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ABSTRACT: A ruthenium sensitizer with an extended π-
conjugated terpyridine (TUS-42) has been synthesized for
dye-sensitized solar cells (DSCs). Upon extension of the
π-conjugated system of the terpyridine ligand, the
conversion efficiency of the DSC with TUS-42 improved
successfully to 10.7%, which is almost comparable to that
of one of the most efficient ruthenium sensitizers (Black
dye). Interestingly, an extremely large short-circuit current
density (Jsc) value (22.7 mA/cm2) was obtained in the
DSC with TUS-42 even though the amount of dye
adsorption to the TiO2 photoelectrode is relatively small.

Recently, the light-to-electrical energy conversion efficiency
of dye-sensitized solar cells (DSCs) has reached 13% by

developing highly efficient molecular sensitizers, such as zinc
porphyrin sensitizers.1 One of the advantages of such highly
efficient porphyrin sensitizers is large molar absorption
coefficients at the Q band (at around 660 nm), which is
approximately 5 times larger than those at the metal-to-ligand
charge-transfer (MLCT) band (at around 600 nm) of conven-
tional ruthenium-complex sensitizers. On the other hand, one of
the weak points of porphyrin sensitizers is a lack of absorption at
the wavelength range above 750 nm, whereas the MLCT band of
efficient ruthenium sensitizers covers the solar light until the
near-IR region. Therefore, it is considered that a conversion
efficiency higher than that for efficient porphyrin sensitizers can
be achieved by increasing the molar absorption coefficients at the
MLCT band of ruthenium sensitizers. In this regard, a large
number of ruthenium sensitizers possessing a chromophore unit,
such as carbazole, triphenylamine, and stylenyl units, have been
developed so far to increase the molar absorption coefficients at
the MLCT band.2 We have also developed several ruthenium
sensitizers with a hexylthiophene-modified terpyridine derivative
ligand.3 These studies demonstrated that the introduction of a 2-
n-hexylthiophene unit to the 4 position of the terpyridine
derivative ligand (i.e., extension of the π-conjugated system of the
terpyridine ligand) is an effective method to increase the molar
absorption coefficients at the MLCT band, and hence the
conversion efficiency of the DSC can be improved by this
structural modification.3 For example, the molar absorption
coefficients at the MLCT band of TUS-38 (Figure 1), which
possesses a terpyridine ligand having a 2-n-hexylthiophene unit at
the 4 position, are larger than those of a structurally analogous
ruthenium sensitizer. The DSC with TUS-38 showed 10.3%
conversion efficiency, which is higher than that for the

structurally analogous sensitizer. However, this value is still
slightly lower than that for Black dye (10.8%), which is well-
known and one of the most efficient ruthenium sensitizers
(Figure 1).3b It is considered that the obtained slightly lower
conversion efficiency for TUS-38 is dominantly attributed to the
promoted backward electron transfer of injected electrons in the
TiO2 photoelectrode to the oxidized forms of the sensitizers
and/or to I3

− in the electrolyte solution.3b In this study, a novel
ruthenium sensitizer with an extended π-conjugated terpyridine
ligand (TUS-42; Figure 1) has been synthesized as an improved
model sensitizer for TUS-38. It is expected that the molar
absorption coefficients at the MLCT band of TUS-38 are
increased further by replacing the n-hexyl chain at the thiophene
ring into the 2,6-diisopropylphenyl unit. In addition, it is also
expected that access of I3

− to the sulfur atom of the thiophene
ring of the TUS-42, which promotes the above-mentioned
backward electron transfer, is blocked sterically by the two
isopropyl groups at the phenyl unit. Here we communicate the
solar cell performance of the DSC with a novel improved model
sensitizer (TUS-42).
As reported recently, the molar absorption coefficients at the

