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New Efficient Ruthenium Sensitizers with Unsymmetrical Indeno[1,2-b]thiophene
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Two novel ruthenium sensitizers containing unsymmetrical indeno[1,2-b]thiophene or a fused dithiophene unit in the
ancillary ligand have been designed and synthesized. The photovoltaic performance of JK-188 using an electrolyte
consisting of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide, 0.05 M I2, 0.1 M LiI, 0.05 M guanidinium thiocyanate, and
0.5 M tert-butylpyridine in acetonitrile revealed a short-circuit photocurrent density of 18.60 mA/cm2, an open-circuit
voltage of 0.72 V, and a fill factor of 0.71, yielding an overall conversion efficiency of 9.54%. The cell exhibits a
remarkable stability under 1000 h of light soaking at 60 �C using a quasi-solid-state electrolyte consisting of 5 wt %
poly(vinylidenefluoride-co-hexafluoropropylene), 0.6M 1-propyl-2,3-dimethylimidazolium iodide, 0.5 MN-methylbenz-
imidazole, and 0.1 M I2 in 3-methoxypropionitrile, retaining 97% of the initial efficiency (7.38%).

Introduction

The development of cost-effective renewable energy alter-
natives to current power generationmethods is in urgent need
because of the increasing energy demands and concerns over
global warming. Among several new energy technologies,
dye-sensitized solar cells (DSSCs) have attracted significant
attention because of their low cost and high performance.1

These cells employ mostly polypyridylruthenium complexes
as charge-transfer sensitizers. Until now, only four polypyr-
idylruthenium sensitizers have achieved power conversion
efficiencies over 11%.2 cis-Bis(thiocyanato)bis(2,20-bipyri-
dyl-4,40-dicarboxylato)ruthenium bis(tetrabutylammonium)
(N719) has maintained a clear lead because of its outstanding
performance. In spite of high photovoltaic performances, the
efficiency of DSSCs needs to be improved in order to become
competitive with conventional photovoltaic cells. One of the
possible approaches to address this issue is to increase a

spectral response of the sensitizer in the low energies. Such an
enhancement of the light-harvesting ability and a red shift of
the metal-to-ligand charge-transfer (MLCT) band can be
achieved by extending the π conjugation of the ancillary
ligand3 or modifying the ancillary ligand with electron-
donating units.4 A successful strategy for enhancing the
device efficiency consists of the replacement of one of the
4,40-dicarboxy-2,20-bipyridine (dcbpy) anchoring ligands in
[Ru(dcbpyH2)2(NCS)2] (N3) with a conjugated ancillary
group.5

Wu et al.6 and other groups7 have developed very efficient
ruthenium sensitizerswith an extendedπ-conjugatedancillary
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group such as thiophene derivatives and alkoxybenzene
moieties. However, in spite of the many advantages shown
by these ruthenium sensitizers, few of them have surpassed
N719 for use in terms of its cost and efficiency.2c Thus, the
systematic design of efficient ruthenium sensitizers, compar-
able to or better than N719, is strongly required. It is well
established that a phenyl8 or thiophene9 group substituted to
an ancillary polypyridyl ligand in ruthenium sensitizers
causes a red shift and increases an absorption coefficient of
the MLCT band. Because even small structural modifica-
tions of sensitizers result in significant changes in redox
energies and threshold wavelengths, the two ruthenium
sensitizers, JK-188 and JK-189, are molecularly engineered
in such a way as to have a red shift and a high absorption
coefficient of theMLCTbandwith respect toN719 through a
combination of phenyl, thiophenyl, andhexyl groups,with its
photovoltaic performance being better than N719 under the
same fabrication conditions. Here we report the synthesis of
amphiphilic ruthenium sensitizers containing indeno[1,2-b]-
thiophene or cyclopenta[2,1-b:3,4-b0]dithiophene units and
their excellent photovoltaic performances in DSSCs. The
molecular structures of the two ruthenium sensitizers are
shown in Figure 1.

