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Development of a functionally separated D—n-A
fluorescent dye with a pyrazyl group as an
electron-accepting group for dye-sensitized
solar cellst

Yousuke Ooyama,* Koji Uenaka and Joji Ohshita*

A functionally separated D—n-A dye OUK-3 with a pyrazyl group as an electron-withdrawing anchoring
group and a carboxyl group as an additional anchoring group has been newly developed as a photosensi-
tizer for dye-sensitized solar cells. The optical and electrochemical properties, adsorption states on TiO,
nanoparticles, and photovoltaic performances in dye-sensitized solar cells (DSSCs) were investigated. It
was found that the maximum adsorption amount of dye adsorbed on the TiO, electrode for OUK-3 is 3
times as much as that of the D—=-A dye sensitizer OUK-1 with a pyrazyl group as an electron-withdraw-
ing anchoring group. Moreover, this work revealed that the DSSC based on the dye OUK-3 exhibits a
higher photovoltage (V,) value than the DSSC based on the dye OUK-1. On the basis of the FTIR spectra
of the dyes adsorbed on TiO, nanoparticles and the electrochemical impedance spectroscopy (EIS) ana-
lysis of DSSCs based on the two dyes OUK-1 and OUK-3, the differences of photovoltaic performances
between the two dyes are discussed by taking into account the adsorption states of the dyes adsorbed on
the TiO, surface. This work demonstrates that functionally separated D—n-A dye sensitizers can achieve
effective surface coverage of the TiO, electrode due to their high adsorption ability onto the TiO, elec-
trode, leading to not only the improvement of light-harvesting efficiency (LHE), but also an increase in the
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Introduction

Dye-sensitized solar cells (DSSCs) employing dye-adsorbed
TiO, electrodes have attracted much attention from chemists,
physicists, and engineers because of enormous scientific inter-
est in their construction and operational principles, and low
cost of production since Gritzel and co-workers produced
high-performance DSSCs based on a Ru-complex dye in
1991."7'° Much effort in molecular design and development of
efficient dye sensitizers have been made to further improve the
photovoltaic performances of DSSCs so far. In particular,
donor-acceptor n-conjugated (D-rn-A) dye sensitizers having
both electron-donating (D) and electron-accepting (A) groups
linked by n-conjugated bridges would be expected to be one of
the most promising classes of organic dye sensitizers, because
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number of injected electrons in the CB of TiO,, which is responsible for the higher V. value of function-
ally separated D—zn-A dye sensitizers.

the wide variety of structures and facile modification provides
potential for molecular design, with the introduction of substi-
tuents onto the chromophore skeletons allowing easy control
not only of their photophysical and electrochemical properties
(HOMO and LUMO levels), but also of their stereochemical
structures.”'® Consequently, a new type of D-n-A dye sensi-
tizers with 2-(1,1-dicyanomethylene)rhodanine,'" pyridine,"*"*?
and 8-hydroxylquinoline'* as an electron-withdrawing anchor-
ing group, as well as conventional D-n-A dye sensitizers with a
carboxyl group have been designed and developed so far.
Many research groups demonstrated that the conventional
D-n-A dye sensitizers with a carboxyl group are adsorbed on
the TiO, film through the bidentate bridging linkage between
the carboxyl group of the dye and Brensted acid sites (surface-
bound hydroxyl groups, Ti-OH) on the TiO, surface.*® On
the other hand, we have demonstrated that dye sensitizers
with a pyridyl group are predominantly adsorbed on the TiO,
through coordinate bonding between the pyridyl group of the
dye and the Lewis acid site (exposed Ti"" cations) on the TiO,
surface.’” It was found that D-n-A dye sensitizers with a
pyridyl group can inject electrons efficiently to the conduction
band (CB) of the TiO, electrode through coordinate bonding,
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rather than conventional D-n-A dye sensitizers with carboxyl
groups. Recently, DSSCs based on porphyrin dyes and D-t-A
dyes with pyridyl groups have been reported by some research
groups.'?

