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bstract

Ruthenium(II) complexes [Ru(L2)(NCS)2] (K8) and [Ru(L)(L9)(NCS)2] (K9) (where L = 4,4′-bis(carboxyvinyl)-2,2′-bipyridine and
9 ′ ′
= 4,4-dinonyl-2,2-bipyridine) were synthesized and characterized by spectroscopic and electrochemical techniques. The performance
f K8 and K9 complexes as charge transfer photosensitizers in nanocrystalline TiO2 based solar cells was investigated. These complexes when

le
anchored onto TiO2 films exhibit very efficient sensitization yielding 75± 5% incident photon-to-current efficiencies (IPCE) in the visib
region using an electrolyte consisting of 0.6 M methyl-N-butyl imidazolium iodide, 0.05 M iodine, 0.1 M LiI and 0.5 Mtert-butylpyridine in
50/50 (v/v) mixture of valeronitrile and acetonitrile. At one sun the K8 complex gave a short circuit photocurrent density of 18± 0.5 mA/cm2,
the open circuit voltage 640± 50 mV and fill factor of 0.75± 0.05, corresponding to an overall conversion efficiency of 8.64± 0.5%. Under
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similar conditions, the K9-sensitized solar cell gave a photocurrent density of 16.5± 0.5 mA/cm2, 666± 50 mV open circuit potential and
0.71± 0.05 fill factor yielding 7.81%± 0.6% efficiency.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ruthenium(II) sensitizers; Hydrophobic heteroleptic ruthenium complexes; Dye-sensitized solar cells; Photovoltaic cells; Nanocrystalline TiO2

films; Solar energy conversion

1. Introduction

Dye-sensitized solar cells are currently attracting
widespread interest for the conversion of sunlight into
electricity because of their low cost and high efficiency
[1–7]. In these cells, dye is one of the key compo-
nents for high power conversion efficiencies. The pi-
oneering studies on dye-sensitized nanocrystalline TiO2
films usingcis-dithiocyanatobis(4,4′-dicarboxylic acid-2,2′-
bipyridine)Ruthenium(II), (N3) is a paradigm in this field.
In spite of this, the main drawback of this sensitizer is the
lack of absorption in the red region of the visible spectrum
and also relatively low molar extinction coefficient[8]. Many
researchers have tried to overcome these shortcomings with-
out significant success[9–12]. The molecular engineering of
ruthenium complexes for TiO2-based solar cells presents a
challenging task as several stringent requirements have to be
fulfilled by the sensitizer and these are very difficult to be met

4,4′-diformyl-2,2′-bipyridine, 4,4′-bis(carboxyvinyl)-2,2′-
bipyridine ligand and its homoleptic ruthenium complex
(K8) were synthesized according to literature procedures
[13,14]. Tetrahydrofuran (THF) and toluene were distilled
over sodium and under argon.

2.2. Analytical measurements

UV–vis and fluorescence spectra were recorded in 1 cm
path length quartz cell on a Cary 5 spectrophotometer and
Spex Fluorolog 112 Spectrofluorimeter, respectively. Elec-
trochemical data were obtained by cyclic voltammetry in a
conventional three-electrode cell with a PAR potentiostat.
A glassy-carbon or a gold working electrode, platinum-wire
auxiliary electrode and saturated silver chloride electrodes
were used in a single-compartment-cell configuration.1H and
13C NMR spectra were measured on a Bruker 200 MHz spec-
trometer. The reported chemical shifts were in ppm against
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simultaneously, including absorption of all the visible light
and function as an efficient charge transfer sensitizer. For
example, the lowest unoccupied molecular orbitals (LUMO)
and the highest occupied molecular orbitals (HOMO) have to
be maintained at levels where photo-induced electron transfer