Experimental Section

All reagents were obtained from commercial sources and
were used as received. Solvents were dried over sodium,
CaH2, or P2O5 and distilled before use.
All of the reactions were carried out under a nitrogen

atmosphere. 1H and 13C NMR spectra were recorded on a
Varian Mercury 300 spectrometer. UV/vis spectra were re-
corded using a 1-cm-path-length quartz cell on a Cary 5
spectrophotometer.

Photoelectrochemical data were measured using a 1000W
xenon light source (Oriel 91193) thatwas focused to give 1000
W/m2, the equivalent of one sun at air mass (AM) 1.5, at the
surface of the test cell. The light intensity was adjusted with a
silicon solar cell that was double-checked with an NREL-
calibrated silicon solar cell (PV Measurement Inc.). The ap-
plied potential andmeasured cell current weremeasured using
a Keithley model 2400 digital source meter. The current-
voltage characteristics of the cell under these conditions were
determined by biasing the cell externally and measuring the
generated photocurrent. This process was fully automated
usingWavemetrics software.
Fluorine-doped tin oxide (FTO) glass plates (Pilkington

TECGlass-TEC 8; solar 2.3 mm thickness) were cleaned in a
detergent solution using an ultrasonic bath for 30 min and
then rinsed with water (H2O) and ethanol (EtOH). Then, the
plates were immersed in 40mMTiCl4(aq) at 70 �C for 30min
andwashedwithH2OandEtOH.A transparent nanocrystal-
line layer was prepared on the FTO glass plates by using a
doctor blade printing TiO2 paste (Solaronix, Ti-Nanoxide
T/SP), which was then dried for 2 h at 25 �C. The TiO2 elec-
trodes were gradually heated under an air flow at 325 �C for
5min, at 375 �C for 5min, at 450 �C for 15min, and at 500 �C
for 15 min. The thickness of the transparent layer was mea-
sured using an Alpha-step 250 surface profilometer (Tencor
Instruments, San Jose,CA).Apaste containing 400-nm-sized
anatase particles (CCIC PST-400C) was deposited by means
of doctor blade printing to obtain the scattering layer and
thendried for 2hat 25 �C.TheTiO2 electrodesweregradually
heated under an air flow at 500 �C for 30 min. The resulting
film was composed of a 10-μm-thick transparent layer and a
4-μm-thick scattering layer. The TiO2 electrodes were treated
againwithTiCl4 at 70 �C for 30min and sintered at 500 �C for
30 min. Then, they were immersed in JK-188 (0.3 mM in
CH3CN/t-BuOH) and JK-189 (0.3 mM in EtOH) solutions
and kept at room temperature for 24 h. FTO plates for the
counter electrodes were cleaned in an ultrasonic bath inH2O,
acetone, and 0.1M aqueous HCl, subsequently. The counter
electrodes were prepared by placing a drop of an H2PtCl6
solution (2 mg of Pt in 1 mL of EtOH) on an FTO plate and
heating (at 400 �C) for 15 min. The dye-adsorbed TiO2

electrodes and the platinum counter electrodes were as-
sembled into a sealed sandwich-type cell by heating at 80 �C
using a hot-melt ionomer film (Surlyn) as a spacer between
the electrodes.Adropof the electrolyte solutionwasplaced in
the drilled hole of the counter electrode and was driven into
the cell via vacuum backfilling. Finally, the hole was sealed
using additional Surlyn and a cover glass (0.1 mm thickness).
The electron diffusion coefficients (De) and lifetimes (τe) in

TiO2 photoelectrodes were measured by the stepped light-
induced transient measurements of photocurrent and
voltages.18-21 The transients were induced by a stepwise
change in the laser intensity. A diode laser (λ = 635 nm) as
a light source wasmodulated using a function generator. The

Figure 1. Molecular structures of JK-188 and JK-189.
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initial laser intensity was a constant 90 mW/cm2 and was
attenuated to approximately 10 mW/cm2 using an ND filter,
whichwaspositionedat the front sideof the fabricated samples
(TiO2 film thickness= ca. 8 μm; active area= 0.04 cm2). The
photocurrent and photovoltage transients were monitored
usingadigitaloscilloscope throughanamplifier.TheDe value
was obtain by a time constant (τe) determined by the fitting of
a decay of the photocurrent transient with exp(-t/τe) and the
TiO2 film thickness (ω) using the equationDe=ω2/(2.77τe).

