding [N3(20Na)J2™) anionic complex,
of the differences in the photovoltaic efficiencies of the different jn which no counterions are present. As it can be noticed from

dyes is a very complex issue involving the coupling of the Figure 10a, both the occupied and unoccupied levels of [N3-
molecule to the semiconductor surface. A number of theoretical (2H—0Na)J2") are raised in energy with respect to those of [N3-
studies of organic dyes interacting with TiGurfaces or (2H—2Na)9, while comparable HOMGLUMO gaps and first
nanoparticles have been reportédiloreover, Persson recently  excitation energies are found in the two cases, with the LUMO
reported TDDFT calculations on the adsorption of the tetra- of the anionic complex being 0.28 eV above the Fe@nduction
protonated form of N3 ([N3(4HONa)I?) on a TiG; nanocrys-  eqge. For all the monoprotonated species the electronic struc-
tal#” While an analogous study for the series of Ru(ll)- tyres of thea' andb’ isomers do not show significant differences,
polypyridyl dyes described in this paper is beyond the scope of s that only results obtained for tatisomers will be discussed.
the present investigation, it seems interesting to consider how g, [N3(1H-3Na)J® the occupied and unoccupied orbitals are
the molecular levels of the different dyes lineup with the band only slightly higher in energy with respect to the diprotonated
e(_jges of a model TiQnanopgrticl_e. For_ the latter, we use a  [N3(2H-2Na)]® complex; the computed HOMELUMO gaps
TisgO76 cluster of nanometric dimensions, exposing (101) znq first excitation energies are similar for the two species, and
anatase surfacé$;see Supporting Information, similar to that 5155 the alighment of the LUMO energy with the BiO
employed in refs 46b and 47. Thus, in Figure 10a,b we report ;oqqyction band edge is similar. Also for the monoprotonated

the energy levels and the lowest singisinglet and singlet species, removing the Naounterions raises the energy of both
triplet TDDFT excitation energies of the various N3- and N621- occupied and unoccupied orbitals by a similar amount, thus

derived dyes, respectivgly, and of the Fi@anoparticle model. resulting in a HOMG-LUMO gap and first excitation energy
For the sake of comparison, we refer to homogeneous data forgjmjar to those of the corresponding diprotonated complex. The
the dyes and the TiOnanoparticle model, optalned in water | yMOs of the tetradeprotonated [N3(OH-4N&)and [N3(OH-
solution at the B3LYP/3-21G* level. We point out, however, ONa)J*-) species lie at still higher energy, and are found 0.44

that qualitatively similar results for the electronic structures of and 0.92 eV above the edge of the Ti@nduction band. Again,

[N_3(2H—2Na)](°) and [N621(_2I+2Na)](°> dyes are obtained the effect of the counterions is to downshift the energies of both

using the .3'216* ba3|§ set in water and the larger DGDZVP the occupied and unoccupied orbitals. In the case of the anionic

basis set in ethgnol (Figure 6). ] complex, however, the shift of the unoccupied orbitals is
For the bare gO7s cluster the HOMO and LUMO energies  considerably larger than that of the occupied ones, with a

are calculated at-6.55 and—2.77 eV, respectively, resulting  consequent increased HOMQUMO gap and lowest excitation

in a HOMO-LUMO gap of 3.78 eV. Using TDDFT, the lowest  gnergies. This shift of the unoccupied orbitals is related to the

transition is reduced to 3.20 eV, a value only slightly smaller j,creased electron density on the deprotonated carboxylic groups

which raises the energy of the bipyridin& orbitals and results

(44) (@) Yang, M. Thompson, D. W.; Meyer, G. korg. Chem 2000 39, in an increase of the HOMEGLUMO gap and of the first

