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ABSTRACT: Two novel ruthenium sensitizers with a hexylth-
iophene-modified terpyridine ligand (TUS-35 and TUS-36) were
synthesized to improve the molar absorptivity of the previously
reported ruthenium sensitizer (TBA)[Ru{4’-(3,4-dicarboxyphenyl)-
4,4”-dicarboxyterpyridine}(NCS);], TBA = tetrabutylammonium
(TUS-21). A relatively strong absorption appeared at ~380 nm,
and the molar absorption coefficient at the metal-to-ligand charge
transfer (MLCT) band decreased in TUS-3S by introducing a 2-
hexylthiophene unit to the S-position of the terpyridine-derived
ligand. For comparison, a relatively strong absorption was observed at ~350 nm without decreasing the molar absorption
coefficient at the MLCT band in TUS-36 by introducing a 2-hexylthiophene unit to the 4-position of the terpyridine-derived
ligand. On the other hand, the energy levels of the highest occupied molecular orbitals and the lowest unoccupied molecular
orbitals of these two sensitizers were found to be almost equal to those of TUS-21. The adsorption behavior of TUS-35 and
TUS-36 was similar to that of (TBA)[Ru{4'-(3,4-dicarboxyphenyl)terpyridine}(NCS),] (TUS-20), which binds to the TiO,
surface by using the 3,4-dicarboxyphenly unit, rather than that of TUS-21, which adsorbs to the TiO, photoelectrode using one
of the carboxyl groups at the terminal pyridines of the terpyridine-derived ligand. Therefore, TUS-35 and TUS-36 are considered
to bind to the TiO, surface by using the 3,4-dicarboxyphenly unit just like TUS-20. The dye-sensitized solar cells (DSCs) with
TUS-35 and TUS-36 showed a relatively lower conversion efficiency (6.4% and 5.7%, respectively) compared to the DSC with
TUS-21 (10.2%). Open-circuit photovoltage decay and electrochemical impedance spectroscopy measurements revealed that the
promoted charge recombination and/or charge transfer of the injected electrons in the TiO, photoelectrode is a main reason for
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the inferior performances of TUS-35 and TUS-36.
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B INTRODUCTION

In the last two decades, continuous efforts have been devoted
to increase the light-to-electrical energy conversion efficiency of
dye-sensitized solar cells (DSCs) since the pioneering studies
were reported in the early 1990s.'™> A large number of
molecular sensitizers, such as ruthenium-complex sensi-
tizers® '® and zinc porphyrin sensitizers,'”” >' has been
synthesized for the improvement of conversion efficiency of
DSCs because the solar cell performances of the DSCs depend
strongly on the photosensitizing ability of these sensitizers. One
of the most important requirements for the highly efficient
sensitizers is a wide absorption, which covers whole visible and
near-IR region as high as nearly 1000 nm, with a large molar
absorptivity. In addition, suitable energy levels of highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbitals (LUMO) are also important requirements
for the highly eflicient sensitizers because these enable effective
electron-transfer reactions in the DSCs such as an electron
injection from the photoexcited sensitizers into the conduction
band of TiO, and a regeneration of the resulting oxidized
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sensitizers by the redox mediator in the electrolyte solution.
(TBA);[Ru(Htcterpy) (NCS),] (Black dye; TBA = tetrabuty-
lammonium; tcterpy = 4,4',4"-tricarboxy-2,2":6',2"-terpyridine;
see Figure 1) is well-known to be a highly efficient ruthenium
sensitizer that satisfies the above requirements, and the
conversion efficiency above 11.0% has been achieved in the
Black-dye-based DSCs.”**™* Various kinds of structural
modifications of Black dye have been thus far carried out to
synthesize novel highly efficient ruthenium sensitizers that
exhibit the superior conversion efficiency compared to Black
dye.**™>* Among these attempts, introduction of a chromo-
phore unit to the terpyridine-derived ligand is considered to be
one of the effective methods to enhance the performance of
Black dye because the molar absorptivity of Black dye at the
whole visible region is smaller than that of the other famous
and efficient ruthenium sensitizers such as N719 and C101.
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Figure 1. Molecular structures of TUS-20, TUS-21, TUS-35, TUS-36, and Black dye.
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Figure 2. Synthetic scheme of the hexylthiophene-modified terpyridine-derived ligands (L-35 and L-36).

In this context, continuous studies on the development of unit.*” The DSC with TUS-21 showed relatively higher
highly efficient ruthenium sensitizers with a tcterpy-derived conversion efficiency under AM 1.5 irradiation (10.2%),
ligand have been also carried out in our group.39_43 Recently, although it is slightly lower compared to that of the DSC
we reported that (TBA)[Ru{4’-(3,4-dicarboxyphenyl)-4,4"- with Black dye (10.8%).*> In the study, the obtained

dicarboxyterpyridine }(NCS),] (TUS-21, Figure 1), which is a photocurrent density (Jsc) value in the DSC with TUS-21
structural analogue of Black dye, has a broad absorption until (21.1 mA/cm?®) was found to be slightly smaller than that
~850 nm with a molar absorptivity larger than that of Black obtained in the DSC with Black dye (21.6 mA/cm?), and hence
dye, even though TUS-21 does not possess a chromophore the obtained conversion efficiency in the DSC with TUS-21
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was slightly lower compared to that of the DSC with Black dye.
Therefore, further structural modifications of TUS-21, which
aim to increase the molar absorptivity, are expected to enhance
the conversion efficiency of the DSC with TUS-21.