two MLCT bands of TUS-38 centered at around 450 and 630
nm are obviously larger than that of Black dye (Figure 2).3b Upon
replacement of the n-hexyl chain at the thiophene ring ofTUS-38
into the 2,6-diisopropylphenyl unit, the molar absorption
coefficients at the lower-energy MLCT band increased slightly
without changing the onset wavelength of the absorption
spectrum (ca. 840 nm). This result indicates that further
extension of the π-conjugated system of the terpyridine
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Figure 1. Molecular structures of TUS-42, TUS-38, and Black dye.
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derivative ligand is an effective method to increase the molar
absorption coefficients at the lower-energy MLCT band.
On the other hand, the energy levels of the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of TUS-42 are almost consistent with those of
TUS-38 (Table 1). It is reported that higher-energy HOMOs
(HOMO and HOMO−1) of TUS-38 locate at the ruthenium
atom and the two axial NCS ligands and lower-energy LUMOs
(LUMO, LUMO+1 and LUMO+2) of TUS-38 populate
dominantly at the two carboxypyridine rings of the terpyridine
ligand.3b Therefore, structural modification of the substituent at
the thiophene ring does not affect the electrochemical property
of TUS-38. The important point is that the LUMO of TUS-42
still populates dominantly at the two carboxypyridine rings
(Figure S2) and has a sufficient potential for effective electron
injection into the conduction band of the TiO2 photoelectrode,
which are responsible for the higher conversion efficiency.
The solar cell performance of the DSC with TUS-42 was

evaluated at first by using an our standard electrolyte solution [an
acetonitrile solution containing 0.05 M I2, 0.1 M LiI, 0.6 M 1,2-
dimethyl-3-n-propylimidazolium iodide (DMPImI), and 0.3 M
4-tert-butylpyridine (TBP)]. As summarized in Table 1, the DSC
with TUS-42 showed 10.7% conversion efficiency, which is
higher than that of TUS-38 (10.3%) and almost comparable to
that of Black dye (10.8%), under AM 1.5 (100 mW/cm2)
irradiation. Interestingly, an extremely large short-circuit current
density (Jsc) value (22.7 mA/cm2) was obtained in the DSC with
TUS-42 even though the amount of dye adsorption to the TiO2
photoelectrode was smaller than those of TUS-38 and Black dye
(Table 1). It is emphasized here that an efficient ruthenium
sensitizer showing a Jsc value larger than 22 mA/cm2 is still
extremely rare even though numerous ruthenium sensitizers have
been synthesized so far.4 IPCE values of the DSC with TUS-42
below 500 nm are higher than those of Black dye as well as TUS-
38 (Figure 3). Moreover, IPCE values of TUS-42 at the
wavelength range between 480 and 780 nm are slightly higher
than those of TUS-38. These results indicate clearly that the
superior photosensitizing ability of TUS-42 reflects improved

photochemical properties, which is attributed mainly to the
further extension of the π-conjugated system of the terpyridine
derivative ligand. On the other hand, such an improvement in the
photosensitizing ability was not observed for several structurally
analogous sensitizers, which have a terpyridine derivative ligand
modified with the 2-tert-butylthiophene or 4-tert-butylphenyl
unit at the 4 position (the details of these results will be reported
separately elsewhere). These results indicate clearly that
introduction of the 2-phenylthiophene unit (i.e., extension of
the π-conjugated system) is essential to improving the
photosensitizing ability.
The electron lifetime in the TiO2 photoelectrode of the DSC

with TUS-38 is reported to be much shorter than that for Black
dye, suggesting that charge recombination of the injected
electrons and oxidized forms of the sensitizers and/or backward
electron transfer of the injected electrons to I3

− is promoted.3b It
is known that I2 (or I3

−) interacts with a sulfur atom of thiophene,
which affords a charge-transfer complex.5 Therefore, it is likely
that I2 (or I3

−) in the electrolyte solution interacts with the
thiophene unit of TUS-38, resulting in an increment in the local
concentration of I3

− at the TiO2 surface. Under such a condition,
backward electron transfer from the conduction band of the TiO2
photoelectrode to I3

− would be promoted. In this study, the 2,6-
diisopropylphenyl unit is introduced instead of the n-hexyl chain
in expectation of the blocking effect of two isopropyl groups for
access of I3

− to the sulfur atom of the thiophene ring of TUS-42.
The electron lifetime ofTUS-42 improved actually; however, it is
still shorter than that of Black dye at the matched Voc values
(Figure 4), indicating that access of I3