TMS. The ATR-FTIR spectra for all the samples were m
sured using a Digilab 7000 FTIR spectrometer. The ATR d
reported here were taken with the ‘Golden Gate’ diamo
anvil ATR accessory (Graseby–Specac) typically using
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into the TiO2 conduction band and regeneration of the dye by
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t the same time have succeeded in fine-tuning the sp
roperties of ruthenium polypyridyl complexes by design
t molecular level a novel ligand 4,4′-bis(carboxyvinyl)-2,2′-
ipyridine. Our research focused on increasing the op
xtinction coefficient of sensitizers, so that dye solar c
ould be made thinner and thus more efficient because
uced transport losses in the nanoporous environment. I
rticle, we report the synthesis and characterization of r
ium sensitizers using our new ligand and their applica

n dye-sensitized solar cell.

. Experimental

.1. Materials

The solvents and reagents puriss grade quality
urchased from Fluka. 4,4′-dinonyl-2,2′-bipyridine
dnbpy), dichloro(p-cymene)ruthenium(II) dimer an
otassium/ammonium thiocyanate were obtained (
ldrich) and used as received. LH-20 Sephadex
as obtained from Pharmacia. The intermediate pro
.3. TiO2 electrode preparation

TiO2 anatase nanoparticles of 16 nm were prepare
ydrolysis of titanium(IV)isopropoxide as described be

15]. The nanocrystalline TiO2 thin films of 12�m thick were
eposited onto transparent conducting glass (TEC-15,
hich has been coated with a fluorine-doped stannic o

ayer, sheet resistance of 12–15�/cm2, by screen-printing
hese films were dried at 150◦C for 20 min and then
�m thick layer of 400 nm TiO2 particles (400 nm particle
ere obtained from CCI, Japan) was deposited again us
creen-printing method. The double-layered films were
ered at 500◦C for 20 min.

The heated electrodes were impregnated with a 0.
itanium tetrachloride solution in a water saturated des
or for 30 min at 70◦C and washed with distilled water. T
.05 M titanium tetrachloride solution was prepared in

ollowing manner: first, 2 M titanium tetrachloride soluti
as prepared by adding directly titanium tetrachloride liq

nto a bottle containing ice, which was cooled to−20◦C,
hen the solution was further diluted to 0.05 M. Finally,
lectrodes were heated at 520◦C for 20 min and allowed t
ool to 50◦C before dipping into the dye solution.
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Dye solutions were prepared in the concentration range of
3–5× 10−4 M in 1:1 (v/v) acetonitrile andtert-butanol solu-
tion and the electrodes were dipped into it for 18–22 h. The
dye-coated electrodes were rinsed quickly with acetonitrile
and used as such for photovoltaic measurements.

2.4. Dye-sensitized solar cell fabrication

The dye deposited film is used as a working electrode. A
sandwich cell was prepared with a second conducting glass
coated with chemically deposited platinum from 0.05 M hex-
achloroplatinic acid. The platinum coated counter electrode
and the dye-coated TiO2 film were then put together with
a thin transparent film of Surlyn polymer frame (DuPont).
The sandwiched electrodes were tightly held and then heat
(130◦C) applied around the Surlyn frame to seal the two
electrodes. A thin layer of electrolyte consisting of 0.6 MN-
methyl-N-butyl imidazolium (BMII); 0.05 M I2; 0.1 M LiI;
0.5 M tert-butyl pyridine in 1:1 acetonitrile + valeronitrile
(1376 from now on) was introduced into inter electrode
space from the counter electrode side through pre-drilled
holes. The drilled holes were sealed with microscope
cover slide and Surlyn to avoid leakage of the electrolyte
solution.
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3. Syntheses and characterization

3.1. Synthesis of [Ru(II)LL9 (NCS)2], K9 complex

A mixture of 4,4′-dinonyl-2,2′-bipyridine (150 mg,
0.37 mmol) and dichloro(p-cymene)ruthenium(II) dimer
(113 mg, 0.18 mmol) in argon degassed absolute ethanol
(40 mL) was heated to reflux for 4 h. Evaporation of
the solvent leaded to dichloro(p-cymene)-4,4′-dinonyl-2,2′-
bipyridine–ruthenium(II) complex as a brown-yellow oil.
This intermediate complex was used without further purifi-
cation.