On the other hand, we have also reported that introduction
of a chromophore unit, such as a 2-hexylthiophene unit, to the
terpyridine-derived ligands of ruthenium sensitizers is an
effective method for increasing the molar absorptivity of
ruthenium sensitizers at ~400 nm and for improving effectively
incident photon-to-current conversion efficiency (IPCE) of the
DSCs at this wavelength range.*** In this study, two novel
ruthenium sensitizers with a hexylthiophene-modified terpyr-
idine-derived ligand (TUS-35 and TUS-36, Figure 1) were
synthesized to be improved models of TUS-21. Since one of
the COOH groups at the terminal pyridines of the terpyridine-
derived ligand of TUS-21 does not participate in the adsorption
to the TiO, photoelectrode,*” the 2-hexylthiophene unit was
introduced to the 4- or S-position of the terminal pyridine of
terpyridine-derived ligand to improve the molar absorptivity.
Here we report synthesis, photo- and electrochemical proper-
ties, and the solar cell performances of the DSCs with these two
sensitizers. In addition, effects of the position of the
chromophore unit at the terpyridine-derived ligand on the
photo- and electrochemical properties and on the performances
of the DSCs will also be reported.

B RESULTS AND DISCUSSION

Synthesis. The synthetic route of novel hexylthiophene-
modified terpyridine-derived ligands (L-35 and L-36) is shown
in Figure 2. The key intermediates (S- or 4-bromo-substituted
terpyridine derivative; 6 and 7, respectively) were synthesized
by the reaction of 1 and 2-acetyl-5-bromopyridine** (or 2-
acetyl-4-bromopyridine™), followed by the oxidation of three
methyl groups of 4 and 5 by KMnO,. Since the solubility of 6
and 7 is very low in common organic solvents; esterification of
three COOH groups of 6 and 7 was carried out prior to the
cross-coupling reaction. Cross-coupling reaction of 6 (or 7) and
tributyl(5-hexylthiophene-2-yl)stannane**¢ in the presence of
Pd(PPh;), afforded L-35’ (or L-36') in S0—60% yield. Finally,
deprotection of methyl esters of L-35" (or L-36") was carried
out in advance because decomposition of ruthenium-complex
sensitizers might occur under the strong basic condition. The
total synthetic yield over six steps was below 10%. TUS-35 and
TUS-36 were synthesized by the reaction of L-35 (or L-36)
and RuCl;-3H,0, followed by the reaction of KSCN. Multiple
purifications of the crude product were carried out by a silica
gel column chromatography. These two novel sensitizers were
characterized successfully by 'H NMR spectroscopy, electro-
spray ionization time-of-flight mass spectrometry (ESI-TOF
MS), and elemental analysis. The amounts of TBA* contained
in TUS-35 and TUS-36 were estimated to be 1.25 from 'H
NMR spectra and elemental analysis. A single molecule of
TBA" exists as a countercation of each sensitizer; therefore, one
of the H* of three COOH groups of each sensitizer is replaced
partially by TBA*. In the case of TUS-21, the amount of TBA*
was reported to be 2.0, and the H* of the COOH group at the
4-position of the 4ghenyl unit was reported to be replaced
perfectly by TBA*.*> From the 'H NMR spectra, the H" of the
COOH group at the 4-position of the phenyl unit in each novel
sensitizer is also considered to be replaced partially by TBA™.

Photo- and Electrochemical Studies. Absorption spectra
of TUS-21, TUS-35, TUS-36, and Black dye in dimethylfor-
mamide (DMF) are shown in Figure 3. As reported previously,
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Figure 3. Absorption spectra of TUS-21, TUS-35, TUS-36, and Black
dye in DMF.

TUS-21 has the molar absorption coefficient larger than that of
Black dye in the whole visible region, presumably due to the
introduction of the 3,4-dicarboxyphenyl unit at the 4’-position
of the terpyridine ligand.*” In the case of TUS-35, a relatively
strong absorption at ~380 nm, which is assignable to the
intraligand 7—7* transition from the thiophene moiety to the
terpyridine one,*>** appeared, and the molar absorption
coefficient at the wavelength range beyond 410 nm was
decreased by introducing a hexylthiophene unit at the S-
position of the terpyridine-derived ligand instead of the COOH
group at the 4-position. As reported recently, loss of the
COOH group at the 4-position of the terpyridine ligand
induces the reduction of the transition dipole of the metal-to-
ligand charge transfer (MLCT) transition, which results in the
decrement of the molar absorption coefficient at the MLCT
band of the ruthenium coml(a)lexes with a 4,4’ ,4"-tricarbox-
yterpyridine-derived ligand.*>** Therefore, the observed
decrement in the molar absorption coeflicient at the MLCT
band of TUS-35 seems to be attributed to this reason. For
comparison, in the case of TUS-36, a relatively strong
absorption at ~350 nm appeared without decreasing the
molar absorptivity at the wavelength range beyond 400 nm by
replacing the COOH group at the 4-position of the terpyridine-
derived ligand into the hexylthiophene unit. This result suggests
that decrease of the molar absorption coefficient at the MLCT
band of the ruthenium complexes with a 4,4’,4"-tricarbox-
yterpyridine-derived ligand could be prevented by introducing a
suitable substituent instead of the COOH group at the 4-
position of the terpyridine-derived ligand. In addition, these
results indicate clearly that the position of the chromophore
unit at the terpyridine-derived ligand affects largely the
photochemical properties of ruthenium sensitizers with a
terpyridine-derived ligand. Therefore, the position of the
chromophore unit at the terpyridine-derived ligand seems to
also affect largely the solar cell performances of the DSCs.
Electrochemical measurements were conducted to determine
the energy levels of HOMOs of TUS-35 and TUS-36. Quasi-
reversible oxidation waves corresponding to the Ru'™
oxidations were observed at 0.62 and 0.59 V versus SCE in
the DMF solutions of TUS-35 and TUS-36, respectively
(Table 1). These values were only slightly higher than those of
TUS-21 and Black dye; therefore, regeneration of the oxidized
TUS-35 and TUS-36 by I” seems to occur effectively in the
DSCs with these sensitizers. On the other hand, the estimated
energy levels of LUMOs of TUS-35 and TUS-36 were very
close to those of TUS-21 and Black dye, suggesting that
electron injection from the photoexcited TUS-35 and TUS-36
into the conduction band of TiO, is thermodynamically
possible. These results indicate clearly that the position of the
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Table 1. Electrochemical Properties of TUS-21, TUS-35,
TUS-36, and Black Dye”

sensitizer Epomo [V vs SCE]  Ep_o" [V]  Epumo [V vs SCE]
TUS-21¢ 0.68 1.61 -093
TUS-35 0.62 1.60 —-0.98
TUS-36 0.59 1.56 —-0.97
Black dye® 0.66 1.61 —-0.95

“The Eyomo of TUS-35 and TUS-36 was measured in DMF solution
containing 0.1 M LiClO,. “The E,_, was calculated using the onset
wavelength of the absorption spectrum. “Data taken from ref 42.

chromophore unit at the terpyridine-derived ligand affect only
slightly the energy levels of HOMO and LUMO, even though it
affects largely the photochemical properties of the ruthenium
sensitizers as mentioned above. This finding is quite important
information for the development of highly efficient ruthenium
sensitizers.

