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a b s t r a c t

A novel, heteroleptic ruthenium dye comprising a vinyl group between the carboxylate and bipyridine
segments as well as extended p-conjugation of the ancillary ligand, employing alkyl-bithiophene, was
synthesized. The dye displayed a remarkably high absorption coefficient of 2.51 � 104 M�1 cm�1 (at
562 nm) for its metal-to-ligand charge transfer band. The photo-to-current conversion efficiency of the
corresponding dye-sensitized solar cell was 9.12% under AM 1.5 (100 mW/cm2) irradiation. Furthermore,
owing to both the very strong metal-to-ligand charge transfer band and the large number of dye
molecules adsorbed on the TiO2 electrode, the conversion efficiency of the dye-sensitized cell was >7.5%
at a light intensity �198 mW cm�2.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Dye-sensitized solar cells (DSC) are a promising candidate for
photovoltaic technology by virtue of their high photon-to-current
conversion efficiency and low manufacturing cost [1]. DSC with
efficiencies >10% was first demonstrated in 1993 by Grätzel et al.
[2] using cis-di(thiocyanato)bis-(2,20-bipyridyl-4,40- dicarboxylate)
ruthenium(II) (N3) as a sensitizer. However, a major drawback of
N3 is its relatively low light-absorption ability within the visible
and near-infrared regions [3,4]. Thus, the search for high-efficiency
dye molecules, which has included ruthenium complexes [5–8],
metal-free dyes [9–16] and metallo-porphyrins [17,18], has focused
on increasing the dye’s light-harvesting capacity and red-shifting
its absorption profile. It was shown [19–24] that one of the best
ways to enhance both the absorption coefficient and red-shift of the
metal-to-ligand charge transfer (MLCT) band in a ruthenium-based
photosensitizer, was to extend the p-conjugation length of the
colorant’s ancillary [19–22] or anchoring [23,24] ligands.

Previously, the current authors have prepared several hetero-
leptic ruthenium complexes by extending the conjugation length
of the ancillary ligand [25,26]. Such heteroleptic ruthenium
complexes have a strong MLCT band and DSC devices based on them
03; fax: þ886 3 4227664.
).
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display very good photovoltaic performance. Nevertheless, further
extention of the conjugation length of the ancillary ligand faces the
situation that the p-orbital energy of the ancillary ligand increases
to match that of the metal center, with the result that the p orbital of
the ancillary ligand participates, significantly, in the HOMO of
the complex. This reduces the absorption coefficient of the MLCT
band and therefore decreases efficiency, as shown previously
[21]. To overcome this problem, a novel, heteroleptic ruthenium
photosensitizer: (cis-di(thiocyanato)(4,40-di-octyl-bithienyl)-2,20-
bipyri- dine) (4,40-di-carboxylvinyl- 2,20-bipyridine) ruthenium(II)
(CYC-B5) was designed and synthesised. Compared to N3, CYC-B5,
both ancillary and anchoring ligands possesses extended conjuga-
tion length; however, when compared to CYC-B1 [25] which was
reported previously, only the conjugation length of the anchoring
ligand was extended. The UV/Vis spectra of CYC-B5, N3 and CYC-B1
revealed that the light-absorption capacity of a ruthenium photo-
sensitizer can be increased by extending the conjugation length of
both the anchoring and ancillary ligands simultaneously.
2. Experimental

2.1. Chemicals

Anhydrous lithium iodide, iodine, poly(ethylene glycol) (PEG),
and tert-butylpyridine were obtained from Merck Co. Titanium (IV)
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isopropoxide (TTIP) (>98%) and 2-methoxylethanol (ME) were
purchased from Acros Co. Acetonitrile was purchased from
Merck Co. and dried with molecular sieves (4 Å). (cis-Di(thiocya-
nato)bis-(2,20-bipyridyl-4,40-dicarboxylate) ruthenium(II)) (N3)
was a commercial product obtained from Solaronix SA, Aubonne,
Switzerland. All other chemicals used were purchased from the
commercial resources and were used without further treatment.
2.2. Preparation of CYC-B5