− is not retarded perfectly
by two isopropyl groups. Therefore, introduction of the other
substituents with a more bulky structure is considered to be
required for developing highly efficient ruthenium sensitizers.
Next, the solar cell performance of TUS-42 was evaluated by

using an electrolyte solution with a modified composition [an
acetonitrile solution containing 0.05 M I2, 0.1 M LiI, 0.6 M 1-
ethyl-3-methylimidazolium iodide (EMImI), and 0.3 M TBP].
As we reported recently, the diffusion resistance of the redox

Figure 2.Molar absorption spectra of TUS-42, TUS-38, and Black dye
in N,N-dimethylformamide.

Table 1. Electrochemical Properties of TUS-42, TUS-38, and Black Dye and the Solar Cell Performances of DSCs with These
Sensitizersa

sensitizer EHOMO (V vs SCE) E0−0
b (eV) ELUMO (V vs SCE) Jsc (mA/cm2) Voc (V) FF η (%) amount of dye adsorption (×10−7 mol/cm2)

TUS-42 0.63 1.63 −1.00 22.7 0.666 0.707 10.7 1.6
TUS-38c 0.63 1.62 −0.99 22.4 0.660 0.695 10.3 1.8
Black dyec 0.66 1.61 −0.95 21.7 0.705 0.708 10.8 2.0

aThe electrolyte was an acetonitrile solution containing 0.05 M I2, 0.1 M LiI, 0.6 M DMPImI, and 0.3 M TBP. The film thickness and active area of
the TiO2 photoelectrode were 40 μm and 0.26 cm2, respectively. Irradiation was carried out by using a solar simulator (AM 1.5, 100 mW/cm2).
bE0−0 was estimated from the intersection wavelength between absorption and luminescence spectra. cDate taken from ref 3b.

Figure 3. IPCE spectra of the DSC with TUS-42, TUS-38, and Black
dye.
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couple in the electrolyte solution between two electrodes can be
reduced effectively by using EMImI instead of conventional
DMPImI because of the relatively lower viscosity of EMImI.6 As
a result, the conversion efficiency of the cosensitized DSC with
Black dye and D131 was improved from 11.1% to 11.5% by using
the electrolyte solution containing EMImI.6 For comparison, the
conversion efficiency of the DSC withTUS-42was not increased
at all by using this electrolyte solution. This result implies that
redox-couple diffusion in the electrolyte solution is not a rate-
determining step in the DSC with TUS-42. As discussed above,
backward electron transfer from the conduction band of the TiO2
photoelectrode to I3

− is still promoted in the DSC with TUS-42;
therefore, this result suggests again that backward electron
transfer must be suppressed to improve the conversion efficiency.
In summary, an improved model ruthenium sensitizer (TUS-

42) has been synthesized. Upon replacement of the n-hexyl chain
into the 2,6-diisopropylphenyl unit, the conversion efficiency of
the DSC with TUS-42 was increased successfully up to 10.7%,
which is almost comparable to that of Black dye. Moreover, an
extremely large Jsc value could be obtained in the DSCwithTUS-
42. This study demonstrates that further extension of the π-
conjugated system of the terpyridine ligand is an effective
method to develop efficient ruthenium sensitizers for DSCs.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.5b01640.

Experimental procedures, synthetic methods, DFT
calculations, and photoelectrochemical measurements
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: h.arakawa@ci.kagu.tus.ac.jp.
Present Address
†H.O.: Education Center for Global Leaders in Molecular
Systems for Devices, Kyushu University, 774 Motooka, Nishi-ku,
Fukuoka 819-0395, Japan.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the New Energy and Industrial
Technology Development Organization of Japan. H.O. acknowl-
edges a Grant-in-Aid for Young Scientist (B) (Grant 25810043)

