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A novel ligand 4,4′-bis(carboxyvinyl)-2,2′-bipyridine (L) and its
ruthenium(II) complex [Ru(II)L2(NCS)2] (K8) were synthesized and
characterized by analytical, spectroscopic, and electrochemical
techniques. The performance of the K8 complex as a charge
transfer photosensitizer in nanocrystalline TiO2 based solar cells
was studied. When the K8 complex anchored onto a nanocrystalline
TiO2 film, we achieved very efficient sensitization yielding 77 ±
5% incident photon-to-current efficiencies (IPCE) in the visible
region using an electrolyte consisting of 0.6 M methyl-N-butyl
imidiazolium iodide, 0.05 M iodine, 0.05 M LiI, and 0.5 M 4-tert-
butylpyridine in a 50/50 (v/v) mixture of valeronitrile and acetonitrile.
Under standard AM 1.5 sunlight, the complex K8 gave a short
circuit photocurrent density of 18 ± 0.5 mA/cm2, and the open
circuit voltage was 640 ± 50 mV with fill factor of 0.75 ± 0.05,
corresponding to an overall conversion efficiency of 8.64 ± 0.5%.

Dye sensitized solar cells are currently attracting wide-
spread 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 components for high power
conversion efficiencies. The pioneering studies on dye

sensitized nanocrystalline TiO2 films usingcis-dithiocyana-
tobis(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 the relatively low molar
extinction coefficient.8 Several groups have tried to overcome
these shortcomings without significant success.9-12 Molecular
engineering of ruthenium complexes for TiO2-based solar
cells presents a challenging task as several stringent require-
ments have to be fulfilled by the sensitizer which are very
difficult to be met simultaneously, including absorbing all
the visible light and functioning 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 photoinduced
electron transfer into the TiO2 conduction band and regen-
eration of the dye by iodide can take place at practically
100% yield. We report here a study in which we have
maintained these conditions and at the same time have
succeeded in fine-tuning the spectral properties of ruthenium
polypyridyl complexes by designing at the molecular level
a novel ligand, 4,4′-bis(carboxyvinyl)-2,2′-bipyridine. Our
research focused on increasing the optical extinction coef-
ficient of sensitizers, so that dye solar cells could be made
thinner and thus more efficient because of reduced transport
losses in the nanoporous environment. In this Communica-
tion, we report synthesis and characterization of a ruthenium
sensitizer using the novel ligand and its application in dye-
sensitized solar cell.
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Figure 1 shows the structure of the 4,4′-bis(carboxyvinyl)-
2,2′-bipyridine ligand and its ruthenium complex [RuL2-
(NCS)2], K8. The ligand 4,4′-bis(carboxyvinyl)-2,2′-bipyri-
dine is synthesized in two steps, and its ruthenium complex
is prepared in a one pot synthesis starting from 4,4′-bis-
(carboxyvinyl)-2,2′-bipyridine and dichloro(p-cymene)ru-
thenium(II) dimer in DMF for 8 h (see the Supporting
Information for details).

The absorption spectrum of theK8 sensitizer is dominated
by metal to ligand charge transfer transitions (MLCT) and
shows MLCT bands in the visible region at 555 and 439
nm. There are two high-energy bands at 312 and 326 nm
due to ligandπ-π* charge transfer transitions. A comparison
of UV-vis spectra of theK8 and theN3 complexes is shown
in Figure 1. TheK8 complex’s lowest energy MLCT band
is red shifted 20 nm and the molar extinction coefficient
increased by 30% when compared to the standardN3
sensitizer. When theK8 complex is excited within the MLCT
absorption band at 298 K in an air-equilibrated DMF
solution, it exhibits a luminescence maximum at 830 nm and
a lifetime of 18 ((1) ns. Under similar conditions, theN3
sensitizer shows an emission maxima at 800 nm with an
excited state lifetime of 40 ns (see Figure 2S in Supporting
Information). The red shift of the emission maxima of the
K8 complex compared to the standardN3 sensitizer is
consistent with the red shift in the lowest energy MLCT
absorption maxima of theK8 sensitizer.