4,40-dicarboxyvinyl-2,20-bipyridine (dcvbpy) and alkyl-bithio-
phenes substituted bipyridine (abtpy) were prepared according to
the literatures [24,25]. CYC-B5, (Ru[(dcvbpy)(abtpy)(NCS)2]), was
synthesized with a typical one-pot synthetic procedure reported
previously [25]. 0.43 g (0.706 mmol) of [RuCl2(p-cymene)]2, 1.00 g
(1.412 mmol) of abtpy, 0.42 g (1.412 mmol) of dcvbpy and excess
NH4NCS were mixed in a reaction vessel and the product was
purified with Sephadex LH-20 using methanol as an eluent. After
purification, 0.69 g (0.564 mmol) of CYC-B5 was obtained with the
yield of 39.9%. 1H NMR (500 MHz, dH/ppm in d6-DMSO, J Hz): 9.26
(d, 1H, 5.8); 9.15 (2 protons); 9.05 (s, 1H); 8.99 (s, 1H); 8.91 (s, 1H);
8.22 (2 protons); 8.15 (d, 1H, 5.7); 8.02 (d, 1H, 3.8); 7.80 (d, 1H, 15.9);
7.73 (d, 1H, 6.0); 7.55 (d, 1H, 15.9); 7.51 (d, 1H, 3.8); 7.48 (2 protons);
7.39 (2 protons); 7.34 (d, 1H, 3.4); 7.25 (d, 1H, 3.4); 7.21 (d, 1H, 16.0);
6.98 (d, 1H, 16.0); 6.90 (d, 1H, 3.3); 6.84 (d, 1H, 3.3); 2.81 (t, 2H, 8.4);
2.78 (t, 2H, 7.4); 1.65 (t, 2H, 7.4); 1.62 (t, 2H, 8.4); 1.26 (m, 20H); 0.85
(m, 6H). 13C NMR (500 MHz, d/ppm in d6-DMSO): 166.92; 166.79;
158.70; 158.31; 157.49; 156.91; 152.41; 152.36; 152.12; 151.53;
146.29; 146.20; 141.58; 140.85; 140.63; 149.37; 140.27; 139.87;
139.83; 139.52; 136.79; 136.30; 134.28; 133.77; 133.13 (C of NCS);
132.95 (C of NCS0); 129.96; 129.91; 129.75; 129.66; 125.91; 125.84;
125.46; 124.89; 124.99; 124.90; 124.75; 124.70; 121.10; 121.35;
121.23; 120.83; 118.39; 118.17; Aliphatic carbon: 31.19; 30.91;
29.31; 29.25; 28.61; 28.57; 28.32; 22.96; 22.01; 21.99; 13.86; 13.41.
MS: m/z 1222.2 ([M]þ) LRFAB-MS found: m/z 1222.2 (m) ([M]þ);
1164.2 (s) ([M-NCS]þ); HRFAB-MS found: 1222.2004. Elemental
anal. calcd. for C60H60N6O4S6Ru: C, 58.94%; H, 4.95%; N, 6.87%.
Found: C, 58.82%; H, 5.79%; N, 6.43%.
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2.3. Physicochemical measurements

1H NMR spectra were recorded with a Bruker DRX-500 NMR
spectrometer in d6-DMSO. FAB-MS spectra were obtained using
JMS-700 HRMS. UV/Vis spectra were measured using a Cary 300 Bio
spectrometer. Electrochemical study of the metal complexes in
solution was performed in a single-compartment, three-electrode
cell with a platinum disk working electrode and a Pt wire counter
electrode. The reference electrode was Ag/AgNO3 and the sup-
porting electrolyte was 0.1 M tetrabutyl-ammonium tetra-
fluoroborate (TBABF4) in DMF. The cyclic voltammograms were
recorded using a potentiostat/galvanostat (PGSTAT 30, Autolab,
Eco-Chemie, the Netherlands) and the ferrocene was used as
a calibration internal standard. The HOMO and LUMO energy levels
of the sensitizers were constructed from the oxidation potential
and the absorption edge obtained from the UV/Vis absorption
spectra.
N