Moreover, to seek an epoch-making molecular design of
D-n-A dye sensitizers for high-performance DSSCs, some
research groups designed and synthesized the functionally
separated D-m-A dye sensitizers with a pyridyl group,’** a
cyano group,'>'® a nitro group'” or an aldehyde'® as an elec-
tron-accepting group and a carboxyl group as an additional
anchoring group. They investigated the effects of the inter-
action between the electron-accepting group of the dye and the
TiO, surface on the photovoltaic performances of DSSCs. It
was revealed that the biggest advantage of the functionally sep-
arated D-n-A dye sensitizers is that one can introduce both
strong electron-withdrawing groups into the electron acceptor
moiety and an additional anchoring group, leading to not only
high adsorption ability onto the TiO, film, but also the batho-
chromic shift and broadening of the photoabsorption property
and efficient electron injection from the dye to the CB of the
TiO, electrode. For example, Sun and co-workers designed and
synthesized efficient near infrared D-n-A dye sensitizers, with
strong electron-withdrawing groups as the electron acceptors,
in which the anchoring group (carboxyl group) in these dyes
was separated from the electron acceptor unit (dicyanomethy-
lene)."® They also developed the functionally separated D-r-A
dye sensitizer with a nitro group as the electron-accepting
group and a carboxyl group as the anchoring group. They
demonstrated the effects of the interaction between the nitro
group of the dye and the TiO, surface on the photovoltaic per-
formances and UV-Vis absorption properties.’”” Thus, the func-
tionally separated D-n-A dye sensitizers would also be expected
to be one of the most promising classes of organic dye sensi-
tizers for DSSCs.

In this work, a functionally separated D-n-A dye sensitizer
OUK-3 with a pyrazyl group as an electron-withdrawing
anchoring group and a carboxyl group as an additional
anchoring group has been newly developed. The optical and
electrochemical properties, adsorption states on TiO, nanopar-
ticles, and photovoltaic performances in dye-sensitized solar
cells (DSSCs) were investigated (Scheme 1). It was found that
the maximum adsorption amount of dyes adsorbed on the
TiO, electrode for OUK-3 is 3 times as much as that of the
D-n-A dye sensitizer OUK-1 '° with a pyrazyl group as an elec-
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Scheme 1 Chemical structures of the D—x-A dye sensitizer OUK-1 and
the functionally separated D—=-A dye sensitizer OUK-3.
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tron-withdrawing anchoring group. Moreover, this work
revealed that the DSSC based on the dye OUK-3 exhibits a
higher photovoltage (V,.) value than the DSSC based on the
dye OUK-1. On the basis of the FTIR spectra of the dyes
adsorbed on TiO, nanoparticles and the electrochemical impe-
dance spectroscopy (EIS) analysis of DSSCs based on the two
dyes OUK-1 and OUK-3, the differences of photovoltaic per-
formances between the two dyes are discussed by taking into
account the adsorption states of the dyes adsorbed on the TiO,
surface.

Results and discussion
Synthesis

The synthesis of OUK-1 has been reported elsewhere.'® The
synthetic pathway of OUK-3 is shown in Scheme 2. The starting
material 1'° was converted to stannyl compound 2 by treat-
ment with nBuLi and then Me;SnCl. Compound 3 was pre-
pared by the Stille coupling of 2 with 2-iodopyrazine. The
reaction of 3 with ethyl 7-bromoheptanoate by using sodium
hydride yielded the compound 4, and then the hydrolysis of 4
with a base gave the functionally separated D-n-A dye
sensitizer OUK-3.

Optical properties

The absorption and fluorescence spectra of OUK-3 in 1,4-
dioxane are shown in Fig. 1a (see Fig. S1a in ESIf for OUK-1).
The two dyes show the absorption maximum (A255) at 402 nm,
which is assigned to the intramolecular charge-transfer (ICT)
excitation from the electron donor moiety (diphenylamino
group) to the electron acceptor moiety (pyrazyl group). The
molar extinction coefficient (¢) for the ICT band is 45400 M ™"
em™' for OUK-1 and 48300 M~' ecm™" for OUK-3, respectively.
The corresponding fluorescence bands for the two dyes occur
at around 480 nm, and the fluorescence quantum yield (Pg) is
0.46 for OUK-1 and 0.48 for OUK-3, respectively (Table 1).

The absorption spectrum of the dye OUK-3 adsorbed on the
TiO, film is shown in Fig. 1b (see Fig. S1b in ESI} for OUK-1).
The absorption bands of OUK-1 and OUK-3 adsorbed on the
TiO, film are broadened compared with those in 1,4-dioxane.
However, the absorption peak wavelengths of OUK-1 and OUK-
3 adsorbed on TiO, are similar to those in 1,4-dioxane. Thus,
this result indicates that the two dyes form weak =-stacked
aggregates on the TiO, surface.