18

The τe value was also determined by the fitting of a decay of
the photovoltage transient with exp(-t/τe).

18 All experiments
were carried out at room temperature.

4,40-Bis(2-hexyl-4,4-dimethyl-4H-indeno[1,2-b]thiophen-6-yl)-
bipyridine (9a). 2-(2-Hexyl-4,4-dimethyl-4H-indeno[1,2-b]thiophen-
6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8a; 3 mmol), 4,40-di-
bromo-2,20-bipyridyl (1 mmol), Pd(PPh3)4 (5 mol %), and K2CO3

(15 mmol) were dissolved in tetrahydrofuran (THF; 50 mL)/H2O
(10mL), and themixturewas refluxed for 15h.After evaporationof
the solvent under reduced pressure, H2O (10 mL) and dichloro-
methane (40 mL) were added. The organic layer was separated and
dried inMgSO4. The solvent was removed under reduced pressure.
The pure product 9a was obtained by column chromatography on
silica gel (ethyl acetate, Rf = 0.41). 1H NMR (CDCl3): δ 8.77 (s,
2H), 7.76 (d, 2H, J=2.7Hz), 7.77 (s, 2H), 7.70 (d, 2H,J=7.8Hz),
7.62 (dd,2H,J=5.1Hz), 7.45 (d, 2H,J=7.8Hz), 6.78 (s, 2H), 2.88
(t, 4H,J=7.8Hz), 1.74 (m, 4H), 1.52 (s, 12H), 1.44-1.33 (m, 12H),
0.91 (t, 6H, J=6.9 Hz). 13C NMR (CDCl3): δ 159.4, 156.9, 156.5,
150.8, 149.9, 149.7, 138.4, 136.3, 134.5, 126.4, 121.6, 121.0, 119.1,
119.8, 118.1, 46.1, 31.9, 31.7, 31.4, 29.0, 26.1, 22.7, 14.2. Anal. Calcd
forC48H52N2S2:C, 79.95;H,7.27;N,3.88.Found:C,79.76;H, 7.22;
N, 3.72.

4,40-Bis(6-hexyl-4,40-dimethylcyclopenta[2,1-b:3,4-b0]dithiophen-
2-yl)-2,20-bipyridine (9b). 2-(6-Hexyl-4,40-dimethylcyclopenta-
[2,1-b:3,4-b0]dithiophen-2-yl-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane (8b; 3.6 mmol), 4,40-dibromo-2,20-bipyridyl (1.2 mmol),
Pd(PPh3)4 (5 mol %), and K2CO3 (6 mmol) were dissolved in
THF (30mL)/H2O (6mL), and themixture was refluxed for 15 h.
After evaporation of the solvent under reduced pressure, H2O
(20 mL) and dichloromethane (50 mL) were added. The organic
layer was separated and dried in MgSO4. The solvent was
removed under reduced pressure. The pure product was obtained
by column chromatography on silica gel (ethyl acetate, Rf =
0.35). 1H NMR (CDCl3): δ 0.88 (m, 6H), 1.32 (m, 12H), 1.48 (s,
12H), 1.70 (m, 4H), 2.83 (m, 4H), 6.73 (s, 2H), 7.45 (d, 2H, J=
7.8 Hz), 7.62 (d, 2H, J = 7.8 Hz), 8.63 (m, 4H). 13C NMR

(CDCl3): δ 161.2, 160.2, 156.2, 149.6, 148.9, 143.5, 139.8, 132.1,
127.4, 119.8, 118.9, 118.3, 116.2, 45.7, 32.0, 31.8, 31.3, 29.1, 25.3,
22.8, 14.4. Anal. Calcd for C44H48N2S4: C, 72.08; H, 6.60; N,
3.82. Found: C, 71.86; H, 6.48; N, 3.68.