HOOC

N
C
S

Fig. 1. Molecular structure of CYC-B5.
2.4. Semiempirical computation

Molecular frontier orbitals and geometry optimizations for free
sensitizers were computed using Hyperchem7 program. Geometry
optimizations were calculated with ZINDO/1 parameter set [27].
The overlap weighting factors were set as a default [21].
2.5. General procedures for preparation of TiO2 electrodes
and fabrication of the DSC devices

TiO2 were prepared by sol-gel process in an acidic medium
according to the literatures [28,29]. Titanium (IV) isopropoxide
(TTIP, 98% (72 ml)) was added to 0.1 M HNO3(aq) (430 ml) with
constant stirring at 85 �C for 8 h. When the mixture was cooled
down to room temperature, the resultant colloid was isolated by
filtration. The filtered colloid was then heated in an autoclave at
240 �C for 12 h to crystallize the TiO2 colloid. The TiO2 colloid (with
the particle size of ca. 20 nm) solution was concentrated to 13 wt%
and then 30 wt% (with respect to TiO2) of PEG (MW ¼ 200,000 or
20,000) was added to form TiO2 paste. The detailed preparation
steps of TiO2 electrodes using these TiO2 pastes, the electrolyte
composition, the DSSC fabrication procedures as well as the cell
performance and properties test are the same as reported previ-
ously [25,26]. The sintered TiO2 electrodes with the active area of
0.16 cm2 and 20 mm in thickness were selected and immersed
respectively in solution of CYC-B5 (2 � 10�4 M), CYC-B1
(2 � 10�4 M) and N3 (2 � 10�4 M) in acetonitrile and tert-butyl-
pyridine (the volume ratio is 1:1) for overnight. A Pt-coated
(thickness of 100 nm) indium tin oxide glass (ITO, sheet resistivity
of 8–10 U/square) plate was used as the counter electrode and the
electrolyte was composed of 0.5 M lithium iodide, 0.05 M iodine,
0.5 M tert-butylpyridine in acetonitrile. In order to avoid the elec-
trolyte leakage, the DSSC cell was fabricated by keeping an ionomer
resin (Surlyn 1702, Dupont, thickness of 80 mm) between the two
electrodes and two holes were made on the resin. The whole cell
was heated at 80 �C on a hot plate until the resin had melted. After
the cell was cooled to room temperature, the electrolyte was
injected into the space between the two electrodes through two
holes. These two holes were later sealed completely with the Torr
Seal� cement (Varian, MA, USA).
2.6. The modification of TiO2 electrode to increase the
efficiency of the CYC-B5 sensitized cell

To fabricate the modified TiO2 electrode, TTIP was first well-
mixed with ME (methoxylethanol) (in the weight ratio of 1:3) to
make the metallorganic solution. The metallorganic solution was
then spin-coated onto the clean conducting FTO (fluorine-doped
tin oxide) glasses, followed by annealing at 500 �C for 30 min to
form a thin TiO2 compact layer. On top of this compact film, three
layers of TiO2 paste were coated. TiO2 paste (Paste1) for the first
layer is 20 nm TiO2 particles mix with PEG (MW of 200,000);
second layer paste (Paste2) contains 20 nm TiO2 particles and PEG
with MW of 20,000. Paste2 mixed with 300 nm TiO2 particles
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Fig. 2. 1H NMR (aromatic region, top trace) and 13C NMR (at 115–170 ppm region,
bottom trace) spectra of CYC-B5 in d6-DMSO.
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(30 wt% in total TiO2) was used to coat the third (finial) layer. After
sintering at each coating step, TiO2 electrode with an active surface
area of 0.16 cm2 and thickness of 15 mm was obtained. The TiO2

electrode was then immersed in the dye solution for overnight. The
processes for the device fabrication and photovoltaic performance
measurements were carried out using the same procedures as
described above.
Fig. 3. Graphical representation of the frontier orbitals for
3. Results and discussion