Electrochemical properties

The electrochemical properties of OUK-1 and OUK-3 were
determined by cyclic voltammetry (Fig. 2 and Table 1, see
Fig. S2 in ESI{ for OUK-1). The reversible oxidation waves for
the two dyes were observed at 0.42 V vs. ferrocene/ferrocenium
(Fe/Fc). The corresponding reduction waves for the two dyes
appeared at 0.35 V, thus showing that the oxidized states of
the two dyes are stable. The HOMO energy level was evaluated
from the half-wave potential for oxidation (E7j, = 0.39 V for the
two dyes). The HOMO energy level was 1.11 V vs. the normal

Org. Chem. Front, 2015, 2, 552-559 | 553


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5qo00050e

Open Access Article. Published on 16 March 2015. Downloaded on 1/22/2026 10:00:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

View Article Online

Organic Chemistry Frontiers

l;‘,ri:k;e g T WN
Q 2nCMey e, Snm Q . Q
1 @ @ toluene @
oy, L e g

(O

4

OH

OUK-3

Scheme 2 Synthetic pathway of the functionally separated D—=-A dye sensitizer OUK-3.
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Fig. 1 Absorption (-) and fluorescence (-::) spectra of OUK-3 in

1,4-dioxane and (b) absorption spectrum of OUK-3 adsorbed on the
TiO; film.

hydrogen electrode (NHE), thus indicating that the HOMO
energy level is more positive than the I;7/I" redox potential
(0.4 V). This assures efficient regeneration of the oxidized dyes
by electron transfer from the I;7/I" in the electrolyte. The
LUMO energy level was estimated from the E}, and an inter-
section of the absorption and fluorescence spectra (445 nmy;
2.79 eV for OUK-1 and 443 nm; 2.80 eV for OUK-3). The LUMO
energy levels of OUK-1 and OUK-3 were —1.68 and —1.69 V,

respectively. Evidently, the LUMO energy levels of OUK-1 and
OUK-3 are higher than the energy level (E.;,) of the CB of TiO,
(-0.5 V), suggesting that an electron injection to the CB of TiO,
is thermodynamically feasible. Accordingly, the optical and
electrochemical properties of OUK-1 and OUK-3 resemble each
other very closely, showing that the effect of N-alkylation of the
carbazole ring on the photophysical and electrochemical
properties is negligible.

Theoretical calculations

To examine the electronic structures of OUK-1 and OUK-3, the
molecular orbitals of the two dyes were calculated using
density functional theory (DFT) at the B3LYP/6-31G(d, p) level.
The DFT calculations indicate that for the two dyes the
HOMOs were mostly localized on the diphenylamine-carbazole
moiety containing a thiophene ring (Fig. 3, see Fig. S3 in ESI{
for OUK-1). On the other hand, the LUMOs were mostly loca-
lized on the thienylpyrazine moiety. Accordingly, the DFT cal-
culations reveal that dye excitations upon light irradiation
induce a strong ICT from the diphenylamine-carbazole moiety
to the pyrazine moiety.

Table 1 Optical and electrochemical data, HOMO and LUMO energy levels, and DSSC performance parameters of OUK-1 and OUK-3

Dye 2bsmm (M em™) Al 9nm (@) ESL%V  HOMOYV LUMOYV  Molecules?/em™ [ ¢/mAcm™ Vo 9/mV FF*  ;° (%)
OUK-1 402 (45400) 478 (0.46) 0.39 1.11 —-1.68 3.0 x 10*° 2.99 448 0.67 0.89
OUK-3 402 (48300) 477 (0.48) 0.39 1.11 —-1.69 9.6 x 10'° 4.48 550 0.64 1.58

“In 1,4~ dloxane Fluorescence quantum yields (@) were determined by using a calibrated integrating sphere system (/1ex = 402 for OUK-1 and

OUK3).

b Half-wave potentials for oxidation (E9%) vs. Fc/Fc™ were recorded in the DMF-Bu,NCIO, (0.1 M) solution.

“vs. Normal hydrogen

electrode (NHE) 9The 9 pm thick TiO, electrode was immersed into a 1 mM dye solution in THF for 15 hours. The dye-coated film was
immersed in a mixed solvent of THF-DMSO-NaOH aq. 1 M (5:4: 1), which was used to determine the amount of dye molecules adsorbed onto
the film by measuring the absorbance. ¢ Under a simulated solar light (AM 1.5, 100 mW cm™>).
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Fig. 2 Cyclic voltammogram of OUK-1 (0.1 mM) in DMF containing
0.1 M BuyNClO,4 at a scan rate of 10 mV s~ The arrow denotes the
direction of the potential scan.
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Fig. 3 (a) HOMO and (b) LUMO of OUK-3 by the density functional
theory (DFT) calculations at the B3LYP/6-31G(d, p) level.