cis-Bis(thiocyanato)(2,20-bipyridyl-4,40-dicarboxylato){4-bis-
(2-hexyl-4,4-dimethyl-4H-indeno[1,2-b]thiophen-6-yl)bipyridyl}-
ruthenium(II) (JK-188). A mixture of 9a (0.41 mmol) and a
dichloro(p-cymene)ruthenium(II) dimer (0.2 mmol) in argon-
degassedN,N-dimethylformamide (DMF; 15 mL) was stirred
at 70 �C for 4 h under reduced light. Subsequently, 4,40-
dicarboxyl-2,20-bipyridine (0.41 mmol) was added into the
flask, and the reaction mixture was refluxed for 4 h. Then, an
excess of NH4NCS (4.1mmol) was added to the resulting dark
solution, and the reaction continued for another 4 h at 140 �C.
The reaction mixture was cooled down to room temperature,
and the solvent was removed under vacuum. H2O was added
to induce the precipitate. The resulting solid was filtered and
washedwithH2O and dried under vacuum. The resulting solid
was dissolved in methanol (MeOH) containing 2.5 equiv of
tetrabutylammonium hydroxide to confer solubility by de-
protonation of the carboxylic group and purified on a Sepha-
dex LH-20 column with MeOH as the eluent. The collected
main band was concentrated, and the solution pH was low-
ered to 5.1 using 0.02 M nitric acid. The precipitate was
collected on a sintered glass crucible by suction filtration
and dried in air. Yield: 50%. IR (KBr, cm-1): 3070, 2957,
2925, 2870, 2102, 1726, 1601, 1538, 1458, 1434, 1362, 1231,
1020. 1H NMR (CD3OD): δ 9.57 (d, 1H, J= 5.1 Hz), 9.28 (d,
1H, J=5.1 Hz), 8.96 (s, 1H), 8.79 (s, 1H), 8.64 (s, 1H), 8.51 (s,
1H), 8.20 (d, 1H, J=4.8Hz), 7.91 (s, 1H), 7.81 (d, 1H, J=7.2
Hz), 7.70-7.46 (m, 7H), 7.26 (d, 1H, J=5.4 Hz), 7.07 (s, 1H),
6.80 (d, 2H, J= 11.4 Hz), 2.81 (t, 4H, J= 6.0 Hz), 1.57-1.30
(m, 28H), 0.95-0.84 (m, 6H). Anal. Calcd for C62H60N6O4RuS4:
C, 62.97; H, 5.11; N, 7.11. Found: C, 62.78; H, 5.01; N, 6.84.

cis-Bis(thiocyanato)(2,20-bipyridyl-4,40-dicarboxylato){4,40-bis-
(6-hexyl-4,40-dimethylcyclopenta[2,1-b:3,4-b0]dithiophen-2-yl)-
2,20-bipyridyl}ruthenium(II) (JK-189). The product was pre-
pared using the same procedure of JK-188 except that 9b was
used instead of 9a. Yield: 52%. IR (KBr, cm-1): 3038, 2957,
2924, 2854, 2100, 1731, 1610, 1536, 1449, 1425, 1386, 1231, 1018.
1HNMR (CD3OD): δ 9.58 (d, 1H, J=5.1Hz), 9.07 (d, 1H, J=
5.1 Hz), 8.93 (s, 1H), 8.76 (s, 1H), 8.44 (s, 1H), 8.38 (s, 1H), 8.29
(s, 1H), 8.15 (m, 3H), 7.56 (m, 2H), 7.49 (s, 1H), 7.26 (d, 1H, J=
5.4Hz), 6.93 (s, 1H), 6.87 (s, 1H), 2.95-2.85 (m, 4H), 1.76-1.66
(m, 4H), 1.37 (s, 12H), 1.30 (m, 12H), 0.92 (m, 6H). Anal. Calcd

Scheme 1. Schematic Diagram for the Synthesis of Ruthenium Sensitizers JK-188 and JK-189a

aReagents: (a) 8a or 2-(6-hexyl-4,40-dimethylcyclopenta[2,1-b:3,4-b0]dithiophenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8b), Pd(PPh3)4/Na2CO3,
THF/H2O. (b) [Ru(Cl)2(p-cymene)]2, DMF, 70 �C. (c) Bis(2,20-bipyridyl)-4,40-dicarboxylic acid, DMF, reflux. (d) NH4NCS, DMF, 140 �C.
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for C56H52N6O4RuS4: C, 61.01; H, 4.75; N, 7.04. Found: C,
60.86; H, 4.62; N, 6.68.

