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A new metal-free sensitizer for improved light harvesting with dye-sensitized solar cells (DSC) has been
synthesized and fully characterized. The molecular sensitizer was engineered by linking the tiophenes groups
by methine units, improving light absorption until 760 nm wavelength. In conventional DSC configuration
the dye produces short-circuit current density of 13.4 mA/cm2 at 1.5 AM illumination (100 mW cm-2) and
the incident photon-to-current conversion efficiency (IPCE) of 58%. The causes for the limitation to the
photocurrent are investigated by impedance spectroscopy measurements, and it is shown that metal-based
and metal-free molecular sensitizers show distinct characteristics concerning the blocking of the TiO2 surface
with coadsorbents to prevent electron recombination.

1. Introduction

Dye sensitized solar cells (DSCs) based on molecular-
sensitized nanostructured metal-oxides have attracted significant
attention as low-cost photovoltaic devices.1-3 The photosensi-
tizer plays important roles in determining the stability, light
harvesting capability and also the total cost of DSCs. Presently
the most important photosensitizers are Ruthenium Dyes, such
as N719, N3, Black Dye,4-6 etc, that are well-known and
produced in commercial fabrication. Dyes of another kind, called
metal free dyes,7-9 show quite promising characteristics: (1) a
large molar extinction coefficient, (2) lower cost than Ru dyes,
and (3) control of the absorption wavelength modifying the
synthesis method.10,11 It is well-known that changes in molecular
structure and conjugation systems can induce very different
optical and physical properties of donor-acceptor π conjugated
compounds. When the acceptors or the donor groups, or the
linkers between both, are modified, the absorption can be shifted
toward the red part of the solar spectrum, which is a future
requirement for high performance DSC that should harvest most
of the visible and also near IR photons in the solar spectrum.
Efficient DSCs have been prepared by using metal free dyes
incorporating oligothiophenes (oTs).12,13

Here, we present a new metal free dye (RC4-17) sensitizer.
The novel metal free organic dye molecule is based on a four
units oligothienylvinylene system (4TV) carrying a cyanoacrylic
acid moiety as acceptor and as an anchoring unit for the
attachment of the dye onto TiO2 nanoparticles. Oligothienylvi-
nylene (oTV) systems have shown to be efficient systems for
nanoelectronics showing a decrease of the low HOMO-LUMO
gap and better π-electron delocalization respecting to oTs.14

Finally, alkyl groups were attached to the thiophene in order to
enhance the solubility, produce a bathochromic shift on the
absorption maximum proportional to the number of alkyl groups,

and avoid the aggregation phenomena13 between molecules due
to the alkyl steric impediments (Figure 1).

We describe in this paper the synthesis, absorbance charac-
teristics of the RC4-17 sensitizer, and the photovoltaic perfor-
mance in DSCs in a variety of conditions. We also investigate
by means of impedance spectroscopy the interfacial energetic
and kinetic properties that determine the photocurrent.

2. Experimental Section

2.1. Synthesis of the Organic Dye. Figure 2 shows the
synthetic approach for RC4-17 from the previously described
4TV15,16 by Vilsmeier formylation followed by Knoevenagel
condensation with cyanoacetic acid in the presence of pyperi-
dine. RC4-17 was fully characterized by MALDI-TOFF mass
spectrometry as well as 1H and 13C NMR, FT-IR, and UV-vis
spectroscopies. Further details are given in the Supporting
Information.

2.2. Dye Solar Cells (DSC) preparation. Several RC4-17
DSCs were prepared using TiO2 nanocrystalline paste prepared
by hydrolysis of titanium tetraisopropoxide1 with the addition
of ethyl cellulose as a binder in R-terpineol. The TiO2 layers
were deposited with doctor blading technique on transparent
conducting glass (TCO glass; Pilkington TEC15, ∼15 Ω/sq
resistance). The resulting photoelectrodes of 10 µm thickness
were sintered at 450 °C and then immersed in 0.04 M TiCl4