FTIR spectra

To elucidate the adsorption states of OUK-1 and OUK-3 on
TiO, nanoparticles, we measured the FTIR spectra of the dye
powders and the dyes adsorbed on TiO, nanoparticles (Fig. 4,
see Fig. S4 in ESIf for OUK-1). For the dye powders of OUK-3,
the C=O stretching band of the carboxyl group was observed
at 1724 cm™'. When the dye OUK-3 was adsorbed on the TiO,
surface, the C=0 stretching bands of the carboxyl group dis-
appeared completely; this indicates the formation of a biden-
tate bridging linkage between the carboxyl group of the dye
and the Brgnsted acid site on the TiO, surface. In addition, for
the powders of the two dyes the C=N stretching band of the

1

pyrazine ring was clearly observed at around 1490 cm™ . Inter-

| — powder

— on TiO, (1.5 X 10'%/cm?)

— on TiO, (9.6 X 10'%/cm?)
) f L L

Transmittance (a.u.)

1800 1700 1600 1500 1400 1300
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Fig. 4 FTIR spectra of the dye powders and the dye (1.5 x 10® and 9.6
x 10%® molecules per cm?) adsorbed on TiO, nanoparticles for OUK-3.
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estingly, when the two dyes were adsorbed on the TiO, surface,
where the adsorption amount of the dye adsorbed on the TiO,
electrode is low (0.8 x 10" and 1.5 x 10'® molecules per cm?
for OUK-1 and OUK-3 respectively), the band at 1490 cm™" dis-
appeared completely and a new band appeared at around
1650 cm ™', which indicates the formation of a pyrazinium ion
with Brensted acid sites on the TiO, surface.*®?° More interest-
ingly, when the adsorption amount of the dye adsorbed on the
TiO, electrode is high (3.0 x 10'® and 9.6 x 10"® molecules per
cm?® for OUK-1 and OUK-3 respectively), the C=N stretching
band at 1490 cm™" is shifted by 6 and 1 em™" for OUK-1 and
OUK-3, respectively, to a higher wavenumber, that is, the band
can be assigned to the hydrogen-bonded pyrazyl group to
Bronsted acid sites on the TiO, surface. These observations
indicate that in the initial stage of dye adsorption both the
dyes OUK-1 and OUK-3 are predominantly adsorbed on the
TiO, surface through the formation of a pyrazinium ion with
Bronsted acid sites. However, both the dyes are adsorbed on
the TiO, surface through the hydrogen bonding at Brgnsted
acid sites as the dye adsorption progresses, although there still
remain dye molecules adsorbed on the TiO, surface through
the formation of a pyrazinium ion with Brgnsted acid sites.
Consequently, the dye OUK-1 is adsorbed on the TiO, surface
through formations of both hydrogen bonding of the pyrazyl
group and the pyrazinium ion at Brgnsted acid sites on the
TiO, surface. On the other hand, the dye OUK-3 is adsorbed
on the TiO, surface through not only the bidentate bridging
linkage of the carboxyl group but also the formations of hydro-
gen bonding of the pyrazyl group and the pyrazinium ion at
Bronsted acid sites on the TiO, surface. Thus, these results
indicate that effective surface coverage of the TiO, electrode is
achieved successfully by employing the functionally separated
D-n-A dyes with two functional groups (cyclic azine and car-
boxyl group) possessing bonding ability to two points on
Bronsted acid sites on the TiO, surface. Moreover, it is worth
mentioning here that the functionally separated D-n-A dye sen-
sitizers with a pyridyl group and a carboxyl group as an
additional anchoring group was adsorbed on the TiO, surface
through not only the formation of a bidentate bridging linkage
between the carboxyl group of the dye and the Brensted acid
site on the TiO, surface, but also the coordinate bonding
between the pyridyl group of the dye and the Lewis acid site on
the TiO, surface.’*® Our work suggest that the binding modes
of D-n-A dye sensitizers with cyclic azine on the TiO, surface
can be changed by controlling the basicity and the electron
density of cyclic azine.