Density Functional Theory Molecular Orbital Calcu-
lations. Density functional theory (DFT) molecular orbital
(MO) calculations were conducted to investigate the
distribution of frontier MOs of TUS-35 and TUS-36. As
shown in Figure 4, HOMO and HOMO-1 of these TUS

»

LUMO+2 “ Y¢r

LUMO+1

TUS-35

TUS-36

Figure 4. Frontier molecular orbitals of TUS-35 and TUS-36 in
acetonitrile.

sensitizers populated dominantly at the Ru"" atom and two axial
NCS ligands. LUMO of each TUS sensitizer located largely at
the terminal 4-carboxypyridine of the terpyridine-derived
ligand. LUMO+1 of each TUS sensitizer populated mainly at
both the central pyridine and the hexylthiophene-modified
pyridine of the terpyridine-derived ligand. Important point is
that LUMO+2 of each TUS sensitizer located largely at the 3,4-
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dicarboxyphenyl unit. These results suggest that effective
electron injection from the photoexcited TUS-35 or TUS-36
into the conduction band of TiO, occurs if these TUS
sensitizers adsorb to the TiO, photoelectrode using the COOH
group at the terminal pyridine of the terpyridine-derived ligand.
On the other hand, these results also suggest that effective
electron injection does not occur if these TUS sensitizers
adsorb to the TiO, photoelectrode using the 3,4-dicarbox-
yphenyl unit because the electron transfer from the terpyridine
unit to the 3,4-dicarboxyphenyl one is thermodynamically
unfavorable, and the path length of this electron injection
reaction is relatively longer in this case. It was reported recently
that LUMO and LUMO+1 of TUS-21 located over the
terpyridine unit, and LUMO+2 populated mainly at the 3,4-
dicarboxyphenyl unit.** In addition, it was also reported that
TUS-21 adsorbed to the TiO, photoelectrode using one of the
COOH groups at the terminal pyridines of the terpyridine-
derived ligand as shown in Figure 6."* Therefore, effective
electron injection occurs, and hence the conversion efficiency
above 10% was obtained in the DSC with TUS-21.7 A
conversion efliciency higher than 10% is also expected in the
DSCs with TUS-36 if this sensitizer adsorbs to the TiO,
photoelectrode using the COOH group at the terminal
pyridine of the terpyridine-derived ligand just like TUS-21.
However, a relatively lower conversion efliciency might be
obtained in the case that TUS-36 adsorbs to the TiO,
photoelectrode using the 3,4-dicarboxyphenyl unit.
Adsorption Behavior of Dyes. Adsorption behavior of
TUS-35 and TUS-36 to the TiO, surface was investigated to
obtain insight into the adsorption manners of these TUS
sensitizers because adsorption manners of these TUS
sensitizers at the TiO, surface are considered to affect largely
the electron injection process and the conversion efficiency of
the DSCs as mentioned above. As reported previously,
(TBA)[Ru{4’-(3,4-dicarboxyphenyl)terpyridine } (NCS),]
(TUS-20, Figure 1) has a superior adsorption to the TiO,
surface due to the presence of the 3,4-dicarboxyphenyl unit as
an anchor group.*”*" For example, the adsorption rate of TUS-
20 is faster than that of Black dye, and the maximum amount of
TUS-20-adsorption is larger than that of Black dye.***!
Moreover, some amount of adsorbed TUS-20 could not be
desorbed from the TiO, photoelectrode by immersing in a
NaOH solution for 1 d, while all the adsorbed Black dye could
be desorbed perfectly within a few minutes by the same
treatment.’>*" That is to say, these results suggest that
ruthenium sensitizers showing such a superior adsorption
property adsorb to the TiO, photoelectrode using a 3,4-
dicarboxyphenyl unit. Among zinc porphyrin sensitizers, such a
superior adsorption behavior was also observed in the zinc
porphyrin sensitizer having a dicarboxyphenyl unit as an anchor
group.”” As shown in Figure 5, TUS-20 showed actually a
superior adsorption property compared to Black dye. On the
other hand, the adsorption behavior of TUS-21 was quite
similar to that of Black dye, even though TUS-21 also possesses
the 3,4-dicarboxyphenyl unit. In addition, all the adsorbed
TUS-21 was desorbed from the TiO, photoelectrode perfectly
within a few minutes just like Black dye. Together with the
results of attenuated total reflection IR measurements, it is
reported that TUS-21 adsorbs to the TiO, photoelectrode
using one of the COOH groups at the terminal pjridines of the
terpyridine-derived ligand as shown in Figure 6.** In the cases
of TUS-35 and TUS-36, the adsorption behaviors were similar
to that of TUS-20 rather than those of TUS-21 and Black dye.
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Figure S. Adsorption isotherms of TUS-20, TUS-21, TUS-3S, TUS-
36, and Black dye to the TiO, photoelectrodes at 20 °C.

TUS-35 Ry=H Rp= \@/\/V\
TUS-21 s
TUS36 Ri=~(CJy """ Re=n

Figure 6. Speculated binding manners of TUS-21, TUS-35, and TUS-
36 at the TiO, surface.