solution for 30 min at 70 °C followed by calcination at 450 for
30 min. When the temperature decreased until 40 °C, the
electrodes were immersed into dye RC4-17 solution (0.3 mM
in dichloromethane) overnight (16 h). After the adsorption of
the dye, the electrodes were rinsed with the same solvent. As
the treatment with the dye solutions is the same for all prepared
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Figure 1. Molecular structure of RC4-17.
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photoelectrodes (10 µm thickness), the amount of absorbed dye
is similar, and this is confirmed with the results of the different
DSCs measured. The solar cells were assembled with a counter
electrode (thermally platinized TCO) using a thermoplastic
frame (Surlyn 50 µm thick). Redox electrolyte (as detailed
below) was introduced though a hole drilled in the counter
electrode that was sealed afterward. Prepared solar cells (0.5
cm2 size, masking solar cell to 0.2 cm2) were characterized by
current-voltage characteristics, IPCE and impedance spectros-
copy. Photocurrent and voltage were measured using a solar
simulator equipped with a 1000 W ozone-free xenon lamp and
AM 1.5 G filter (Oriel), where the light intensity was adjusted
with an NREL-calibrated Si solar cell with a KG-5 filter to 1
sunlight intensity (100 mW cm-2). For each dye and electrolyte
used, seven cells were prepared using this methodology to check
the consistency of the results and their reproducibility was
confirmed.

3. Results and Discussion

3.1. Dye Characterization. Figure 3 shows the UV-vis
spectra of the RC4-17 sensitizer, that presents absorption until
760 nm with an absorption maximum at 557 nm in Dichlo-
romethane (DCM) (ε ) 26 302 M-1 cm-1). In addition, the
compound shows a band in the UV region (around 290 nm),
and two light bands due to the π-π* transitions of the
conjugated molecule in the visible region at 350 and 430 nm.

Taking into account that the dye cannot be dissolved in the
electrolyte (3-methoxypropionitrile) used for making the cells,
the range of the spectrum where the dye attached on TiO2 film
is absorbing light is between 380 until 700 nm wavelength
(Figure 4a). Remarkably, when dye is absorbed in the film, the
maximum absorption band is shifted toward the red part of
the solar spectrum, around 600 nm wavelength, compared to
the monomeric species in the solution, due to the close
packing17,18 onto TiO2.

It is well-known that the aggregation phenomena19-21 during
the TiO2 sensitization time decrease the injection of electrons
and the overall performance of the DSC. In order to prevent
this effect reducing aggregation, the dye has been engineered
introducing C6H13 to substitute the thiophene moiety. To confirm
this feature the immersion time of the TiO2 film in the sensitizing
solution has been varied from 1 to 16 h. The UV-vis spectra
and the performance of the cell did not present any change
(Figure 4b). To further confirm that no significant aggregation
occurs on the metal-oxide surface, in a parallel experiment 3
mM chenodeoxycholic acid was added in the dye solution to
prevent the dye aggregation on the TiO2 surface and the UV-vis
spectra (not shown) matches exactly the spectrum shown in
Figure 4a dotted line.

It is well established in the literature22 that push-pull
chromophores based on thienylvinylene present intense solva-

Figure 2. Synthesis of RC4-17.

Figure 3. UV-vis absorption spectrum of RC4-17.

Figure 4. UV-vis spectrum of RC4-17. (a) UV-vis spectrum of
the dye solution (solid line) compared with the absorption spectrum
of the dye attached to TiO2 (dashed line). (b) Different sensitizing
time of TiO2 electrodes, 1 h (solid line) and 16 h (dashed line) in
DCM as solvent. The spectra have been vertically offset for clarity
of display.
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tochromism; hence, the emission bands can shift in wavelength
due to the different solvent polarity. This effect has been checked
dissolving RC4-17 in butanol and DCM. The absorption
maximum is 531 nm for butanol and 557 nm for DCM (data
not shown). In this case the solvent effect is not critical, keeping
the absorption range constant with a slight shift of the maximum,
from 531 to 557 nm.