A mixture of dichloro(p-cymene)–4,4′-dinonyl-2,2′-
bipyridine–ruthenium(II) complex (255 mg, 0.36 mmol) and
4,4′-bis(carboxyvinyl)-2,2′-bipyridine (106 mg, 0.36 mmol)
in dry and argon degassed DMF (30 mL) was heated to 150◦C
for 4 h. To the resulting dark purple solution was added
NH4NCS (408 mg, 5.4 mmol) and the resulting mixture was
heated to 150◦C for 4 h more. After evaporation of the DMF,
the resulting purple residue was suspended in water (200 mL)
and sonicated for 5 min. The pH was adjusted to 3 with
HNO3 (0.02 M) and the mixture was let stand in the fridge
overnight.

The reaction flask was allowed to warm to 25◦C and the
solution was filtered through a G4 sintered glass crucible by
suction filtration. The solid was further washed with distilled
w Yield
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.5. Photoelectrochemical measurements

Photoelectrochemical data were measured using a 4
enon light source that was focused to give 1000 W/m2, the
quivalent of one sun at air mass 1.5, at the surface o

est cell. The spectral output of the lamp was matched i
egion of 350–750 nm with the aid of a Schott KG-5 sunl
lter so as to reduce the mismatch between the simu
nd the true solar spectrum to less than 2%. The diffe

ntensities were regulated with neutral wire mesh atte
ors. The applied potential and measured cell current
easured using a Keithley Model 2400 digital source m
he current–voltage characteristics of the cell under t
onditions were determined by biasing the cell extern
nd measuring the generated photocurrent. This proces

ully automated using Wavemetrics software. A similar d
cquisition system was used to control the incident pho

o-current conversion efficiency (IPCE) measurement. U
ull computer control, light from a 300 W Xe lamp was
used through a high throughput monochromator onto
hotovoltaic cell under test. The monochromator was in
ented through the visible spectrum to generate the IPCλ)

urve as defined below,

PCE(λ) = 1240

(
Isc

λφ

)

hereλ is the wavelength,Isc the current at short circu
mA/cm2) andφ is the incident radiative flux (W/m2). The
hotoelectrochemical properties were investigated by
uring the current and voltage (I–V) characteristics.
ater and diethyl ether and obtained as a dark powder.
190 mg) 65%. The NMR spectra show presence of∼=15%
-bonded isomers, which were reduced to∼=3% by passin

hrough a Sephadex LH-20 column three times using the
owing procedure.

The crude complex was dissolved in methanol con
ng two equivalents of tetrabutylammonium hydroxide.
oncentrated solution was filtered through a sintered
rucible and charged onto a LH-20 Sephadex column, w
as prepared in methanol. The adsorbed complex was e
sing methanol as an eluent. The main band was coll
nd the solution pH was lowered to 3 using 0.02 M HN3
cid. The precipitated complex was collected on a glas
nd air-dried. Yield (60 mg) 32%.

1H NMR (δH (ppm) in DMSO-d6, JHz): 9.21 (d, H6,5, J
.9); 9.13 (s, H′3); 9.07 (d, H6′,5′

, J 5.9); 8.98 (s, H3
′
); 8.67

s, H3′′
); 8.52 (s, H3′ ′′

); 8.09 (d, H5,6, J 5.8); 7.81 (d, H5
′,6′

,
5.9); 7.66 (d, vinyl-H,J 15.94); 7.51 (d, H6

′′,5′′
, J 5.98);

.38 (d, H6′′ ′,5′′ ′
, J 5.88); 7.37 (d, vinyl-2H,J 16.05); 7.14 (d

5′′,6′′
, J 5.8); 7.10 (d, vinyl-H,J 15.94); 7.09 (d, H5

′′ ′,6′′ ′
, J

.6); 2.91 (t, 2H), 2.65(t, 2H), 1.91 (m, 2H), 1.57 (m, 26

.81 (t, 6H).
13C NMR 200 MHz, (DMSO-d6) δ ppm: 168.07 (C9);