3.1. Synthesis, characterization and physical properties of CYC-B5

CYC-B5 is prepared by a typical one-pot synthetic procedure and
its structure is displayed in Fig. 1. The structure of CYC-B5 can be
regarded as an insertion of a vinyl group on the anchoring ligand of
CYC-B1 [25] or as incorporating of vinyl groups on the anchoring
ligand and extending the conjugation length of the ancillary ligand
with bithiophene units on N3 dye. The molecular structure of CYC-
B5 was confirmed with 1H- and 13C-NMR spectra (see Fig. 2), Mass
and Elemental Analysis. The complicated 1H NMR multi-peaks in
the aromatic region revealed that the four pyridyl rings in two
different bidendate ligands are magnetically nonequivalent. The
peaks at 7.80, 7.55, 7.21 and 6.98 ppm (correspond to the vinyl
protons) with the coupling constant of 15.9 w 16.0 Hz suggested
that the protons in the vinyl groups are in a trans-configuration
[30]. The 13C NMR spectrum (Fig. 2b) has 44 resonance signals
between 110 w 170 ppm. These peaks belong to 42 chemically and
magnetically nonequivalent carbon atoms in the four pyridyl rings,
four thienyl rings, vinyl groups, and carboxylic acids. The other two
signals displayed at 133.13 and 132.95 ppm are assigned to the
carbons of the two NCS ligands, which proved that the coordination
site of NCS ligands is the nitrogen atom.

The geometrical optimization of the calculated frontier orbitals
is shown in Fig. 3. The LUMO (lowest unoccupied molecular orbital)
is localized on the dcvbpy anchoring ligand, facilitating the electron
injection from the photo-excited Ru-complex to the conduction
band of TiO2. The HOMO (highest occupied molecular orbital) and
HOMO-1 are contributed primarily from the ruthenium metal
center and the NCS ligands, facilitating the MLCT transition. The
charge transfer between the metal center (HOMO) and the
anchoring ligand (LUMO) has a large effect on the conversion
CYC-B5 (O: red, S: yellow, C: green, N: blue, Ru: gray).
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Fig. 4. (a) The electronic spectra of CYC-B5, CYC-B1 and N3 measured in DMF. (b) The
absorption spectra of these three dyes adsorbed,individually on 3.6 mm thick trans-
parent nanocrystalline TiO2 films.
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efficiency of the DSSC device. The proper location of the frontier
orbitals also accounts for the high absorption coefficient of the
MLCT band for CYC-B5. The similar distribution of HOMO and
LUMO in CYC-B5 and CYC-B1 [25] suggested that by appropriately
elongating the conjugation length of the anchoring ligand, the
localization of the frontier orbitals for ruthenium complex will not
change significantly. CYC-B5 can be expected to have the similar
electron excitation process under the illumination of sunlight and
therefore has the light-harvesting ability as good as CYC-B1.
Table 1
Physical data of the dye molecules and the photovoltaic performance of their correspon

Sensitizer 3 [*104 M�1 cm�1] (lmax [nm]) HOMOa

p–p* p–p* or 4d–p* 4d–p* (ev)

3.44 (316)
CYC-B5 4.48 (411) 2.51 (562) 5.07

3.57 (327)
CYC-B1c 3.58 (312) 4.64 (400) 2.12 (553) 5.10
N3c 5.11 (311) 1.52 (385) 1.45 (530) 5.20

a The electrochemical experiments are carried out in 0.1 M TBABF4/DMF solution to o
following formula: HOMO (eV) ¼ Eox�EFc/Fcþ þ 4.8; LUMO (eV) ¼ HOMO�Eg. Eg is the a

b The cell performance of three dyes is measured under the AM 1.5 simulated sunlight
mask: 0.16 cm2).