Figure 5 shows the calculated molecular structure of RC4-
17 at the B3LYP/6-31G* level and the electron distribution of
its HOMO and LUMO. Calculations indicate that the HOMO
is distributed along the 4TV conjugated system and the LUMO
is located over the cyanoacrylic unit through thiophene. This
distribution suggests the existence of charge transfer from the
donor (nTV) to the acceptor (cyanoacrylate) units, allowing
significant charge separation within the dye after photoexcitation.
Furthermore the location of the LUMO at the side of the TiO2

surface and the HOMO at the opposite end of the molecule,
eases the electron injection into the semiconductor and prevents
back regeneration of the dye with the injected electrons. The
distribution of the HOMO along the whole 4TV conjugated
chain also improves the regeneration of the dye with the redox
couple. Efficient photoinduced electron transfer from nTV to
good electron acceptors as C60 has been previously observed.23,24

3.2. Photovoltaic Performance of DSC. To understand the
relationship between dye structure, photophysical and photo-
electrochemical properties, we have studied the performance
of DSC based on this metal free sensitizer in a variety of
conditions.

A DSC with RC4-17 as a sensitizer was prepared, the
composition of the standard electrolyte, named 100% MBI (1-
methylbenzimidazole) is 0.5 M LiI (99,9%), 0.05 M I2 (99,9%),
0.5 M MBI (99%) in 3-methoxypropionitrile (98%). As a
reference, a N719 DSC was prepared by the same procedure
and with the standard electrolyte (100% MBI). In Table 1 are
shown the characteristics for these two DSCs prepared and
the photocurrent density-voltage (J–V) curves are shown in
Figure 6. The overall conversion efficiency (η) for RC4-17, is

2.89%, while under the same conditions the efficiency of N719
is 6.41%. In the range 300 to 800 nm the IPCE (Incident photon-
to-current conversion efficiency) of RC4-17 (Figure 7) reached
values of about 58%.

It is known that to get an efficient charge separation, the
LUMO of the dye from where the electron injection occurs has
to be at sufficiently more negative potential than the conduction
band edge of the TiO2 (ECB), and the HOMO has to be more
positive than the redox potential of iodine/iodide. Figure 8 shows
the energy levels diagram calculated from cyclic voltammetry
(CV) of RC4-17 using the methods indicated in ref 25. The
HOMO level is sufficiently more positive than the iodine/iodide
redox potential value, indicating that the oxidized dyes formed
after electron injection to TiO2 could accept electrons from I-

ions thermodynamically so that inefficient regeneration by the
I- is not expected. The LUMO level is slightly negative to the
ECB for acid TiO2 paste.

From the energy diagram (Figure 8), due to the short
energy gap between ECB and the LUMO level of RC4-17,
additional engineering on the solar cell energetics was
developed to improve its performance. It is known that the
MBI shifts the ECB of TiO2 negatively26,27 and makes more
difficult the electron injection from excited dye to TiO2. And
in this case, due to the close position of the LUMO of the
dye with respect to the ECB of the TiO2, the presence of MBI

Figure 5. Frontier orbitals LUMO (top) and HOMO (bottom) of RC4-
17 optimized at the B3LYP/6-31G* level.

TABLE 1: Photovoltaic Performance of RC4-17a

dye electrolyteb Jsc (mA/cm2) Voc (V) ff η (%)

RC4-17 0% MBI 13.4 0.50 0.57 3.84
RC4-17 100% MBI 9.21 0.55 0.57 2.89
N719-refer 100% MBI 16.3 0.71 0.44 6.41

a Values are obtained using an average over 7 DSC for each
electrolyte, prepared with the same methodology. Photovoltaic
performance of DSC based on RC4-17 and N719 under AM 1.5
irradiation. Jsc is the short circuit photocurrent density, Voc is the
open-circuit voltage, ff is the fill factor, and η is the power
conversion efficiency. b The amount of MBI is modified in the
electrolyte solution.

Figure 6. current-potential (J-V) curves for DSCs using RC4-17
and N-719 sensitizers, under AM 1.5 irradiation.

Figure 7. IPCE spectrum for a DSC based on RC4-17 with 100% of
MBI.