68.01 (C9′
); 159.25 (C2); 158.07 (C2′

); 157.94 (C2′′
); 156.86

C2′′ ′
); 152.75 (C6); 152.01 (C6′

); 151.85 (C6′′
); 151.29 (C6′′ ′

);
53.09 (C4); 152.51 (C4′

); 142.79 (C4′′
); 142.15 (C4′′ ′

);
37.84 (C8); 137.14 (C8′

); 134.17 (C of NCS); 133.59 (
f NCS′); 129.55 (C7); 128.85 (C7′

); 125.35 (C3); 126.68
C3′

); 125.74 (C3′′
); 125.05 (C3′′ ′

); 123.81 (C5); 123.78 (C5′
);

21.07 (C5′′
); 120.71 (C5′′ ′

).
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Aliphatic carbons: 38.14 (–C1); 37.73 (–C1′ ); 35.01 (–C2);
34.63 (–C2′ ); 31.63 (–C3); 31.53 (–C3′ ); 30.17 (–C4); 29.94
(–C4′ ); 29.30 (–C5,6); 29.19 (–C5′,6′ ); 29.02 (–C7,8); 28.92
(–C7′,8′ ); 22.45 (–C9); 22.39 (–C9′ ).

4. Results and discussion

4.1. Synthetic studies

Fig. 1shows the structures of the 4,4′-bis(carboxyvinyl)-
2,2′-bipyridine ligand as its ruthenium complex
[Ru(II)L2(NCS)2] K8, which has been reported previ-
ously [14] and the K9, whose synthesis is described here.
The ligand 4,4′-bis(carboxyvinyl)-2,2′-bipyridine is synthe-
sized in two steps[14] and its ruthenium complexes in a one
pot synthesis starting from dichloro(p-cymene)ruthenium(II)
dimer in DMF. The proton NMR spectra of the crude com-
plexes show peaks at lower field, due to linkage isomers.
Both the complexes contain the thiocyanate ligand, which
is an ambidentate ligand which can coordinate to the
ruthenium center through the –N or –S end, producing a
mixture of isomers (∼=85% N-bonded, and∼=15% S-bonded).
Several attempts to remove S-bonded linkage isomers using
re-crystallization procedure have failed. However, repeated
purification of both complexes (three times) on a Sephadex
L ed
i ese
c

4

om-
p -

Fig. 2. (a) UV–vis absorption spectra of K8 (solid line) and K9 (dotted line)
complexes measured in DMF and (b) a portion of the UV–vis absorption
spectra of K8 (solid line) and K9 (dotted line) complexes adsorbed on to a
nanocrystalline 2�m thick transparent TiO2 film; a similar 2�m thick TiO2

nanocrystalline film was used as blank. The data below 330 nm are not useful
because of absorption by the conducting glass.

the numbering scheme show our tentative assignments for NMR peaks.
H-20 column yielded significantly enriched N-bond
somers (∼=97% N-bonded). The spectroscopic data of th
omplexes are consistent with structures shown inFig. 1.

.2. Absorption spectra

Fig. 2a show absorption spectra of the K8 and K9 c
lexes measured inN,N′-dimethylformamide (DMF) solu