3738-3739. (b) Weng, Y. X.; Wang, Y. Q.; Asbury, J. B.; Ghosh, H. N.; o <
Lian, T.J. Phys. Chem. 200Q 104 93-104. (c) Yang, M.; Thompson, excitation energy compared to the partially and fully protonated

o B eyer S_';Jslﬂjﬂrgéfv\t}gf”Bzf’g_zfrﬁ_ (aos 1200 (S ihouiakov.  complexesi® This behavior is responsible of the relevant
4642. ) ) , alochromic effect observed in the N3 dye upon increasing the
(45) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Humpry-Baker, R.; Jirousek, M.; 40e.45\yhich | . blue-shift of th - |
Liska, P.; Vlachopoulos, N.; Shklover, V.; Fisher, C.-H.;'Gg, M. Inorg. pH, which translates into a blue-shift of the main spectra
Chem.1999 38, 6298-6305. features increasing the pH from 1 (where all four carboxylic

(46) (a) Vittadini, A.; Selloni, A.; Rotzinger, F. P.; Gratzel, M.Phys. Chem. i
B 200Q 104, 1300-1306. (b) Persson, P.; Bergstrom, R.; Lunell,J5.  groups are protonated) to 9 (where the carboxylic groups are

Phys. Chem. R00Q 104, 10348-10351. (c) Stier, W.; Prezhdo, O. V. J. 5 i i i
Phys. Ghem. 2002 106 B047-8054. (d) Rego. L. G. C.. Batista, V. S. all deprotonated)> On the technical side, we notice that

J. Am Chem. So@003 125 7989-7997. (e) Stier, W.; Duncan, W. R.;  inclusion of 8 water molecules explicitly solvating the carboxy-

Prezhdo, OAdv. Mater.2004 16, 240-244. (f) Duncan, W. R.; Stier, W. 4-) ;

M.; Prezhdo, OJ. Am. Chem. So@005 127, 7941-7951. lates of [N3(OH-ONa)I*?), leads to small changes in the
(47) Persson, P.; Lundgvist, M. J. Phys. Chem. B2005 109, 11918-11924. HOMO—-LUMO gap and lowest singletsinglet and singlet
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Figure 10. Energy levels and lowest TDDFT singtesinglet and singlettriplet excitation energies (data in parentheses, first and second entries, respectively)
calculated at the B3LYP/3-21 g* level in water solution for the various dyes originated from the N3 (upper panel) and N621 (lower panel) complexes,
compared to results for a model of a Bi@anoparticle’2 The edges of the TiQvalence and conduction band are represented as red discontinuous lines. For
the diprotonated N3-derived dyes, data relative toai@mer have been reported. For the monoprotonated N3- and N621-derived dyes, data relative to the
a isomers have been reported. The bipyridineonding orbitals and the COQoxygen lone pairs are omitted for clarity.

triplet excitation energies with respect to results obtained by protons, suggesting that a continuum model of solvation is a
simply embedding [N3(OHONa)[*) in a polarizable con- good approximation for the prediction of the optical properties
tinuum solvation model (2.88 vs 3.00, 2.12 vs 2.25 and 1.94 vs of Ru(ll)-polypyridyl dyes.

2.06 eV, respectively). Also, the absolute HOMO and LUMO Even though our calculations do not include the coupling of
energies are both downshifted with respect to the case in whichthe Ru-polypyridyl dye to the Ti©nanoparticle, we can use
explicit solvation is not considered-6.01 vs—4.86 and—2.13 the calculated data to speculate which of the investigated
vs —1.85 eV, respectively). These changes, however, do not complexes should be the best sensitizer for,I'On the basis
qualitatively alter the alignment of the dye and %iénergy of the present calculations, the di- and monoprotonated ([N3-
levels and are expected to be even smaller for the neutral specie$2H—2Na)[® and ([N3(1H-3Na)[?) models of the N719 dye
and for the anionic species containing a larger number of seem to represent an optimal choice with respect to the fully
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protonated and fully deprotonated species, since these dyes showot associated to a significant reduction of the photocurrent,

a good light-harvesting capability (as reflected by the relatively
small first singlet-singlet excitation energies of 1.97 and 1.99
eV, respectively) coupled to an almost perfect alignment of their
excited states with respect to the Bi€onduction band edge.
Indeed, while the fully protonated N3 species has an excellent
light-harvesting capability (low HOMGLUMO gap and first
singlet-singlet excitation energy) the fact that the LUMO lies
slightly below the edge of the Tig&onduction band might imply
that not all the absorbed light could be used for electron
injection. Moreover, as reported experimentally, adsorption of

thus leading to an increased overall efficiency.