Results and Discussion

The two ruthenium sensitizers JK-188 and JK-189 have
been synthesized by the stepwise synthetic protocol illus-
trated in Scheme 1. There are two key starting compounds,
8a and 8b, for the synthesis of two ruthenium sensitizers. The
synthesis of 8a was prepared in five steps starting from
methyl-5-bromo-2-(5-hexylthiophene-2-yl)benzoate. The sec-
ond compound 8b was synthesized in four steps beginning
with 4H-cyclopenta-[2,1-b:3,4-b0]dithiophene (see the Sup-
porting Information). The Suzuki coupling reaction10 of 4,40-
dibromobipyridine with 8a and 8b gave 9a and 9b. JK-188
and JK-189 were synthesized in a one-pot reaction from the
sequential reaction of [Ru(p-cymene)Cl2]2 with 9a and 9b,
followed by the reaction of the resulting ruthenium complex
with 4,40-dicarboxyl-2,20-bipyridine. The dichlororuthenium
complexes reacted with an excess of ammonium thiocyanate
to afford the ruthenium sensitizers JK-188 and JK-189. The
sensitizers JK-188 and JK-189 were spectroscopically char-
acterized, and all data are consistent with the formulated
structures.
The UV/vis and emission spectra of JK-188 and JK-189 in

EtOH are shown in Figure 2a, together with the N719
absorption spectrum as a reference. The strong absorption
band of JK-188 and JK-189 around 310 nm is due to a
bipyridine intraligandπ-π* transition. The absorption spec-
tra of both sensitizers in the visible region are dominated by
MLCT transitions. The low-energy MLCT absorption band
of JK-189 at 543 nm is about 21 and 23 nm red-shifted
compared to that of JK-188 and N719, respectively. The
measured molar extinction coefficient (ε) at 543 nm for JK-
189 is 15 865M-1 cm-1, which is higher than the correspond-
ing values for JK-188 (15 640 M-1 cm-1) and N719 (14 400
M-1 cm-1). The higher light harvesting of JK-189 compared
with that of JK-188 and N719 is attributable to an electron-
donating ability in an ancillary ligand and an increased
highest occupied molecualr orbital (HOMO) energy level.
The absorption spectra of JK-188 and JK-189 on a TiO2 film
are red-shifted and broaden because of the J aggregation and
interaction of the anchoring group with the surface titanium
ion, ensuring a good light-harvesting efficiency (Figure 2b).
Excitation of the low-energyMLCTband of JK-188 and JK-
189 resulted in a strong emission centered at 721 and 778 nm,
respectively.
To evaluate the feasibility of electron transfer from the

excited state of the sensitizers to the conduction band of the
TiO2 electrode, we carried out cyclic voltammetry experi-
ments on JK-188 and JK-189 inCH3CNwith TBAPF6 as the
supporting electrolyte. Both JK-188 and JK-189 adsorbed on
TiO2 films show a single quasi-reversible oxidation at 0.98
and 0.93 V versus NHE, respectively, which is assigned to the
RuII/III redox couple. The values may be compared to 1.12 V
versus NHE measured for N3. The 0.19 V cathodic shift of
the JK-189 oxidation potential compared to that of N3 is
attributable to the influence of the electron-rich dithiophene

donor rings. The oxidation potential of both sensitizers is
energetically favorable for iodide oxidation.5 The excited-
state reduction potential of JK-188 and JK-189 calculated
from the oxidation potential and E0-0

11 are listed in Table 1.
The excited-state oxidation potentials (E*ox) of the sensitizers
(JK-188, -0.97 V vs NHE; JK-189, -0.90 V vs NHE) are
much more negative than the conduction band level of TiO2

at approximately -0.5 V versus NHE, ensuring the thermo-
dynamic driving force for charge injection.12