In addition, some amount of TUS-35 and TUS-36 could not be
desorbed from the TiO, photoelectrodes by immersing in a
NaOH solution or a methanolic solution of TBAOH, even
though TUS-35 and TUS-36 were dissolved well in these two
solutions. These results suggest strongly that TUS-35 and
TUS-36 adsorb dominantly to the TiO, photoelectrode using
the 3,4-dicarboxyphenyl unit just like TUS-20 (Figure 6), even
though TUS-35 and TUS-36 have a COOH group at the
terminal pyridine just like TUS-21. In these cases, a high
conversion efficiency is not expected due to the unfavorable
binding manners for the effective electron injection process in
the DSCs as mentioned above.

It seems to be quite important to know the reason why the
binding manners of TUS-35 and TUS-36 are different from
that of TUS-21 toward the molecular design of highly efficient
ruthenium sensitizers. One of the possible interpretations is
that the amount of TBA" contained in TUS-35 and TUS-36 is
different from that contained in TUS-21. As described above,
TUS-35 and TUS-36 contain 1.25 equiv of TBA, while TUS-
21 possesses 2.0 equiv of TBA*. Therefore, the COOH group
at the 4-position of the phenyl unit of TUS-21 exists as COO™
in a dye-adsorption solvent because the H* of this COOH
group is replaced perfectly by TBA'. On the other hand, the H*
of the COOH group at the 4-position of the phenyl unit of
TUS-35 (and TUS-36) is replaced partially by TBA'.
Therefore, the COOH group at the 4-position of the phenyl
unit of TUS-35 (and TUS-36) is considered to exist mainly as
COOH in a dye-adsorption solvent. This difference might
affect the adsorption manners of ruthenium sensitizers because
the reaction rates of the bond formations between the COO~
group of the sensitizer and the OH group at the TiO, surface,
and between the COOH group of the sensitizer and the OH
group at the TiO, surface, are considered to be different.
Therefore, the adsorption behavior of TUS-35 and TUS-36
were further investigated after adjusting the amount of TBA*
contained in these TUS sensitizers to 2.0 equiv by using
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deoxycholic acid tetrabutylammonium salt ((TBA)-
[DCA]).**~*' However, the adsorption behavior of these two
TUS sensitizers did not change at all against the expectation. In
addition, the solar cell performance of the DSCs with these
TUS sensitizers was not improved either by this treatment.
Consequently, the other reason, such as a structural difference,
seems to affect mainly the binding manners of TUS-35 and
TUS-36 at the TiO, photoelectrode.

Solar Cell Performances of the Dye-Sensitized Solar
Cells. Solar cell performances of the DSCs with TUS-35 and
TUS-36, together with those of the DSCs with TUS-21 and
Black dye, are summarized in Table 2. As mentioned above,

Table 2. Solar Cell Performances of the DSCs with TUS-21,
TUS-3S, TUS-36, and Black Dye”

amount of dye

Jee Voo adsorption [X1077
sensitizer [mA/cm?]  [V] FF n [%] mol/cm?]
TUS-35 15.4 060  0.69 6.4 27°
TUS-36 144 057  0.69 5.7 29°
TUS-20° 17.19 061 0712 747 2.6°
TUS-21° 20.83 068 0704  10.0 2.1
Black dye®  21.61 070 0716 108 23

“The electrolyte is an acetonitrile solution containing I, (0.05 M), Lil
(0.1 M), DMPImI (0.6 M), and TBP (0.3 M). Film thickness and
active area of TiO, photoelectrodes were ca. 45 um and 0.26 cm?,
respectively. Irradiation was performed using the solar simulator (AM
1.5, 100 mW/cm?). ®Some amounts of adsorbed TUS-20, TUS-35,
and TUS-36 could not be desorbed from the TiO, photoelectrode.
“Data taken from ref 42.

high conversion efficiencies could not be obtained in the DSCs
with TUS-35 and TUS-36. The Jsc values obtained in the
DSCs with these TUS sensitizers were much smaller than that
obtained in the DSC with TUS-21, even though the amounts of
dye adsorption of these TUS sensitizers were larger than that of
TUS-21. As shown in Figure 7, IPCE values of the DSCs with

10 Black dye
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80 e —TUS-36
g eof =
8 - %
g 40 Y
20}
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Figure 7. IPCE spectra of the DSCs with TUS-21, TUS-3S, TUS-36,
and Black dye.

TUS-35 and TUS-36 at the wavelength range beyond 420 nm
were much lower than those of the DSC with TUS-21. Since
the energy levels of HOMO and LUMO, and the molar
absorption coeflicient at the whole visible region of TUS-35
and TUS-36, were almost equal to those of TUS-21, the
obtained smaller IPCE values of the TUS-35 and TUS-36 at
the whole visible region seem to suggest that the effective
electron injection does not occur due to the unfavorable
binding manners at the TiO, surface. However, the main reason
for the inferior performances of the DSCs with TUS-3S and
TUS-36 is considered to be the promoted charge recombina-
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tion and/or charge transfer of the injected electrons in the TiO,
photoelectrode to I3 in the electrolyte solution as discussed
below.

On the other hand, the important aspect of the solar cell
performances of two novel TUS sensitizers is that IPCE values
at ~400 nm were improved largely only in the case of TUS-36,
and these IPCE values were higher than those obtained in the
DSCs with TUS-21 and Black dye. The IPCE values of the
DSCs at ~400 nm are generally lower due to the presence of Iy
(or L) in the electrolyte solution with a high concentration.
Therefore, this result indicates clearly that introduction of the
hexylthiophene unit to the 4-position of the terpyridine-derived
ligand is more effective than introducing this unit to the 5-
position to overcome this drawback.