The slightly reduced overall efficiency of the diprotonated
N621 dye with respect to the corresponding N719 species might
then arise because of the different possible adsorption geometries
of the two dyes on the Ti©surface. The N621 dye will be
forced to adsorb on the semiconductor surface using either a
single carboxylic group or two carboxylic groups residing on
the same bipyridine, while the N719 dyes might use carboxylic
groups bound to two different bipyridines.

the tetra-protonated carboxylic groups leads to a decreased opert- Summary and Conclusions

circuit potential’® An almost exactly opposite situation is

encountered for the fully deprotonated species, for which the
lowest unoccupied orbitals are calculated to lie well above the
TiO, conduction band edge; however, the light-harvesting
capability of this species in the low-energy spectral range is
expected to be inferior to that of the fully protonated N3 species.

It is interesting to point out that for the alizarin-TiO
systent!®¢-f non adiabatic molecular dynamics simulations have
shown that efficient electron injection from a dye excited-state
lying below the TiQ edge to the Ti@ conduction band can
effectively take place, due to fluctuations in the dye excited-
state energy related to the nuclear dynarffed. These results

In this paper, we have presented a combined experimental
and theoretical study of ruthenium(ll)-polypyridyl sensitizers
for solar cell devices, derived from the [Ru(dcbpyINCS),],

N3, and [Ru(dcbpyb)(tdbpy)(NCS)], N621, (dcbpyH = 4,4-
dicarboxy-2,2-bipyridine, tdbpy= 4,4-tridecyl-2,2-bipyridine)
complexes. On the experimental side, a purification procedure
was developed to obtain pure N-bonded isomers of both types
of sensitizers. The effect of dye protonation on the photovoltaic
properties of the two types of dyes was investigated. Employing
a swift self-assembling deposition procedure, we have obtained
for the N719 and N621 diprotonated complexes 10.26 and
9.57% solar cell efficiency, respectively, under 1 sun. The

might be relevant to explain the high photocurrent generated in photovoltaic data of the purified N719 sensitizer adsorbed on
dye-sensitized solar cell devices employing the tetra-protonatedTiO, films in its monoprotonated state, exhibited a remarkable
[N3(4H—ONa)I species? for which we calculate a slightly  11.18% power conversion efficiency at 1 sun, the increased
unfavorable alignment of dye excited states with the ;TiO  performance with respect to the diprotonated dye being es-
conduction band edge. Remarkably, our results obtained con-sentially related to an increased cell voltage.
sidering the noninteracting dyes and nanoparticle are in qualita- 1o gain a better understanding of the role of the sensitizer,
tive agreement with the electronic structure of the [N3(4H- particularly of its electronic structure and excited-state properties
ONa)[/TiO, system reported by Persstishowing for this i, the efficiency of dye-sensitized solar cell devices, we have
system two dye LUMOs lying below the first TiQinoccupied  carried out Density Functional Theory (DFT) and Time De-
state. pendent DFT (TDDFT) calculations in solution of the geometry,
For the N621-derived dyes we calculate similar variations electronic structure and optical absorption spectra of a complete
of the electronic structure as a function of protonation and series of sensitizers derived from the N3 and N621 complexes.
counterions as for the N3-derived dyes, see Figure 10. However, The calculated electronic structure in terms of molecular
for the N621-derived dyes the most favorable situation is orbital energies and localization is consistent with the experi-
calculated for the diprotonated [N621(28Na)[? dye, which  mental redox potentials. In particular, the cathodic shift in the

shows an almost perfect alignment of the LUMO with the edge
of the TiG, conduction band, coupled to a good light-harvesting
capability. The monoprotonated and fully deprotonated [N621-

oxidation potential of the N719 species compared to N621 is
reproduced by our calculations, as well as the presence of two
separate reduction potentials for the N621 complex, which we