Figure 8. Energy diagram showing HOMO-LUMO levels and band
gap of RC4-17.
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in the 100% MBI electrolyte composition, could lower the
electron injection from the excited dye to the TiO2, by
negative shift of ECB, decreasing the photocurrent. Therefore,
the standard electrolyte (100%MBI) composition was modi-
fied, removing MBI from the electrolyte. With the new
electrolyte composition, 0% MBI, it is observed (Table 1
and Figure 7) that the Jsc is higher (13.4 mA/cm2) because
the ECB of TiO2 is shifted downward, which produces a
minimum decrease of the Voc. The increase of efficiency (η
) 3.84%) in the absence of MBI suggests that at the same
time that MBI rises the conduction band10 and diminishes
injection, it may produce another effect not previously
observed.27

Impedance spectroscopy measurements (Figure 9) were
performed on the same cells in order to clarify this effect.
All measurements were carried out with an irradiation of AM
1.5 at Voc scanning the frequencies from 1 MHz to 0.1 Hz.
These measurements were analyzed using the impedance
model developed by Bisquert et al.28-30 According to this
model, the high-frequency arc corresponds to the parallel
combination of the charge transfer resistance at the platinized
electrode, RctPt and the Helmholtz capacitance at this interface
and the second arc corresponds to the combination between
the charge-transfer resistance of the charge recombination
process between electrons in mesoscopic TiO2 film and I3

-

in electrolyte, Rct, and the chemical capacitance of the
semiconductor. A third arc present in the model is attributed
to diffusion processes, that arc is observed in the present
measurements as a small deformation of the second arc and
is not taken in account on the value of Rct.

In this particular case, the relevant parameter affecting the
response of the cell is Rct.29 As may be observed in Figure
9, for 0% of MBI, the value of Rct is nearly 3 times larger
than in the case of 100% MBI. This means that the electrons
injected into the TiO2 nanoparticles recombine with the
electrolyte at lower rate in the absence of MBI than in the
case of its addition, preventing the achievement of a higher
Voc when MBI is added.

This result diverges from the one obtained in the case DSC
with N3 dye26,27 which is quite general for other Ru based
dyes, where besides the shift in the band the MBI coats the
parts of TiO2 uncovered with dye, producing a reduction of
the recombination rate. Here this coating is not produced,
probably because there is not surface available for massive
MBI link. Instead, with the rise of the position of the Fermi
level of electrons, the interaction with the acceptor states in
the redox couple increases the transfer rate.30 From this result,
the next step for the future studies must be to improve the
electrolyte composition, in order to increase the Voc as much
as is possible, taking into account the energy levels, and

blocking the possible recombination processes with alterna-
tive additives, improving the overall performance of the RC4-
17 DSC.

4. Conclusions

We have successfully fabricated a novel metal free dye
based on four units of thienylvinylene. The obtained dye
showed high stability, good short-circuit current density
(Jsc ) 13.4 mA/cm2) and reproducible solar cell efficiency.
This dye presents important properties such as short absorp-
tion time on TiO2 films without any indication of aggregation
process, absorption toward the far-red region and chemical
stability. The easy of synthesis and future modifications to
further extend the absorption range present it as one of the
promising metal free dye for the fabrication of efficient and
stable dye solar cells.

Acknowledgment. The work was supported by Ministerio
de Ciencia e Innovación of Spain under projects HOPE
CSD2007-00007 (Consolider-Ingenio 2010), MAT2007-
62982, CTQ2007-63363/PPQ, and Bancaixa project P1
1B2005-12.

Supporting Information Available: Synthetic procedures
and characterization details for RC4-17. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) O′Regan, B.; Grätzel, M. Nature 1991, 353, 737–740.
(2) Grätzel, M. J. Photochem. Photobiol., C 2003, 4, 145–153.
(3) Bisquert, J.; Cahen, D.; Rühle, S.; Hodes, G.; Zaban, A. J. Phys.

Chem. B 2004, 108, 8106–8118.
(4) Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.;

Muller, E.; Linska, P.; Vlachopoulus, N.; Grätzel, M. J. Am. Chem. Soc.
1993, 115, 6382–6390.

(5) Nazeeruddin, Md. K.; Zakeeruddin, S. M.; Humphry-Baker, R.;
Jirousek, M.; Liska, P.; Vlachopoulos, N.; Shklover, V.; Fischer, C.-H.;
Grätzel, M. Inorg. Chem. 1999, 38, 6298–6305.