Fig. 1. Chemical structures of K8 and K9 complexes and
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tion. The K8 and K9 complexes show broad and intense
absorption bands between 370 and 570 nm, due to metal-to-
ligand charge transfer transitions (MLCT)[16]. The K9 com-
plex, in DMF solution shows maxima at 534 nm (Fig. 2a),
which is blue shifted by 22 nm compared to the K8 com-
plex (λmax 556 nm) [14]. In the UV region the K9 com-
plex shows two distinct intra ligand (�–�* ) charge trans-
fer transitions at 326 and 298 nm that are assigned to
4,4′-bis(carboxyvinyl)-2,2′-bipyridine and 4,4′-dinonyl-2,2′-
bipyridine ligands, respectively[17]. The molar extinction
coefficient of the lowest energy MLCT band in the K9 com-
plex is 14500 M−1 cm−1, which is≈20% lower than the K8
complex (λmax 556 nm andε 17400 M−1 cm−1) due to sub-
stitution of 4,4′-bis(carboxyvinyl)-2,2′-bipyridine by 4,4′-
dinonyl-2,2′-bipyridine[14]. When the K8 and K9 complexes
are excited within the MLCT absorption band at 298 K in
an air-equilibrated DMF solution, they exhibit luminescence
maxima at 830 and 795 nm, respectively. The blue shift of
the emission maxima of the K9 complex compared to the K8
complex is coherent with blue shifted absorption spectrum
of the K9 complex.

The absorption spectra of the two complexes adsorbed
onto a 2�m thick TiO2 nanocrystalline film (photo anode
electrode) are shown inFig. 2b. The low energy MLCT max-
imum in the K9 complex is broad and slightly blue shifted
upon adsorption onto TiOnanocrystalline electrode com-
p at on
t
f MO
l sed
b po-
s ed
o so-
l 4,4
b e
c plex
l red
t ab-
s ctra.

4

is-
t d
b ands
i nt
e
N e of
1 ence
o f 1:1
h ta of
t re in
a

8
a
1 cor-

Fig. 3. A part of proton NMR spectra of the K8 (bottom trace) and K9 (top
trace) complexes in DMSO-d6. For clarity the peaks in the aliphatic region
are not included.

responding to the 28 chemically dissimilar carbon atoms. In
the K9 complex, two halves of each bipyridine ligand are
in distinct magnetic environments and show 26 resonance
peaks in the aromatic region due to four pyridyl rings and
vinyl carbons. The two NCS ligands aretrans to two dif-
ferent pyridyl rings; therefore, the electronic density of the
two NCS ligands is not equivalent and separate resonance
peaks are observed. The peaks at 168.07 (C9) and 168.01
(C9′

) are due to the two carboxylic acid groups, which are
trans to NCS andtrans to pyridyl unit. A set of four peaks
between 159.25 and 156.86 ppm is assigned to four C2, C2′,
C2

′′
and C2

′′ ′
carbons. The second set of four resonance sig-

nals between 153 and 151 is assigned to the C6, C6′, C6
′′

and C6
′′ ′

. The two peaks at 153.09 and 152.51, are assigned

F ce)
c not
i

2
ared to the solution spectrum. This is due to the fact th

he electrode the carboxylic acid groups bind to the TiO2 sur-
ace by liberating protons causing an increase in the LU
evels of the anchoring ligand (ATR-FTIR data, discus
elow are consistent with dissociation of protons). The
itions of the two MLCT bands of K8 complex adsorb
nto TiO2 nanocrystalline film (436 and 556 nm) and in

ution are very similar because of the presence of two′-
is(carboxyvinyl)-2,2′-bipyridine ligands in which all th
arboxylic acid groups are not anchored. The K8 com
ow energy MLCT maxima is red shifted by 22 nm compa
o the K9 anchored complex consistent with the solution
orption spectra, which is also reflected in the IPCE spe

.3. NMR spectral data

The1H and13C NMR spectra of K9 complex are cons
ent with the structure shown inFig. 1, which are complicate
ecause of the presence of two types of 2,2-bipyridine lig

n which all the pyridyl rings are electronically in differe
nvironment.Fig. 3 shows a comparison of portion of1H
MR spectra of the K8 and K9 complexes. The presenc
4 peaks, in the K9 complex which integrate for the pres
f 16 protons indicate that the complex is not a mixture o
omoleptic complexes. The proton coupling constant da

he vinyl protons 15.94 and 16.04 Hz confirm that they a
transconfiguration.
Fig. 4 shows a comparison13C NMR spectra of the K