The1H and13C NMR spectra of theK8 complex measured
in DMSO-d6 solution are consistent with the structure (see
the Supporting Information). The complexK8 in solution
shows (10) peaks in the aromatic region corresponding to
two different pyridyl ring and vinyl protons in which two
pyridine rings are trans to the NCS ligands and the remaining
two are trans to each other. The proton coupling constant
data of the vinyl protons (15.94 and 16.04 Hz) confirm that
they are in a trans configuration. The proton decoupled
carbon-13 NMR spectrum of complexK8 in the aromatic
region shows 17 peaks. The carbon-13 data are particularly
useful in theK8 complex for determining whether the NCS
ligand has N or S bonded coordination. The presence of peak
at 134.4 ppm clearly indicates that the NCS coordination to
the ruthenium center is through the nitrogen.13 The ATR-
FTIR spectra measured as a solid sample show a strong and
intense absorption at 2097 cm-1 that is due to the N-

coordinatedν(CN). This band is approximately 3.5 times
more intense than the band at 800 cm-1, due toν(CS). The
band at 1701 cm-1 is assigned to the CdO stretching of
carboxy groups. The four bands at 1608, 1540, 1472, and
1418 cm-1 are due to the ring stretching modes of the ligand.
The IR bands at 1635 and 972 cm-1 are due to characteristic
CdC and trans-CsH, respectively, of 4,4′-bis(carboxyvinyl)-
2,2′-bipyridine.

The oxidation and reduction potential data of theK8
complex were obtained using a glassy carbon electrode in
DMF solvent with 0.1 M tetrabutylammonium perchlorate.
Upon scanning to positive potentials, a quasireversible couple
at E1/2 ) 0.35 V versus Fc (ferrocene/ferricenium) with a
separation of 0.09 V between the anodic to the cathodic peak
was observed due to the RuII/III couple. The ruthenium
oxidation potential in complexK8 is shifted cathodically by
0.05 V, compared to theN3 couple. The difference (0.05
V) in the oxidation potential of complexK8 compared to
that of N3 is due to the donor influence of 4,4′-bis-
(carboxyvinyl)-2,2′-bipyridine when compared to 4,4′-bis-
(carboxy)-2,2′-bipyridine. The two reversible waves atE1/2

) -1.83 and-2.18 V versus Fc are assigned to the reduction
of 4,4′-bis(carboxyvinyl)-2,2′-bipyridine.

The excited state oxidation potential of a sensitizer plays
an important role in the electron transfer process, which an
approximate value can be extracted from the ground state
oxidation couple and the zero-zero excitation energyE(0-
0) according to eq 1.14 The E(0-0) energy (1.69 eV) was
extracted from the high energy side of corrected emission
spectra where the intensity is 10% of the peak intensity. The
excited oxidation potential of theK8 complex is-0.89 V
versus SCE, which is sufficiently more negative than the
TiO2 conduction band.15

Pulsed optical excitation of theK8 sensitizer adsorbed onto
nonscattering nanocrystalline TiO2 films resulted in a long-
lived optical absorption transient, as shown in Figure 2. The
optical transient exhibited a pronounced absorption maximum
at 775 nm, assigned by comparison with theN3 dye, to an
LMCT transition of theK8 cation species, and consistent
with efficient electron injection from theK8 excited state
into the TiO2 electrode. The optical transient is long-lived,
with a decay half time of 200µs, assigned to charge
recombination of the dye cation with TiO2 electrons.

For photoelectrochemical device fabrication, TiO2 anatase
nanoparticles of 15 nm were prepared by hydrolysis of
titanium(IV)isopropoxide as described before.16 Nanocrys-
talline TiO2 thin films of 12 µm thickness were deposited
onto transparent conducting glass by screen printing. These
films were dried at 150°C for 20 min, and then, a 3µm
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Figure 1. UV-vis absorption spectrum ofK8 (blue line,λmax 555 nm,ε
18000 M-1 cm-1) and N3 (red line λmax 535 nm,ε 13600 M-1 cm-1)
measured in DMF.