To obtain insight into the charge recombination and/or
charge transfer of the injected electrons in the TiO,
photoelectrode, open-circuit photovoltage decay (OCVD)
measurements of the DSCs with TUS sensitizers were
performed. The electron lifetimes in the TiO, photoelectrodes
of the DSCs with TUS-35 and TUS-36 were found to be much
shorter than those of the DSCs with TUS-21 and Black dye at
the matched V. values (Figure 8). These results suggest
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Figure 8. Electron lifetimes as a function of V. of the DSCs with

TUS-21, TUS-3S, TUS-36, and Black dye.

strongly that the charge recombination and/or charge transfer
of the injected electrons in the TiO, photoelectrode is
promoted quite largely in the DSCs with TUS-35 and TUS-
36. This promoted charge recombination and/or charge
transfer in the DSCs with TUS-35 and TUS-36 seems to
arise from the presence of the thiophene unit at the terpyridine-
derived ligand. As reported previously, I, (or I) interacts with
a thiophene and forms a charge transfer (CT) complex.*>>* If
TUS-35 and TUS-36 interact with I, (or I3) through the S
atom of thiophene unit, the local concentration of Iy is
increased. In such cases, CT of the injected electrons in the
TiO, photoelectrode to Iy would be promoted, which results in
the shortening of the electron lifetime in the TiO, photo-
electrode. In the cases of the DSCs with ruthenium sensitizers
having an amine group at the ligand, CT of the injected
electrons is reported to be enhanced due to the formation of a
CT complex with I, (or I3) through the N atom of amino
group.>>~%° Therefore, it is likely that TUS-35 and TUS-36
interact with I, (or I3) through the S atom of thiophene unit,
which results in the promotion of CT of the injected electrons.
On the other hand, the other possible interpretation is that the
promoted CT of the injected electrons is attributed to the
difference in the binding manners at the TiO, surface between
TUS sensitizers (TUS-35 and TUS-36) and TUS-21. It is
reported that TUS-20 adsorbs to the TiO, photoelectrode
using the 3,4-dicarboxyphenyl unit just like TUS-35 and TUS-
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36, and the electron lifetime in the TiO, photoelectrode of the
DSC with TUS-20 is extremely shorter than that of the DSC
with TUS-21.** Therefore, these results suggest that the
binding manner of ruthenium sensitizer is one of the important
points to bring out fully the potential of photosensitizing ability
of the ruthenium sensitizers.

Figure 9 shows Nyquist plots of the DSCs with TUS-21,
TUS-35, TUS-36, and Black dye obtained from the electro-

-12 —Black dye
—TUS-21
—TUS-35
@ —TUS-36

Z(Q

Figure 9. Nyquist plots of the DSCs with TUS-21, TUS-35, TUS-36,
and Black dye under AM 1.5 irradiation conditions.

chemical impedance spectroscopic (EIS) measurements under
AM 1.5 irradiation and open-circuit condition. The middle
semicircle of Nyquist plot is assigned typically to the interfacial
resistance at the TiO,/dye/electrolyte interface (R2 resistance),
which is related closely to the reaction rate of charge
recombination and CT of the injected electrons. The large
middle semicircle (R2 resistance) of the Nyquist plot under the
irradiation condition suggests that charge recombination and/
or CT of the injected electrons in the TiO, photoelectrode is
promoted. As shown in Figure 9, R2 resistance of the DSCs
with TUS-35 and TUS-36 was much larger than that of the
DSC with TUS-21. These results indicate again that charge
recombination and/or CT of the injected electrons is enhanced
largely in the DSCs with TUS-35 and TUS-36. We reported
recently that the electron lifetime in the TiO, photoelectrode of
the DSC with TUS-20 is extremely shorter than that of the
DSC with TUS-21.** The reason for this much shorter electron
lifetime of TUS-20 is considered to be attributed to the high I3
concentration at the TiO, surface. In the case of TUS-20,
relatively large vacancy would exist at the TUS-20-adsorbed
TiO, surface because TUS-20 adsorbs to the TiO, photo-
electrode using the 3,4-dicarboxyphenyl unit as shown in Figure
10.** In this case, I; concentration at the TiO, surface would be
higher, which induces the enhancement of the backward
electron-transfer reaction to I5. For comparison, such a vacancy
is not considered to exist at the TUS-21-adsorbed TiO, surface
because TUS-21 adsorbs to the TiO, photoelectrode using one
of the COOH groups at the terminal pyridines of the

% Is-
Iy

Iy

TUS-21

\@@c

TUS-20

Figure 10. Speculated interfacial interaction between I3 and the TiO,
surface (taken from ref 42).
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terpyridine-derived ligand and the COOH group at the 3-
position of the phenyl unit.*” In the cases of TUS-35 and TUS-
36, relatively large vacancy would exist because the adsorption
manners of these two sensitizers are considered to be the same
as that of TUS-20. Therefore, this binding manner seems to be
a major reason for the promoted CT of the injected electrons in
the TiO, photoelectrode to the I3 in the electrolyte solution in
the cases of TUS-35 and TUS-36.

B CONCLUSIONS

Two novel ruthenium sensitizers with a hexylthiophene-
modified terpyridine-derived ligand (TUS-35 and TUS-36)
have been synthesized to improve the molar absorption
coefficient of TUS-21. A relatively strong absorption at ~380
nm appeared, and the molar absorption coeflicient at the
MLCT band decreased in TUS-35 by introducing a 2-
hexylthiophene unit at the S-position of the terpyridine-derived
ligand. For comparison, a relatively strong absorption at ~350
nm appeared without decreasing the molar absorption
coefficient at the MLCT band in TUS-36 by introducing a 2-
hexylthiophene unit at the 4-position of the terpyridine-derived
ligand. On the other hand, the energy levels of HOMOs and
LUMO:s of TUS-35 and TUS-36 were almost equal to those of
TUS-21. Adsorption behavior of TUS-35 and TUS-36 to the
TiO, surface was similar to that of TUS-20 rather than that of
TUS-21, suggesting that TUS-35 and TUS-36 adsorb to the
TiO, photoelectrode using the 3,4-dicarboxyphenyl unit just
like TUS-20.