from the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

■ REFERENCES
(1) (a)Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; Curchod, B.
F. E.; Ashari-Astani, N.; Tavernelli, I.; Rothlisberger, U.; Nazeeruddin,
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M. Angew. Chem., Int. Ed. 2014, 53, 2973−2977.
(2) (a) Vougioukalakis, G. C.; Philippopoulos, A. I.; Stergiopoulos, T.;
Falaras, P. Coord. Chem. Rev. 2011, 255, 2602−2621. (b) Robson, K. C.
D.; Bomben, P. G.; Berlinguette, C. P. Dalton Trans. 2012, 41, 7814−
7829. (c) Cheema, H.; Islam, A.; Han, L.; El-Shafei, A. ACS Appl. Mater.
Interfaces 2014, 6, 11617−11624. (d) Wang, S.-S.; Chou, C.-C.; Hu, F.-
C.; Wu, K.-L.; Chi, Y.; Clifford, J. N.; Palomares, E.; Liu, S.-H.; Chou, P.-
T.; Wei, T.-C.; Hsiao, T.-Y. J. Mater. Chem. A 2014, 2, 17618−17627.
(e) Chi, Y.; Wu, K.-L.; Wei, T.-C. Chem. - Asian J. 2015, 10, 1098−1115.
(f) Giribabu, L.; Bessho, T.; Srinivasu, M.; Vijaykumar, C.; Soujanya, Y.;
Reddy, V. G.; Reddy, P. Y.; Yum, J.-H.; Graẗzel, M.; Nazeeruddin, M. K.
Dalton Trans. 2011, 40, 4497−4504. (g) Vougioukalakis, G. C.;
Konstantakou, M.; Pefkianakis, E. K.; Kabanakis, A. N.; Stergiopoulos,
T.; Kontos, A. G.; Andreopoulou, A. K.; Kallitsis, J. K.; Falaras, P. Asian J.
Org. Chem. 2014, 3, 953−962. (h) Chen, C.-Y.; Pootrakulchote, N.; Wu,
S.-J.; Wang, M.; Li, J.-Y.; Tsai, J.-H.; Wu, C.-G.; Zakeeruddin, S. M.;
Graẗzel, M. J. Phys. Chem. C 2009, 113, 20752−20757. (i) El-Shafei, A.;
Hussain, M.; Atiq, A.; Islam, A.; Han, L. J. Mater. Chem. 2012, 22,
24048−24056. (j) Hussain, M.; El-Shafei, A.; Islam, A.; Han, L. Phys.
Chem. Chem. Phys. 2013, 15, 8401−8408. (k) El-Shafei, A.; Hussain, M.;
Islam, A.; Han, L. J. Mater. Chem. A 2013, 1, 13679−13686. (l) Cheema,
H.; Islam, A.; Han, L.; Gautam, B.; Younts, R.; Gundogdu, K.; El-Shafei,
A. J. Mater. Chem. A 2014, 2, 14228−14235. (m) Hussain, M.; Islam, A.;
Bedja, I.; Gupta, R. K.; Han, L.; El-Shafei, A. Phys. Chem. Chem. Phys.
2014, 16, 14874−14881.
(3) (a) Ozawa, H.; Yamamoto, Y.; Fukushima, K.; Yamashita, S.;
Arakawa, H. Chem. Lett. 2013, 42, 897−899. (b) Ozawa, H.; Kuroda, T.;
Harada, S.; Arakawa, H. Eur. J. Inorg. Chem. 2014, 2014, 4734−4739.
(c) Ozawa, H.; Yamamoto, Y.; Kawaguchi, H.; Shimizu, R.; Arakawa, H.
ACS Appl. Mater. Interfaces 2015, 7, 3152−3161.
(4) (a) Kinoshita, T.; Dy, J. T.; Uchida, S.; Kubo, T.; Segawa, H. Nat.
Photonics 2013, 7, 535−539. (b) Numata, Y.; Singh, S. P.; Islam, A.;
Iwamura, M.; Imai, A.; Nozaki, K.; Han, L. Adv. Funct. Mater. 2013, 23,
1817−1823.
(5) (a) Lang, R. P. J. Am. Chem. Soc. 1962, 84, 4438−4441. (b) Naẗher,
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Figure 4. Electron lifetimes in the TiO2 photoelectrodes as a function of
Voc in the DSCs with TUS-42, TUS-38, and Black dye.
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