In order to evaluate the photophysical properties, molec-
ular orbital calculations on JK-188 and JK-189 were per-
formed with the local density approximation within the
projected augmentedwave.13 Figure 3 presents the isodensity
plots of the frontiermolecular orbitals of JK-188 andJK-189.
The calculation illustrates that theHOMOandHOMO-1 of
both sensitizers exhibit ruthenium t2g character and a sizable
population from the thiocyanate with a significant contribu-
tion on the far-end sulfur atom. The lowest unoccupied
molecualr orbital (LUMO) of both sensitizers are predomi-
nately delocalized over the dcbpy ligand and ruthenium
center. In the case of theLUMOþ1 ofJK-189, theLUMOþ1
is a combination of the π-bonding orbital of the dcbpy and
the ruthenium center, appreciably mixed with the bpy of the
ancillary ligand. Because light excitation is associated with
the vectorial electron flow from the HOMO to the LUMO,

Figure 2. Absorption and emission spectra (a) of JK-188 (red line), JK-
189 (blue line), andN719 (black line) in EtOH and absorption spectra (b)
ofJK-188 (red line),JK-189 (blue line), andN719 (black line) adsorbedon
a TiO2 film.

(10) (a) Hoffmann, K. J.; Bakken, E.; Samuelsen, E. J.; Carlsen, P. H.
J. Synth. Met. 2000, 113, 39. (b) Huang, C.-H.; McClenaghan, N. D.; Kuhn, A.;
Hofstraat, J.W.; Bassan, D.M.Org. Lett. 2005, 7, 3409. (c) Turbiez,M.; Fr�ere, P.;
Allain, M.; Videlot, C.; Ackermann, J.; Roncali, J. Chem.;Eur. J. 2005, 11,
3742.

(11) Li, X.; Hou, X.; Duan, F.; Huang, C. Inorg. Chem. Commun. 2006, 9,
394.

(12) (a) Bond, A. M.; Deacon, G. B.; Howitt, J.; MacFarlane, D. R.;
Spiccia, L.; Wolfbauer, G. J. Electrochem. Soc. 1999, 146, 648. (b) Wang., P.;
Zakeeruddin, S. M.; Moser, J.-E.; Gr€atzel, M. J. Phys. Chem. B 2003, 107,
13280.

(13) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758.
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examination of theHOMO and LUMOof the dyes indicates
that HOMO-LUMO excitation moves the electron distri-
bution from the Ru-NCS unit to dcbpy. Accordingly, the
change in the electron distribution induced by photoexcita-
tion results in an efficient charge separation.
The photocurrent action spectra of the devices based on

JK-188 and JK-189 are presented in the inset of Figure 4 and
comparedwithN719 as a reference. The onsets of photon-to-
current conversion efficiency (IPCE) spectra based on JK-
188 and JK-189 are ca. 810 and 820 nm, respectively. The

IPCE spectrum of JK-189 is red-shifted by about 10-20 nm
compared to JK-188 and N719 as a result of electron-rich
bithiophene π conjugation, which is consistent with the
absorption spectrum of JK-189. The IPCE spectrum of JK-
189 exceeds 80% in a spectral range from 450 to 610 nm,
reaching its maximum of 83% at 538 nm. The J-V curve for
the cells based on three sensitizers is presented in Figure 4.
The curve integration of JK-188 over the solar spectrumgives
a short-circuit photocurrent density (Jsc) of 18.52 mA/cm2,
which is in agreement with the measured photocurrent. The