The DSCs with TUS-35 and TUS-36 exhibited a relatively
lower conversion efficiency (6.4% and 5.7%, respectively), while
the DSC with TUS-21 showed ~10% efficiency under the AM
1.5 irradiation (100 mW/cm?). Since the photo- and
electrochemical properties of these two sensitizers are quite
similar to those of TUS-21, unfavorable binding manners of
TUS-35 and TUS-36 at the TiO, surface toward the electron
injection process seem to be one reason for the inferior
performance of these sensitizers. OCVD and EIS measure-
ments of the DSCs with TUS-35 and TUS-36 revealed that
charge recombination and/or CT of the injected electrons in
the TiO, photoelectrode to I3 in the electrolyte solution is
promoted largely compared to the DSC with TUS-21.
Therefore, the inferior performances of TUS-35 and TUS-36
would be attributed mainly to this enhanced charge
recombination and/or CT of the injected electrons. This
study demonstrated that the position of the chromophore unit
at the terpyridine-derived ligand affects only the photochemical
properties of ruthenium sensitizers and also demonstrated that
the binding manners of the ruthenium sensitizers at the TiO,
photoelectrode affect largely the solar cell performances of the
DSCs.

B EXPERIMENTAL SECTION

Materials and General Measurements. Black dye,” 2-acetyl-4-
bromopyridine,* 2-acetyl-5-bromopyridine,** and tributyl(5-hexylth-
iophene-2-yl)stannane*>*® were prepared according to the previously
reported methods. Characterization of the novel compounds prepared
in this study was carried out by the previously reported
procedures.*® *° DFT MO calculations were performed by DMol®
code package in Materials Studio 5.5 (Accelrys Inc.).¥ ™%

Synthesis. Compound 1. 3,4-Dimethylbenzaldehyde (17.1 mmol,
2.3 g) and NaOH (27.5 mmol, 1.1 g) were dissolved in 80 mL of a
mixed solution of ethanol and water (1:1, v/v). 2-Acetyl-4-
methylpyridine (17.0 mmol, 2.3 g) was dissolved in 25 mL of ethanol,
and this solution was added slowly to the former solution. This
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mixture was stirred for 12 h at room temperature. The yellow
precipitate was filtered, washed with a mixed solvent of ethanol and
water (1:4, v/v), and dried in vacuo; yield 4.1 g (96%). "H NMR (400
MHz, CDCl,): 6 = 8.66 (d, ] = 4.8 Hz, 1H), 8.24 (d, ] = 16.1 Hz, 1H),
8.02 (s, 1H), 7.90 (d, J = 15.8 Hz, 1H), 7.53 (s, 1H), 7.47 (d, ] = 7.8
Hz, 1H), 7.35 (d, ] = 4.0 Hz, 1H), 7.17 (d, ] = 7.8 Hz, 1H), 2.50 (s,
3H), 2.30 (s, 3H), 2.29 (s, 3H).

Compound 4. 2-Acetyl-S-bromopyridine (compound 2; 12.2 mmol,
2.45 g), compound 1 (12.2 mmol, 3.07 g), and KOH (35.3 mmol, 1.98
g) were dissolved in 120 mL of ethanol. NH,OH solution (30%, 75
mL) was added to the solution, and then this mixture was stirred for 1
d at 60 °C. The pale yellow precipitate was filtered, washed with a
mixed solvent of ethanol and water (1:2, v/v), and dried in vacuo;
yield 2.3 g (44%). '"H NMR (400 MHz, CDCLy): 6 = 8.79 (sd, ] = 2.5
Hz, 1H), 8.77 (sd, ] = 2.0 Hz, 1H), 8.72 (sd, ] = 1.5 Hz, 1H), 8.68 (d, J
= 5.0 Hz, 1H), 8.65 (d, ] = 8.5 Hz, 1H), 8.57 (s, 1H), 8.03 (dd, J = 8.5
Hz, J' = 2.5 Hz, 1H), 7.73 (s, 1H), 7.68 (d, ] = 7.5 Hz, 1H), 7.31-7.27
(m, 2H), 2.57 (s, 3H), 2.40 (s, 3H), 2.36 (s, 3H).

Compound 5. Compound $§ was synthesized according to the same
procedure of compound 4, except that 2-acetyl-4-bromopyridine was
used instead of 2-acetyl-S-bromopyridine. Yield 73%. 'H NMR (400
MHz, CDCL;): & = 8.85 (sd, ] = 1.8 Hz, 2H), 8.74 (s, 1H), 8.67 (d, ] =
4.8 Hz, 1H), 8.55 (d, J = 5.3 Hz, 1H), 8.50 (s, 1H), 7.75 (s, 1H), 7.70
(d, J = 8.3 Hz, 1H), 7.54 (dd, ] = 5.3 Hz, J' = 2.0 Hz, 1H), 7.29—7.25
(m, 2H), 2.60 (s, 3H), 2.38 (s, 3H), 2.34 (s, 3H).

Compound 6. Compound 4 (3.6 mmol, 1.56 g) and KMnO, (34.8
mmol, 5.5 g) were suspended in 90 mL of a mixed solution of water
and pyridine (1:2, v/v). This mixture was refluxed for 2 h. KMnO,
(34.8 mmol, S.5 g), water (10 mL), and pyridine (8 mL) were further
added, and then this reaction mixture was refluxed for 2 h. This
procedure was repeated four times to oxidize fully three methyl groups
of compound 4. MnO, was filtrated and then washed with water. The
combined filtrates were condensed by evaporation, and then the pH
value of the solution was adjusted to 1.0 by adding concentrated HCL.
The pale yellow precipitate was filtrated, washed with water, and dried
in vacuo; yield 1.7 g (90%). "H NMR (400 MHz, dimethyl sulfoxide
(DMSO)): & = 8.74—8.72 (m, 2H), 8.67 (d, ] = 2.3 Hz, 1H), 8.55 (d, ]
= 1.5 Hz, 1H), 849 (d, ] = 1.5 Hz, 1H), 829 (d, ] = 8.5 Hz, 1H), 8.13
(dd, J = 8.5 Hz, J' = 2.4 Hz, 1H), 7.94—7.91 (m, 2H), 7.73 (dd, ] = 4.8
Hz, J' = 1.6 Hz, 1H), 7.66 (d, ] = 8.0 Hz, 1H).