c The physical data of CYC-B1 and N3 are collected from our previous report [22].
The electronic absorption spectra of CYC-B5 as well as CYC-B1 and
N3 in DMF are displayed in Fig. 4a and the optical data are summa-
rized in Table 1. The absorption spectrum of CYC-B5 shows three
absorption bands centered at 562 nm (band I), 411 nm (band II) and
327 nm (band III), respectively. The absorption in the UV light region
(band III) is assigned to the intra-ligand p–p* transition of dcvbpy
anchoring ligand. The band II involves two components: the p–p*
transition of ancillary ligand abtpy and one of the MLCT transition
bands of the complex. The lowest energy absorption band (band I) is
attributed mainly to the metal-to-ligand (anchoring) charge transfer
transition of the dye molecule. The lmax of the band I for CYC-B5 red-
shifted 9 nm compared to CYC-B1, which is attributed to the
extending in the conjugation length on the anchoring ligands. Most
importantly, band I has a remarkably high molar absorption coeffi-
cient of 2.51�104 M�1 cm�1 which is 18% higher than that of CYC-B1.
These results support that by extending the p-conjugation length of
the anchoring ligand, the light-harvesting capacity of the complex
could be enhanced and at the same time red-shifted the MLCT band.
Furthermore, the electronic absorption spectra (Fig. 4b) of the dyes
assembled TiO2 thin films (4 mm) show that the lmax of MLCT bands
for both CYC-B5 and CYC-B1 adsorbed on TiO2 blue-shifted slightly
compared to those in DMF, suggesting that there is no multiple layer
adsorption of the dye on TiO2. It is interesting to note here that
although the size of CYC-B5 is larger than CYC-B1 and N3, more CYC-
B5 molecules were adsorbed on TiO2 electrode (2.24 � 10�8 mol vs.
2.02�10�8 mol and 2.06�10�8 mol for CYC-B1 and N3, respectively,
obtained by desorbing the dye molecules from the practical TiO2

electrodes). Insertion a vinyl group in-between the carbonyl and
bipyridine moieties of the anchoring ligand can force the bulky
bipyridine moiety to locate far away from TiO2 surface, results in
adsorbing more sensitizers on TiO2 electrode. If most of the excited
electrons on the sensitizers can transfer to TiO2 efficiently, we can
expect CYC-B5 based cell will have higher current density.

The energy level of the HOMO and LUMO of the dye molecule
play an important role in the electron transfer process: the energy
level of the LUMO should well match the TiO2 conduction band
edge to assist in electron injection and minimize energetic losses
during the electron transfer process [31]; the HOMO should suffi-
ciently positive so that the photo-oxidized dye molecules can be
regenerated efficiently via electron donation from the electrolyte
[32]. To evaluate the energy level of the HOMO and LUMO, the
cyclic voltammogram (CV) (shown in Fig. 5) of CYC-B5 was
measured in a DMF solution using TBABF4 as a supporting elec-
trolyte and the resulting data are also summarized in Table 1. CYC-
B5 has two oxidation peaks (at 0.27 V and 0.58 V vs. Fcþ/Fc, as
shown by the arrows): The first peak is assigned to the oxidation of
the metal center and the second peak comes from the oxidation of
the ancillary ligand. The oxidation potential of the metal center in
CYC-B5 shifted only 0.03 V cathodically compared to that of CYC-B1
since two dyes have the same ancillary ligand. As seen in Fig. 5, the
ding DSSCs.

LUMOa Cell performanceb

(ev) Jsc (mA/cm2) Voc (mV) FF h (%)

3.56 20.1 680 0.638 8.71

3.52 19.5 669 0.656 8.55
3.52 18.1 692 0.662 8.29

btain the Eox value. The energy levels of HOMO and LUMO are calculated with the
bsorption threshold of the Ru-complexes.
illumination (100 mW/cm2). (Thickness of TiO2: 20 mm; cell active area tested with
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oxidation of CYC-B5 is not reversible. This is due to that the
oxidation potential of thiocyanate ligand is close to that of Ru2þ as
reported by Grätzel et al. for other ruthenium dyes [33]. Although
the energy difference between the LUMO and TiO2 conduction
band edge for CYC-B5 and CYC-B1 is similar, CYC-B5 may still face
the dilemma of high absorption but relatively lower electron
injection efficiency as proposed by Grätzel et al. [24]. May the gain
in the absorption coefficient compensate the loss in the electron
injection? The answer may not be trivial.
3.2. The photovoltaic performance of CYC-B5 dye