Table 1. Optical, Oxidation, and DSSC Performance Parameters of Dyes

dye λabs
a/nm (ε/M-1 cm-1) Eox

b/V E0-0
c/V ELUMO

d/V Jsc/(mA/cm2) Voc/V FF ηe/%

JK-188 522 (15 640), 378 (42 600) 0.98 1.95 -0.97 18.60 0.72 0.71 9.54
JK-189 543 (15 865), 440 (30 762) 0.93 1.83 -0.90 18.90 0.63 0.73 8.70
N719 520 (14 400), 380 (14 682) 16.28 0.76 0.73 9.00

aAbsorption spectra were measured in an EtOH solution. bOxidation potentials of dyes on TiO2 were measured in CH3CN with 0.1 M
(n-C4H9)4NPF6 with a scan rate of 50 mV/s (vs NHE). c E0-0 was determined from the intersection of absorption and emission spectra in EtOH.
d ELUMO was calculated by Eox - E0-0.

ePerformances of DSSCs were measured with a 0.18 cm2 working area. Electrolyte: 0.6 M DMPII, 0.05 M I2,
0.1 M LiI, and tert-butylpyridine in acetonitrile.

Figure 3. Isodensity surface plots of the HOMO, HOMO-1, LUMO, and LUMOþ1 of JK-188 and JK-189.
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photovoltaic parameters of the cells with an activated cell
area of 0.18 cm2 using a black tape mask are summarized in
Table 1. Under standard global AM 1.5 solar conditions, the
JK-188 and JK-189 sensitized cells gave Jsc values of 18.60
and 18.90 mA/cm2, open-circuit voltages (Voc) of 0.72 and
0.63 V, and fill factors (FFs) of 0.71 and 0.73, yielding overall
conversion efficiencies (η) of 9.54 and 8.70%, respectively.
Under the same conditions, theN719 sensitized cell gave a Jsc
value of 16.28 mA/cm2, a Voc value of 0.76 V, and an FF of
0.73, yielding η of 9.00%. The efficiency for the N719 solar
cell is about 0.54% inferior to that of the JK-188 solar cell,
althoughbothVoc andFFof theN719 sensitized cell are close
to those of the JK-188 sensitized cell. The higher η value of
the JK-188 cell compared to that of theN719 cell comes from
the higher Jsc value, which can be rationalized by the high
absorption coefficient and red-shifted absorption of the
MLCT band. On the other hand, the efficiency of JK-189
is much lower than that of JK-188 and N719 in spite of its
large photocurrent. Of particular importance is the 90-130
mV increase in Voc of the JK-188- and N719-based cells
relative to the JK-189-based cell. This improved Voc value is
attributed to suppression of the charge recombination.Mini-
mization of the interfacial charge recombination losses in the
devices of both sensitizers is evident from the dark-current
data for the cell (Figure 4). To clarify the origin of the charge
recombination, we have measured the amounts adsorbed on
theTiO2 film.The adsorbed amounts of 3.18� 10-7mmol/cm2

for JK-188, 2.64� 10-7 mmol/cm2 for JK-189, and 3.47�
10-7 mmol/cm2 for N719 are observed.14 It seems that the
charge recombination is quite sensitive to the molecular
structure and the intermolecular π-π stacking because of
the different coverage on the TiO2 surface, together with the
reduction potential.15

Because the achievement of long-term stability for DSSCs
has became a major issue for a long time, we replaced the
liquid electrolyte with a quasi-solid-state one because the
device employing the liquid electrolyte has several short-
comings such as leakage and evaporation. Figure 5 shows the
photovoltaic performances of JK-188- and JK-189-based
cells during long-term light-soaking and thermal stability

tests using a polymer gel electrolyte composed of 5 wt %
poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-
HFP), 0.6 M 1-propyl-2,3-dimethylimidazolium iodide
(DMPII), 0.5 M N-methylbenzimidazole (NMBI), and 0.1
M I2 in 3-methoxypropionitrile (MPN). The JK-188-based
cell yields a strikingly high conversion efficiency of 7.38%
(Figure 5). After 1000 h of light soaking at 60 �C, the initial
efficiency of 7.38% slightly decreased to 7.14%. After 1000 h
of light soaking, Voc decreased by 70 mV, but the loss is
compensated for by a gain in Jsc from 14.4 to 14.7 mA/cm2.
On the other hand, the efficiency of JK-189 decreased from
7.17% to 6.96% under the same conditions. Tolerance of
such a severe condition by aDSSC having over 7% efficiency
is remarkable. Only a few of the ruthenium sensitizers have
passed light-soaking and thermal stress tests for 1000 h while
retaining an efficiency of over 6% using a quasi-solid-state
electrolyte.16 The long-term stability of JK-188 and JK-189
can be attributed to the intrinsic stability of the fused ring and
the introduction of long alkyl chains to the fused ring.17