(1H—1Na)? and [N621(0H-2Na)]® species show an increased
HOMO-LUMO gap and first excitation energy with respect carboxylic and alkyl substituents, respectively.
to the diprotonated dye, due to a different destabilization of the  The good agreement between the experimental and the
energy of the occupied and unoccupied states. Such raising offppET calculated absorption spectra of the N3- and N621-
the unoccupied orbitals energy results in a reduced light- derived sensitizers allowed us to provide a detailed assignment
harvesting capability of these dyes. of the main spectral features of the investigated dyes. In
The computed electronic structure changes discussed abovearticular, the two bands at 2:2.4 eV and 3.23.3 eV in the
are consistent with the photovoltaic data for the mono- and nonprotonated and diprotonated N621 and N719 spectra are
diprotonated N719 complexes. Indeed, the electronic structureassigned to as mixed metal-thiocyanate to bipyridine charge-
of the two species is rather similar, despite the different number transfer transitions. Interestingly, the bands found at-3.3
of protons. In particular, both species show a similar alignment eV in the spectra of both complexes also show a contribution
of the LUMOs with the TiQ conduction band edge, coupled arising from a ligand (NCS) to ligand (bipyridine) charge-
to a comparable light-harvesting capability, so that they should transfer transition and from weak-dl excitations. At higher
provide comparable excited-state electron injection efficiencies. energies, the intraligand—sa* transitions of the bipyridine
This is in agreement with the similar photocurrents observed ligands are found. For the N621-derived complex two types of
with the diprotonated and monoprotonated N719 species. Thex—x* transitions are calculated, corresponding to excitations
increased overall potential obtained with the monoprotonated within the bipyridine ligand bearing the carboxylic and alkyl
species, due to the upshift of the Fermi level of the system, is substituents in the para positions.

assign to reduction of the bipyridine ligands bearing the
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From the present extensive study, we can infer some generaltonated species seems to represent an optimal choice. The
trends concerning the effect of protonation and counterions onimproved stability toward water-induced desorption from FiO
the electronic structure and optical properties of the investigated of the N621-derived sensitizers renders them attracting candi-
dyes. In particular, deprotonation of the terminal carboxylic dates for the generation of water-stable solar cell devices.
groups causes a different destabilization of the occupied and We finally remark that the present results have been obtained
unoccupied orbitals, which ultimately leads to increased HGMO  considering the noninteracting dye and semiconductor systems.
LUMO gaps and excitation energies with increasing deproto- A detailed theoretical study on the role of protonation in the
nation. In both the N3- and N621-derived dyes the fully interacting dye-semiconductor systems is in progress.
protonated and fully deprotonated species show the smallest and
largest, respectively, HOMELUMO gap and first excitation Acknowledgment. We acknowledge financial support of this
energies. This effect is related to the increased electron densitywork by the Swiss Science Foundation, Swiss Federal Office
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compromise between their light-harvesting capability and the
alignment of their excited states with the Li€@nduction edge.
Indeed, the fully protonated N3 species has an excellent light-
harvesting capability but the lowest unoccupied orbital lies
slightly below the edge of the TiOconduction band, so that
not all the absorbed light could be used for charge injection,
while in the fully deprotonated N3 dye all the unoccupied
orbitals lie well above the Ti©conduction edge, but its limited
response in the red region of the spectrum reduces its light-
harvesting capability. Similar characteristics are shown by the
amphiphilic heteroleptic sensitizer N621, for which the dipro- JA052467L
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Purification on Sephadex LH-20). Theoretical section (Excitation
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eigenvectors for the [N621(0H2Na)[© and [N3(2H-2Na)[®
dyes. Simulation of the [N621(0+H2Na))® spectrum in ethanol
by a variables. Optimized structure of the TiOnanoparticle
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