Compound 7. Compound 7 was synthesized according to the same
procedure of compound 6, except that compound $ was used instead
of compound 4. Yield 46%. "H NMR (400 MHz, DMSO): § = 9.00—
8.98 (m, 3H), 8.84 (sd, ] = 1.8 Hz, 1H), 8.79 (sd, ] = 1.8 Hz, 1H), 8.73
(sd, ] = 1.8 Hz, 1H), 8.71 (d, J = 5.3 Hz, 1H), 8.16—8.14 (m, 2H),
7.97 (dd,J = 5.0 Hz, J' = 1.6 Hz, 1H), 7.87 (dd, ] = 5.3 Hz, ]’ = 2.0 Hz,
1H).

Compound 8. Compound 6 (3.3 mmol, 1.7 g) was suspended in
500 mL of methanol. Concentrated H,SO, (9 mL) was added, and
then his mixture was refluxed for 12 h. 30% NH,OH solution was
added to adjust the pH value of this reaction mixture to 2.0. The white
precipitate was filtrated, washed with water, and dried in vacuo; yield
0.63 g (34%). "H NMR (400 MHz, CDCl,): & = 9.13 (s, 1H), 8.89 (s,
1H), 8.78—8.75 (m, 3H), 8.62 (d, ] = 7.5 Hz, 1H), 8.20 (s, 1H), 8.04
(d, J = 7.0 Hz, 2H), 7.93 (s, 2H), 4.05 (s, 3H), 3.97 (s, 3H), 3.96 (s,
3H).

Compound 9. Compound 9 was synthesized according to the same
procedure of compound 8, except that compound 7 was used instead
of compound 6. Yield 8%. 'H NMR (400 MHz, CDCL,): § = 9.13 (s,
1H), 8.88 (d, J = 5.0 Hz, 1H), 8.86 (d, ] = 1.5 Hz, 1H), 8.77 (d, ] = 6.0
Hz, 2H), 8.55 (d, J = 5.0 Hz, 1H), 8.20 (d, ] = 1.5 Hz, 1H), 8.05 (dd, J
=8.5Hz, J' = 1.6 Hz, 1H), 7.94 (dd, J = 4.5 Hz, ] = 1.5 Hz, 1H), 7.91
(d, J = 8.0 Hz, 1H), 7.56 (dd, J = 5.0 Hz, J' = 2.0 Hz, 1H), 4.06 (s,
3H), 3.97 (s, 3H), 3.95 (s, 3H).

L-35'. Compound 8 (0.44 mmol, 0.25 g), tributyl(5-hexylthio-
phene-2-yl)stannane (0.52 mmol, 0.24 g), and Pd(PPh,), (0.013
mmol, 0.015 g) were dissolved in dry DMF (10 mL), and then this
solution was stirred overnight at 85 °C under N, atmosphere. Most of
the solvent was evaporated; the resulting residue was purified by a
silica gel column chromatography using a mixed eluent of chloroform
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and methanol (100:1, v/v); yield 0.15 g (53%). "H NMR (400 MHz,
CDCLy): 6 = 9.17 (s, 1H), 8.97 (sd, J = 2.0 Hz, 1H), 8.89 (d, ] = 5.0
Hz, 1H), 8.85 (s, 1H), 8.77 (sd, J = 1.5 Hz, 1H), 8.73 (d, ] = 8.0 Hz,
1H), 8.23 (sd, J = 1.5 Hz, 1H), 8.12—8.07 (m, 2H), 7.94—7.92 (m,
2H), 7.32—=7.31 (m, 1H), 6.85 (d, J = 2.5 Hz, 1H), 4.06 (s, 3H), 3.98
(s, 3H), 3.96 (s, 3H), 2.88 (t, ] = 7.5 Hz, 2H), 1.76—1.73 (m, 2H),
1.45—1.41 (m, 2H), 1.36—1.34 (m, 4H), 0.92 (t, J = 7.0 Hz, 3H).

L-36'. L-36" was synthesized according to the same procedure of L-
35’, except that compound 9 was used instead of compound 8. Yield
60%. "H NMR (400 MHz, CDCL,): & = 9.24 (s, 1H), 8.89 (d, ] = 5.0
Hz, 1H), 8.87 (s, 1H), 8.77 (d, ] = 6.0 Hz, 2H), 8.67 (d, ] = 5.5 Hz,
1H), 8.22 (sd, J = 2.0 Hz, 1H), 8.07 (dd, J = 7.5 Hz, J' = 1.6 Hz, 1H),
7.94 (m, 2H), 7.54—7.51 (m, 2H), 6.88 (d, J = 3.5 Hz, 1H), 4.06 (s,
3H), 3.98 (s, 3H), 3.96 (s, 3H), 2.89 (t, ] = 7.5 Hz, 2H), 1.78—1.74
(m, 2H), 1.45—1.41 (m, 2H), 1.37—1.33 (m, 4H), 0.94—0.91 (m, 3H).

L-35. L-35’ (0.77 mmol, 0.5 g) was suspended in 50 mL of a mixed
solution of acetone and 0.1 M NaOH solution (3:2, v/v), and then this
mixture was refluxed for $ h. After most of the acetone was removed
by evaporation, concentrated HCI was added to adjust the pH value of
this solution to 1.0. The pale yellow precipitate was filtrated, washed
with water, and dried in vacuo; yield 0.4 g (85%). '"H NMR (400 MHg,
DMSO): & = 9.05 (sd, ] = 2.5 Hz, 1H), 9.04 (s, 1H), 8.98 (d, ] = 5.0
Hz, 1H), 8.80 (s, 2H), 8.61 (d, ] = 8.5 Hz, 1H), 8.29 (dd, J = 8.0 Hz, J'
= 1.6 Hz, 2H), 8.17 (d, ] = 8.0 Hz, 1H), 7.97 (d, J = 5.0 Hz, 2H), 7.57
(d, ] = 3.5 Hz, 1H), 6.96 (d, J = 3.5 Hz, 1H), 2.86 (t, ] = 7.5 Hz, 2H),
1.69—1.66 (m, 2H), 1.38—1.30 (m, 6H), 0.89—0.86 (m, 3H).