nd K9 complexes in the aromatic region betweenδ 170 and
20 ppm. The K9 complex exhibits 28 resonance signals
ig. 4. A part of13C NMR spectra of the (bottom trace) and K9 (top tra
omplexes in DMSO-d6. For clarity the peaks in the aliphatic region are
ncluded.
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to the C4 and C4′ of 4,4′-bis(carboxyvinyl)-2,2′-bipyridine.
The peaks at 139.27 and 138.56 were assigned to C4 and C4′
of 4,4′-dinonyl-2,2′-bipyridine. The eight resonance peaks
between 125 and 120 ppm are due to C3 and C5 carbons and
no attempts were made to identify individual carbons[18].
The peaks at 137.84, 137.14, 129.55 and 128.85 are assigned
to the vinyl carbons, which are next to the carboxylic acid
group and to the pyridine rings, respectively. The peaks at
134.17 and 133.59 ppm are due to two NCS ligands, which
are trans to the 4,4′-bis(carboxyvinyl)-2,2′-bipyridine ring
and the other one istransto 4,4′-dinonyl-2,2′-bipyridine, re-
spectively. Carbon-13 NMR spectra of complexes containing
NCS ligands are useful to identify their mode of coordina-
tion. The N-coordinated thiocyanate carbon resonance peak
has been reported in number of complexes at 130–135 ppm
[19]. The presence of peaks in K9 complex in 130–135 ppm
region indicate that NCS ligands are coordinated through the
nitrogen end[20].

There is an inequality in the electron density on the two
nonyl chains of the 2,2′-bipyridine, in which one istrans to
4,4′-bis(carboxyvinyl)-2,2′-bipyridine ring and the other is
transto NCS ligand. The heterogenity in the pyridyl rings is
due to variation in the electron donation from ligand to metal
and the back donation from metal to ligand, which is evident
up to methyl carbons of the nonyl chains. The difference in
the chemical shifts of (–C) attached on the 4,4′-positions of
2
(
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Fig. 5. A portion of the normalized ATR-FTIR spectra of the K9 complex
obtained using a solid sample (dotted line) and adsorbed on a 2�m thick
nanocrystalline TiO2 film (solid line). The intensity of the adsorbed K9
complex is 3.5 times lower than the solid sample.

face. In both the complexes, theυ(CN) at 2098 cm−1 and the
υ(CS) at 804 cm−1 bands remained unchanged between the
solid and the anchored K8 and K9 complexes.

Fig. 5presents infrared spectra in the CH2 stretching mode
region of the K9 complex in the solid state and adsorbed
onto a TiO2 film. The position of the CH2 stretching band in
the region between 2849 and 2854 cm−1 provides a qualita-
tive measure of the conformational disorder. A higher wave
number of this vibrational band is known to reflect a higher
conformational disorder[21]. The K9 solid sample show
broad bands at 2851, 2922 and 2948 cm−1, which are due
the symmetric and antisymmetricυ(CH2) vibrations of the
alkyl chains, respectively[22,23]. The K9 complex adsorbed
onto TiO2 film shows bands at 2855, 2926 and 2956 cm−1,
which are shifted to higher energy compared to the bands
observed for the solid state K9 sample, revealing a higher
conformational disorder of the C9H19alkyl chains[23]. In ad-
dition to a slight increase of disorder for C9H19 alkyl chains,
sharper peaks of the adsorbed complex (Fig. 5) indicate a
higher chain rigidity. The superior rigidity with a higher chain
disorder suggests possible intra and/or inter molecular inter-
actions between the C9H19 groups, resulting in an aliphatic
chain net work on the TiO2 surface. This type of interac-
tion is beneficial for a dye-sensitized solar cell where access
to the oxidized redox couple for conduction band electrons
i l for
d

4

ere
s M
t elec-
t rsus
1
,2-bipyridine is 0.41 ppm that decreases to 0.06 in –CH3 of
–C9).