(6) Nazeeruddin, Md. K.; Pechy, P.; Renouard, T.; Zakeeruddin, S. M.;
Humphry-Baker, R.; Comte, P.; Liska, P.; Cevey, L.; Costa, E.; Shklover,
V.; Spiccia, L.; Deacon, G. B.; Bignozzi, C. A.; Grätzel, M. J. Am. Chem.
Soc. 2001, 123, 1613–1624.

(7) Kim; S.; Lee, J. K.; Kang, S. O.; Ko, J.; Yum, J.-H.; Fantacci, S.;
De Angelis, F.; Di Censo, D.; Nazeeruddin, Md. K.; Grätzel, M. J. Am.
Chem. Soc. 2006, 128, 16701–16707.

(8) Liang, M.; Xu, W.; Cai, F.; Chen, P.; Peng, B.; Chen, J.; Li, Z. J.
Phys. Chem. C 2007, 111, 4465–4472.

(9) Hagberg, D. P.; Marinado, T.; Karlsson, K. M.; Nonomura, K.;
Qin, P.; Boschloo, G.; Brinck, T.; Hagfeldt, A.; Sun, L. J. Org. Chem.
2007, 72, 9550–9556.

(10) Hara, K.; Sato, T.; Katoh, R.; Furube, A.; Ohga, Y.; Shinpo, A.;
Suga, S.; Sayama, K.; Sugihara, H.; Arakawa, H. J. Phys. Chem. B 2003,
107, 597–606.

(11) Hara, K.; Wang, Z.-S.; Sato, T.; Furube, A.; Katoh, R.; Sugihara,
H.; Dan-oh, Y.; Kasada, C.; Shinpo, A.; Suga, S. J. Phys. Chem. B 2005,
109, 15476–15482.

(12) Kim, S.; Lee, J. K.; Kang, S. O.; Ko, J.; Yum, J.-H.; Fantacci, S.;
De Angelis, F.; Di Censo, D.; Nazeeruddin, Md. K.; Grätzel, M. J. Am.
Chem. Soc. 2006, 128, 16701–16707.

(13) Koumura, N.; Wang, Z. S.; Mori, S.; Miyashita, M.; Suzuki, E.;
Hara, K. J. Am. Chem. Soc. 2006, 128, 14256–14257.

(14) Roncali, J. Acc. Chem. Res. 2000, 33, 147–156.
(15) Jestin, I.; Frere, P.; Mercier, N.; Levillain, E.; Stievenard, D.;

Roncali, J. J. Am. Chem. Soc. 1998, 120, 8150–8158.
(16) Oswald, F.; Shafiqul Islam, D.-M.; Araki, Y.; Troiani, V.; de la

Cruz, P.; Moreno, A.; Ito, O.; Langa, F. Chem. Eur. J. 2007, 13, 3924–
3933.

(17) Gervaldo, M.; Fungo, F.; Durantini, E. N.; Silber, J. J.; Sereno, L.;
Otero, L. J. Phys. Chem. B 2005, 109, 20953–20962.

(18) Choudhury, B.; Weedon, A. C.; Bolton, J. R. Langmuir 1998, 14,
6192–6198.

(19) Giribabu, L.; Kumar, C. V.; Gopal Reddy, V.; Reddy, P. Y.; Rao,
Ch. S.; Jang, S. R.; Yum, J.-H.; Nazeeruddin, M. K.; Grätzel, M. Solar
Energy Mater. Solar Cells 2007, 91, 1611–1617.

Figure 9. Impedance plot of DSC with different composition of
electrolyte: 0% MBI and 100% MBI cells. Measured at Voc potentials
under AM 1.5 irradiation.

18626 J. Phys. Chem. C, Vol. 112, No. 47, 2008 Caballero et al.



(20) Kalyanasundaram, K.; Grätzel, M. Coord. Chem. ReV. 1998, 77,
347–414.

(21) Lagref, J.-J.; Nazeeruddin, Md. K.; Grätzel, M. Inorg. Chim. Acta
2008, 361, 735–745.

(22) Ruiz Delgado, M. C.; Hernandez, V.; Casado, J.; López Navarrete,
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