The I-V characteristic curves for CYC-B5, CYC-B1, and N3 based
DSSCs under AM (air mass) 1.5 sunlight illuminating (100 mW/cm2)
are displayed in Fig. 6. The detailed photovoltaic parameters are
also listed in Table 1. CYC-B5 sensitized solar cell gives a high short-
circuit photocurrent density (Jsc) of 20.1 mA/cm2, 680 mV for the
open circuit potential (Voc) and fill factor (FF) of 0.638, yielding the
power conversion efficiency (h) of 8.71% which is slightly higher
than those of the CYC-B1 (8.55%) and N3 (8.29%) sensitized cells
under the same device fabrication and efficiency measuring
procedures. In addition to the increasing in the photocurrent
density, the Voc value of the CYC-B5 based cell is also slightly
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higher than that of CYC-B1 based cell. These photovoltaic data may
suggest that the electron recombination of the cell based on CYC-B5
is less than that of CYC-B1 based cell. The decreasing in the electron
recombination of CYC-B5 sensitized cell was further supported by
the lifetime of the electrons on TiO2. The lifetime of the electrons on
TiO2 explored with the photoelectrochemical impedance spec-
troscopy (PEIS) will be discussed further later in the article. The
incident photon-to-current conversion efficiency (IPCE) spectra of
CYC-B5, CYC-B1, and N3 sensitized solar cells are illustrated in
Fig. 7. The broad peaks cover nearly the entire visible spectrum
from 400 to 700 nm with the maximum of 85.1% at 550 nm, 82.1% at
520 nm, and 79.2% at 500 nm for CYC-B5, CYC-B1, and N3 sensitized
solar cells, respectively. These data reveal that enriching the MLCT
transition of the ruthenium complex (and therefore its perfor-
mance) can be achieved by properly tuning the structure of the
anchoring and ancillary ligands simultaneously.

Photoelectrochemical impedance spectroscopy (PEIS) has been
used to study the ion diffusion in the electrolyte, the charge transfer
at the counter electrode and the recombination of the electrons on
the TiO2 electrode of a DSSC device [34,35]. We used this tech-
nology to investigate the effect of the sensitizer on the lifetime (s)
of the electron on TiO2 electrode. The s values for CYC-B5, CYC-B1
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Fig. 8. Photoelectrochemical impedance spectra of CYC-B5, CYC-B1 and N3 sensitized
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and N3 sensitized cells calculated from the intermediate-frequency
regime of the Bode phase plot (Fig. 8) are 18.6 ms, 15.3 ms and
14.6 ms, respectively. According to the previous study [24,30], the
insertion of the vinyl group in the anchoring ligand does not reduce
significantly the electronic coupling between the TiO2 electrode
and the dye cation. Nevertheless, CYC-B5 sensitized cell still shows
a remarkable longer s value compared to CYC-B1 sensitized cells.
This result suggests that the existence of a vinyl group between the
bipyridine and carbonyl group of the anchoring ligand can retard
the electron transferring from TiO2 to the I3

� ions in the electrolyte.

3.3. The modification of TiO2 electrode for higher
photovoltaic performance

The photovoltaic data showed that the higher absorption coef-
ficient and larger amount of adsorbed CYC-B5 on TiO2 were not
totally revealed on the current density of the DSSC based on it. The
mole ratio of CYC-B5 and CYC-B1 absorbed on TiO2 is 1.11 (CYC-B5
even has a higher absorption coefficient), but the current density of
CYC-B5 based cell is only 1.03 times of that for CYC-B1 based cell.
This phenomenon may due to the inefficient electron injection of
the CYC-B5 (since a vinyl moiety was inserted in-between the
bipyridine and COOH anchoring group) or some electrons are lost
before moving to the outer circuit. Therefore facilitating the
movement of the electrons on TiO2 will be the way to increase the
conversion efficiency of the device. In order to optimize the TiO2

electrode, the thickness of TiO2 electrode was reduced from typical
20 mm to 15 mm and at the same time an additional TiO2 compact
layer (a couple of hundred nm in thickness) was inserted in-
between the transparent conducting oxide (FTO) and micro-porous
TiO2 layer. There are various ways to deposit a compact TiO2