.4. FTIR spectra

The ATR-FTIR spectra of the K9 complex show a str
nd intense absorption at 2098 cm−1 due to the N-coordinate
(CN). This band is approximately 2.8 times more inte

han the band at 804 cm−1, due to υ(CS). The bands
698 cm−1 and 1226 cm−1 are assigned to theυ(C O) and
(C–O) stretching of carboxylic acid groups, respectiv
he four bands at 1613, 1540, 1473 and 1420 cm−1 are due

o the ring stretching modes of the ligands. The IR ban
635 and 975 cm−1 are due to characteristicυ(C C) and
rans-υ(C–H), respectively of 4,4′-bis(carboxyvinyl)-2,2′-
ipyridine.

The ATR-FTIR data of the K8 and the K9 complexes
hored onto 2�m thick nanocrystalline TiO2 films reveal the
ode of adsorption of these dyes onto the TiO2 surface. Th
TR-FTIR spectrum of the adsorbed K9 complex shows
resence of carboxylate asymmetric at 1601υ(–COO−

as)
nd symmetric at 1371 cm−1 υ(–COO−

s) bands, confirmin
hat the carboxylic acid protons are dissociated and invo
n the adsorption on the TiO2 surface. On the other hand, t
dsorbed K8 complex on TiO2 films shows the presence
arboxylic acidυ(C O) at 1706 cm−1, and the carboxyla
symmetricυ(–COO−

as) at 1634 and symmetricυ(–COO−
s)

t 1374 cm−1 bands indicating that the four carboxylic a
roups are not involved in the adsorption on the TiO2 sur-
s reduced, ensuing an increase in open circuit potentia
ye-sensitized solar cell (see Section4.6).

.5. Electrochemical data

The electrochemical properties of the K9 complex w
crutinized by cyclic voltammetry in DMF solvent with 0.1
etrabutyl ammonium perchlorate using a glassy carbon
rode. The K9 complex shows a couple at 0.25 V ve
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Fig. 6. Photocurrent action spectra obtained with the K8 (solid line) and
the K9 (dashed line) complexes attached to nanocrystalline TiO2 film. The
incident photon to current conversion efficiency is plotted as a function of
the wavelength of the exciting light. The electrolyte composition was 0.6M
M-methyl-N-butyl imidazolium iodide, 0.05 M iodine, 0.05 M LiI and 0.5 M
tert-butylpyridine in a 50:50 (v/v) mixture of valeronitirile and acetonitrile.

Fc+/Fc with a separation of 0.1 V between anodic and ca-
thodic peak, which is due to RuIII/II . When scanning towards
negative potentials two reversible waves were observed at
E1/2 =−1.98 and−2.25 versus Fc+/Fc, which are assigned
to the reduction of 4,4′-bis(carboxyvinyl)-2,2′-bipyridine and
4,4′-dinonyl-2,2′-bipyridine, respectively. Under similar con-
ditions the K8 complex exhibits a quasi-reversible oxida-
tion and a reversible reduction potential atE1/2 = 0.35 and
−1.83 V versus Fc+/Fc, respectively[14]. The cathodic shift
in the ruthenium oxidation and the ligand reduction poten-
tials in K9 compared to K8 is due to the presence of 4,4′-
dinonyl-2,2′-bipyridine, which is a stronger donor than the
4,4′-bis(carboxyvinyl)-2,2′-bipyridine.

4.6. Photovoltaic data

The photocurrent action spectra of the K8 and K9 sensi-
tizers obtained with the sandwich cell, under illumination,
are shown inFig. 6. The spectra of incident monochromatic
photon-to-current conversion efficiency (IPCE), plotted as a
function of excitation wavelength show in the plateau region
77% for the K8 sensitizer. Strikingly, the incident monochro-
matic photon-to-current conversion efficiency is 66% even
at 700 nm. From the overlap integral of this curve one mea-
sures a short circuit photocurrent density of 18.1 mA/cm2. In
a bal air
m nsity
o d
0

ton-
t only
5 plex
s plex
w two
s

Table 1
Performance characteristics of photovoltaic cells based on nanocrystalline
TiO2 films sensitized by K8 from 1:1 CH3CN andtert-butanol solution with
different TiO2 thickness using 1376 electrolyte at one sun