L-36. L-36 was synthesized according to the same procedure of L-
35, except that L-36" was used instead of L-35’. Yield 85%. '"H NMR
(400 MHz, DMSO): § = 9.10 (s, 1H), 8.98 (d, ] = 4.5 Hz, 1H), 8.78
(dd, J = 9.0 Hz, J' = 1.5 Hz, 2H), 8.74 (d, ] = 5.0 Hz, 1H), 8.71 (s,
1H), 8.26 (s, 1H), 8.17 (dd, J = 8.0 Hz, J' = 2.0 Hz, 1H), 7.97 (d, ] =
3.5 Hz, 2H), 7.77 (dd, ] = 5.0 Hz, ]' = 2.0 Hz, 1H), 7.72 (d, ] = 3.5 Hz,
1H), 7.00 (d, J = 3.5 Hz, 1H), 2.88 (t, ] = 7.5 Hz, 2H), 1.71-1.67 (m,
2H), 1.38—1.29 (m, 6H), 0.89—0.85 (m, 3H).

Ru(L-35)Cl; and Ru(L-36)Cl;. RuCl;:3H,0 (1.64 mmol, 0.43 g)
and L-35 (or L-36, 1.65 mmol, 1.0 g) were suspended in 150 mL of
ethanol. This mixture was refluxed for S h under N, atmosphere. All
the ethanol was removed by evaporation, and the dark brown residue
was dried in vacuo; quantitative yield.

TUS-35. Ru(L-35)Cl; (1.64 mmol, 1.4 g) and KSCN (49.4 mmol,
4.8 g) were suspended in 125 mL of a mixed solution of H,O and
DMF (1:4, v/v). This mixture was refluxed for 1 d in the dark under
N, atmosphere. 1400 mL of water was added to this reaction mixture,
and then the pH value of this solution was adjusted to 1.0 by adding
0.5 M HCL. The precipitate was filtrated and dried in vacuo. This crude
product was purified by a silica gel column chromatography using a
mixed solvent of CH;CN, saturated KNO; (aq), and H,O (14:2:1, v/
v). The second green band was collected, and then most of the
CH;CN was removed by evaporation. After 0.5 M HCIl was added to
the solution, the precipitate was filtrated. The obtained precipitate was
once dissolved in the minimum amount of mixed solution of
acetonitrile and 0.1 M TBAOH solution (10:3, v/v), and then it
was further purified by the same procedure. Yield 15 mg (10%). 'H
NMR (400 MHz, CD,CN): 6 =9.17 (d, ] = 6.0 Hz, 1H), 9.12 (sd, ] =
2.0 Hz, 1H), 8.82 (s, 1H), 8.60 (s, 1H), 8.57 (s, 1H), 8.42 (s, 1H),
8.31 (d, J = 8.5 Hz, 1H), 8.14—8.06 (m, 4H), 7.52 (d, J = 3.5 Hz, 1H),
6.94 (d, ] = 3.5 Hz, 1H), 3.10—3.06 (m, 10H), 2.94 (t, ] = 7.6 Hz, 2H),
1.80—1.76 (m, 2H), 1.65—1.57 (m, 10H), 1.40—1.31 (m, 16H), 0.99—
0.95 (m, 18H). ESI-TOF MS (negative ion, CH;CN): 823.82 m/z
([M-SCN-H]7). Anal. Caled for C;H,gN4O¢S,Ru-1.25(NC4H;)
((TBA)[M]-0.25TBA): C, 57.72; H, 6.29; N, 8.56. Found: C, 57.99;
H, 6.31; N, 8.29%.

TUS-36. TUS-36 was synthesized according to the same procedure
of TUS-35, except that Ru(L-36)Cl; was used instead of Ru(L-35)Cl,.
Yield 11%. '"H NMR (400 MHz, CD,CN): 6 = 9.17 (d, ] = 5.5 Hz,
1H), 8.85 (s, 1H), 8.76 (d, ] = 6.0 Hz, 1H), 8.73 (s, 1H), 8.64 (s, 2H),
8.53 (s, 1H), 8.26—8.23 (m, 1H), 8.18 (dd, ] = 8.0 Hz, J' = 2.2 Hz,
1H), 8.13 (dd, J = 6.0 Hz, J' = 1.6 Hz, 1H), 7.78 (d, ] = 4.0 Hz, 1H),
7.75 (d, J = 5.5 Hz, 1H), 7.04 (d, J = 3.5 Hz, 1H), 3.12—3.07 (m,
10H), 2.98 (t, ] = 7.7 Hz, 2H), 1.82—1.78 (m, 2H), 1.66—1.58 (m,
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10H), 1.41-1.33 (m, 16H), 1.00—0.94 (m, 18H). ESI-TOF MS
(negative ion, CH;CN): 824.02 m/z ([M-SCN-H]"). Anal. Calcd for
C3,H,0N(O4S,Ru-1.25(NCsHss) ((TBA)[M]-0.25TBA): C, 57.72;
H, 6.29; N, 8.56. Found: C, 57.70; H, 6.63; N, 8.18%.

Preparation of TiO, Photoelectrodes and Dye-Sensitized
Solar Cells. TiO, photoelectrodes were prepared by the previously
reported procedures.”’ > Film thickness and the active area of the
TiO, photoelectrodes were ~40 ym and 0.26 cm? respectively. TUS-
35 and TUS-36 were dissolved in 1-propanol solution at the
concentration of 0.2 mM, which contained 20 mM DCA.®° The
TiO, photoelectrode was immersed in each dye solution for 22 h at
room temperature to adsorb the dye onto the TiO, surface.
Photoelectrochemical measurements were carried out by the
previously reported methods.””">° Electrolyte of the DSC was an
acetonitrile solution containing I, (0.05 M), Li (0.1 M), 1,3-
dimethylimidazolium iodide (DMPImI) (0.6 M), and TBP (0.3 M).
TUS-35 and TUS-36 were desorbed from the TiO, photoelectrode by
immersing in a 0.0S M NaOH solution. The amount of dye adsorption
was calculated from the absorption spectrum of the resulting solution,
although some amounts of adsorbed TUS-3S and TUS-36 could not
be desorbed from the TiO, photoelectrodes by this treatment.
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