blocking layer on FTO glass, such as spray pyrolysis [36], electro-
deposition [37] and so on. In this study, we used a new method
named metallorganic deposition method (MOD) in which the
titanium isopropoxide was dissolved in 2-methoxylethanol to form
a metallorganic solution as a TiO2 precursor.The detailed studies on
how the compact TiO2 layer affects the properties of TiO2 electrodes
and the resulting performance of DSSC devices will be published
elsewhere. The Jsc, Voc, FF, and overall conversion efficiency (h) of
the modified cell based on CYC-B5 under AM 1.5 simulated sunlight
illumination (100 mW/cm2) are 20.6 mA/cm2, 691 mV, 0.641, and
9.12%, respectively. The increase in the efficiency may be due to that
the TiO2 compact layer can reduce the dark current of the device as
has been observed previously [38] or the electrons can move to the
external electrode faster due to the thinner TiO2 electrode.
Furthermore, CYC-B5 based cell also has good conversion efficiency
at high light intensity, due to its notable light-harvesting ability.
Fig. 9 shows the photovoltaic performance parameter (Jsc, Voc, FF,
and h) versus incident light intensity of CYC-B5 sensitized cell. The
Jsc increases almost linearly with the increasing in the incident light
intensity up to 198 mW/cm2, indicating that both the photo-oxi-
dization and regeneration (by the I�/I3

� ions) of the adsorbed dye
molecules are very efficient. The Voc increases slightly as the light
intensity increased, approaching to 710 mV at the light intensity of
198 mW/cm2 and decreases significantly only when the light
intensity is lower than 5 mW/cm2. Nevertheless, the FF at high light
intensity decreases substantially, due to the Ohmic losses in the
cell. Therefore the overall conversion efficiency reaches its
maximum of 9.74% at 50 mW/cm2 but remains as high as 7.50% at
the light intensity up to 198 mW/cm2.
4. Conclusion

In conclusion, we report the photovoltaic performance of a new
heteroleptic ruthenium complex dye, CYC-B5, in which the conju-
gation length of both ancillary and anchoring ligands were
extended with a conjugated moiety. CYC-B5 has the remarkably
strong absorption coefficient of 2.51 � 104 M�1 cm�1 for its metal-
to-ligand charge transfer band. The conversion efficiency of the
DSSC based on CYC-B5 is better than those based on CYC-B1 and N3
under the same cell fabrication and measuring conditions. The
photovoltaic data of CYC-B5 sensitized DSSC have demonstrated
that the existence of a vinyl group between the bipyridine and
carbonyl segments of the anchoring ligand can not only enhance
the light-harvesting ability of the sensitizer but also increase the
amount of the sensitizer adsorbed on TiO2. Furthermore, due to the
super-high light-harvesting ability, CYC-B5 sensitized cell has
conversion efficiency higher than 7.50% at the light intensity as high
as 198 mW/cm2 and thin TiO2 electrode.



S.-J. Wu et al. / Dyes and Pigments 84 (2009) 95–101 101
Acknowledgments

The financial support from the National Science Council, Taiwan,
ROC via a grant number of NSC-95-2113-M-008-011-MY3 and from
the Photovoltaics Technology Center, Industrial Technology
Research Institute (ITRI) were great acknowledged.
References

[1] O’Regan B, Grätzel M. A low-cost, high-efficiency solar cell based on dye-
sensitized colloidal TiO2 films. Nature 1991;353:737–9.

[2] Nazeeruddin MK, Kay A, Rodicio L, Humpbry-Baker R, Miiller E, Liska P, et al.
Conversion of light to electricity by cis-X2bis(2,20-bipyridyl-4,40-dicarbox-
ylate)ruthenium(II) charge- transfer sensitizers (X ¼ Cl–, Br–, I–, CN–, and
SCN–) on nanocrystalline titanium dioxide electrodes. Journal of the American
Chemical Society 1993;115:6382–90.

[3] Horiuchi T, Miura H, Sumioka K, Uchida S. High efficiency of dye-sensitized
solar cells based on metal-free indoline dyes. Journal of the American
Chemical Society 2004;126:12218–9.

[4] Sreejith S, Carol P, Chithra P, Ajayaghosh A. Squaraine dyes: a mine of
molecular materials. Journal of Materials Chemistry 2008;18:264–74.
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