E(S+/S*) ) E(S+/S) - E(0-0) (1)
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thick layer of 400 nm TiO2 particles (400 nm particles were
obtained from CCI, Japan) was deposited again using a
screen printing method. The double layered films were
sintered at 500°C for 20 min, which were then further treated
with TiCl4 as described before.16 Finally, the electrodes were
heated at 500°C for 20 min and allowed to cool to 50°C
before dipping into the dye solution (3× 10-4 M in 1:1
acetonitrile andtert-butyl alcohol).

The photocurrent action spectra obtained with a sandwich
cell using an electrolyte having composition of 0.6 M methyl-
N-butyl imidiazolium iodide, 0.05 M iodine, 0.05 M LiI, and
0.5 M tert-butylpyridine in 50/50 (v/v) mixture of valeroni-
trile and acetonitrile is shown in Figure 3. The photocurrent
action spectra of theK8 sensitizer show broad features

covering a large part of the visible spectrum. The incident
monochromatic photon-to-current conversion efficiency (IPCE)
is plotted as a function of excitation wavelength, showing
in the plateau region 77%. Strikingly, the incident mono-
chromatic photon-to-current conversion efficiency even at
700 nm gives a value of 66%. From the overlap integral of
this curve, one measures a short circuit photocucrrent densitiy
of 18.1 mA/cm2. In agreement with this measurement under
standard global AM 1.5 solar conditions, the cell gave a
photocurrent density of 18( 0.5 mA/cm2, 640 ( 50 mV
open circuit potential, and 0.75 fill factor yielding 8.64%
efficiency. The significant effect asserted by the ligand
containing extended conjugation is evident from the IPCE
spectrum in the red region.

The excellent efficiency of theK8 dye results from its
strong optical light absorbance across the visible spectrum.
Optical absorbance data from nonscattering TiO2 films for
both theK8 and N3 dyes indicated that theK8 sensitizer
resulted in the indistinguishable dye loading per film unit
area as compared with theN3 dye. Similarly, the recombina-
tion dynamics for theK8 dye cation were observed to be
indistinguishable from those for theN3 dye. This latter
observation is particularly striking and indicates that the
insertion of the vinyl moiety in the binding ligand does not
reduce significantly the electronic coupling between the dye
cation and the TiO2 electrode, consistent with the unsaturated
nature of this moiety. The electron injection yield, monitored
by the magnitude of the photoinduced absorption signal at
1000 nm assigned to TiO2 electron absorbance, was,
however, observed to be 10-20% lower for theK8 dye
relative toN3. This observation is consistent with the slightly
lower saturated IPCE values forK8 relative toN3, although
this effect is balanced by the improved red absorbance of
theK8 dye, resulting in comparable photocurrent generation
efficiencies under AM1.5 illumination.

In conclusion, we have successfully tuned the HOMO and
the LUMO levels of the ruthenium sensitizer that show an
enhanced spectral response and an increased molar extinction
coefficient yielding close to an 8.7% efficient cell. To our
knowledge, this class of sensitizers has not been previously
reported, and this finding opens the way to designing more
efficient panchromatic sensitizers that absorb all the visible
light including that in the near-IR region by further modi-
fication of the ligand architecture, which will improve
notably power conversion efficiencies of dye-sensitized solar
cells.
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and spectroscopic data of theK8 complex. This material is available
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Figure 2. Transient absorption data for 4µm thick TiO2 film sensitized
with K8 complex and covered in propylene ethylene carbonate. The transient
spectrum was recorded at 100µs after pulsed excitation at 525 nm, and
assigned to theK8 dye cation/TiO2 (e-) state resulting from photoinduced
electron injection. The inset shows the transient absorption data decay
dynamics at 800 nm, assigned to charge recombination. All experimental
details as reported previously.17

Figure 3. Photocurrent action spectrum obtained with theK8 complex
attached to a 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 0.6 M methyl-N-butyl
imdiazolium iodide, 0.05 M iodine, 0.05 M LiI, and 0.5 Mtert-butylpyridine
in a 50:50 (v/v) mixture of valeronitirile and acetonitrile.

COMMUNICATION

180 Inorganic Chemistry, Vol. 44, No. 2, 2005