TiO2 layer
thickness (�m)

Current
(mA/cm2)

Potential
(mV)

Fill factor Efficiency

8 + 4 16.9± 0.3 665± 30 0.73± 0.05 8.20
10 + 4 17.7± 0.3 645± 20 0.74± 0.05 8.45
12 + 4 18.0± 0.3 640± 20 0.75± 0.05 8.64
16 + 4 18.0± 0.3 638± 50 0.72± 0.05 8.26

sun, the K9-sensitized solar cell gave a photocurrent density
of 16.5± 0.5 mA/cm2, 666± 50 mV open circuit potential
and 0.71 fill factor yielding 7.8% efficiency. The purpose of
designing the K9 complex is that structural features of the
dye should match the requirements for current rectification
in analogy to the photo-field effect in transistors, the gate for
unidirectional electron flow from the electrolyte through the
junction and into the oxide is opened by the photo-excitation
of the sensitizer. The reverse charge flow, i.e. re-capture of
the electron by the oxidized redox couple in the electrolyte
is impaired by judicious design of the sensitizer having alkyl
chains 4,4′-nonyl-2,2′-bipyridine. The latter should form a
tightly packed insulating monolayer blocking the dark cur-
rent. The increase of 26 mV open circuit potential in K9
(666 mV) compared to the K8 (640 mV) sensitizer clearly
reflects this point.

From the photovoltaic data it is apparent that the signif-
icant effect asserted by the ligands containing an extended
conjugation exhibit enhanced spectral response. The excel-
lent efficiency of the K8 dye-sensitized solar cell of thin TiO2
films results from its strong optical light absorbance across
the visible spectrum and superior response in the red region.
Table 1illustrates the correlation between TiO2 electrodes
thickness and performance characteristics obtained using the
K8 sensitizer with the 1376 electrolyte. The table shows that
doubling the TiO thickness resulted only in a 6% increase in
t hav-
i hat
t not
r d the
T f this
m and
t r of
p ition.
T

5

MO
l spec-
t cient
y ing
t reas-
i dye
greement with this measurement, under a standard glo
ass 1.5 solar condition, the cell gave a photocurrent de
f 18± 0.5 mA/cm2, 640± 50 mV open circuit potential an
.75 fill factor yielding 8.64% efficiency[14].

The K9-sensitized solar cell showed 73% incident pho
o-current conversion efficiency at the plateau region and
4% efficiency at 700 nm. The IPCE data of the K8 com
how an enhanced red response compared to the K9 com
hich is consistent with the absorption spectra of these
ensitizers in solution and anchored on TiO2 films. At one
,

2
he short circuit current revealing the advantages of dyes
ng high molar extinction coefficient. It is striking to note t
he insertion of the vinyl moiety in the binding ligand does
educe the electronic coupling between the dye cation an
iO2 electrode, consistent with the unsaturated nature o
oiety. Further improvement in the efficiency of the K8

he K9 sensitizers is possible by optimizing the numbe
rotons, dye deposition solvent and electrolyte compos
he work directed towards this goal is in progress.

. Conclusions

We have successfully tuned the HOMO and the LU
evels of the ruthenium sensitizer that show an enhanced
ral response and an increased molar extinction coeffi
ielding a close to 8.7% efficient cell. Our goal of reduc
ransport losses in the nanoporous environment by inc
ng the optical extinction coefficient of sensitizers, so that
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solar cells could be made thinner and thus more efficient, is
demonstrated. To our knowledge this class of sensitizers is
novel and opens the way to design more efficient panchro-
matic sensitizers that absorb all the visible light including
in the near IR region by further modification of the ligand
architecture, which will improve notably power conversion
efficiencies of dye-sensitized solar cell.
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