Figure 6 shows the electron diffusion coefficients (De) and
lifetimes (τe) of the cells employing JK-188, JK-189, and
N719 displayed as a function of Jsc andVoc, respectively. No
significant differences among the De values for the three
sensitizers were seen at identical short-circuit current condi-
tions, as shown in Figure 6a. The result indicates that theDe

values are hardly affected by structural changes in the dye
molecules. On the other hand, the τe values show a significant
gap among the sensitizers, resulting in the increasing order of
N719 > JK-188 > JK-189. The orders of magnitude of the

Figure 4. J-V curve and IPCE of JK-188 (red line), JK-189 (blue line),
and N719 (black line).

Figure 5. Evolutionof the solar-cell parameterswithJK-188 (red9) and
JK-189 (blue2) during visible-light soaking (AM1.5 G, 100mW/cm2) at
60 �C. A 420 nm cutoff filter was placed on the cell surface during
illumination. Electrolyte: 5 wt % PVDF-HFP, 0.6 M DMPII, 0.5 M
NMBI, and 0.1 M I2, in MPN.
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τe values (Figure 6b) were largely varied with the structure of
the dyes and well consistent with that of Voc, shown in
Table 1. The molecular size and structure of JK-189 reduce
dye loading on the TiO2 surface, giving an increased dark
current and lowered Voc. This can be attributable to the
electron recombination occurring in the photoelectrodes,
where unfilled vacancies were generated by the ineffective
packing of larger dyes. The result shows that the structure of
JK-188 is more effective in retarding the electron recombina-
tion compared to that of JK-189 because of the efficient
packing of JK-188.
To gain more information on the interfacial recombi-

nation, electrochemical impedance spectroscopy was per-
formed. Figure 7 shows the alternating-current impedance
spectrummeasured under dark conditions. In the dark under
forward bias (-0.67 V), the semicircle in the intermediate
frequency regime demonstrates the dark reaction impedance
caused by electron transport from the conduction band of
TiO2 to I3

- ions in the electrolytes. The increased radius of

the semicircle in the intermediate frequency regime implies a
reduced electron recombination rate at the TiO2/electrolyte
interface. From the radius, the increasing order of N719
(63.81 Ω) > JK-188 (45.33 Ω) > JK-189 (29.43 Ω) was
obtained, which is in accord with the trends of theVoc and τe
values.

Conclusion

We have designed and synthesized novel efficient sensi-
tizers JK-188 and JK-189 featuring indeno[1,2-b]thiophene
or a fused dithiophene in the ancillary ligand. A solar-to-
electricity conversion efficiency of 9.54% in JK-188 is better
than η of 9.00% for the N719 sensitized cell, whereas the
conversion efficiency of the JK-188-based cell using a poly-
mer gel electrolyte gave a strikingly high efficiency of 7.38%.
The efficiency is the highest one reported forDSSCs based on
the ruthenium sensitizer using a quasi-solid-state electrolyte.
Moreover, theJK-188device showed excellent stability under
a light-soaking test at 60 �C for 1000 h, keeping 97% of the
initial performance. The high efficiency and excellent stability
of JK-188 may be attributed to the introduction of an
unsymmetrical indeno[1,2-b]thiophene unit with a hydro-
phobic alkyl chain.Webelieve that the development of highly
efficient ruthenium sensitizers with excellent stability is pos-
sible through sophisticated structural modifications, and
work on these is now in progress.
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Figure 6. Electron diffusion coefficients (a) and lifetimes (b) in the
photoelectrode adsorbing three dyes such as JK-188, JK-189, and N719.

Figure 7. Electrochemical impedance spectra measured in the dark for
cells employing different dyes (i.e., JK-188, JK-189, and N719).