Dye-sensitized solar cells

The DSSC was prepared using the dye-adsorbed TiO, electrode
(9 pm), Pt-coated glass as a counter electrode, and an aceto-
nitrile solution with iodine (0.05 M), lithium iodide (0.1 M),
and 1,2-dimethyl-3-propylimidazolium iodide (0.6 M) as an
electrolyte. The photocurrent-voltage (I-V) characteristics were
measured under simulated solar light (AM 1.5, 100 mW cm2).
The I-V curve and the incident photon-to-current conversion
efficiency (IPCE) spectrum of DSSC based on the dye OUK-3

Org. Chem. Front, 2015, 2, 552-559 | 555
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Fig. 5 (a) I-V curve and (b) IPCE spectrum of DSSC based on OUK-3.

are shown in Fig. 5 (see Fig. S5 in ESIT for OUK-1). The photo-
voltaic performance parameters are collected in Table 1. The
maximum adsorption amount of dyes adsorbed on TiO, for
OUK-3 is 3 times as much as that of OUK-1 (3.0 x 10" and
9.6 x 10"® molecules per cm® for OUK-1 and OUK-3 respecti-
vely). The high adsorption ability of OUK-3 relative to OUK-1 is
attributed to the formation of a bidentate bridging linkage
between the carboxyl group of OUK-3 and Brensted acid sites
on the TiO, surface. The I-V curves show that the short-circuit
photocurrent density (Js.) and solar energy-to-electricity con-
version yield () of OUK-3 (4.48 mA cm > and 1.58%) are
higher than that of OUK-1 (2.99 mA cm™> and 0.89%) (Fig. 5a).
The maximum IPCE value of OUK-3 is 65% at 420 nm, which
is higher than that (38% at 420 nm) of OUK-1 (Fig. 5b). More-
over, it is worth mentioning here that the V,. value of OUK-3
(550 mV) is higher than that of OUK-1 (448 mV). Thus, electro-
chemical impedance spectroscopy (EIS) analysis was per-
formed to study the electron recombination process in DSSCs
based on OUK-1 and OUK-3 in the dark under a forward bias
of —0.60 V with a frequency range of 10 mHz to 100 kHz. The
large semicircle in the Nyquist plot (Fig. 6a, see Fig. S6a in
ESIT for OUK-1), which corresponds to the midfrequency
peaks in the Bode phase plots, represents the charge recombi-
nation between the injected electrons in TiO, and I3~ ions in
the electrolyte, that is, the charge-transfer resistances at the
TiO,/dye/electrolyte interface. The Nyquist plots show that the
resistance value for the large semicircle for OUK-3 (50 Q) is

25 30

L]
[S53
(=]
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-Phase/degree
=

0 10 20 30 40 50 60 70 10 10! 102 103 10* 10°
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Fig. 6
OUK-3.

(a) Nyquist plot and (b) Bode phase plot of DSSCs based on
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larger than that of OUK-1 (26 Q), indicating that the electron
recombination resistance of OUK-3 is higher than that of
OUK-1. The electron recombination lifetimes (z.) expressing
the electron recombination between the injected electrons in
TiO, and I3~ ions in the electrolyte, extracted from the angular
frequency (wr..) at the midfrequency peak in the Bode phase
plot (Fig. 6b, see Fig. S6b in ESIT for OUK-1) using 7. = 1/ec,
are 11 ms for DSSC based on OUK-3, which is slightly larger
than 10 ms for DSSC based on OUK-1. This result revealed that
the charge recombination between the injected electrons in
TiO, and I;” ions in the electrolyte is not the major reason for
the difference in the V,. value between the two dyes, but the
increase in the number of injected electrons in the CB of TiO,
and/or a negative shift of the E., of TiO, by the formation of
hydrogen bonding of the pyrazyl group at Bronsted acid sites
on the TiO, surface with the increasing dye loading of OUK-3
on the TiO, electrode may result in a higher V,. value for
OUK-3."° Consequently, the higher photovoltaic performance
of OUK-3 is attributed to the improvement of light-harvesting
efficiency (LHE) and the increase in the number of injected
electrons in the CB of TiO, due to a high adsorption ability of
the functionally separated D-n-A dye onto the TiO, electrode.

Conclusions

We have designed and synthesized a functionally separated
D-7-A dye sensitizer OUK-3 with a pyrazyl group as an elec-
tron-withdrawing anchoring group and a carboxyl group as an
additional anchoring group for dye-sensitized solar cells. The
dye OUK-3 is adsorbed on the TiO, surface through not only
the bidentate bridging linkage of the carboxyl group but also
the formation of hydrogen bonding of the pyrazyl group and
the pyrazinium ion at Brensted acid sites on the TiO, surface.
This work revealed that functionally separated D-n-A dye sensi-
tizers can achieve effective surface coverage of the TiO, elec-
trode due to its high adsorption ability onto the TiO,
electrode, leading to not only the improvement of light-
harvesting efficiency, but also the increase in the number of
injected electrons in the CB of TiO,, which is responsible for
the higher V,. value of functionally separated D-z-A dye sensi-
tizers. This work also shows that the functionally separated
D-n-A dyes with two functional groups (cyclic azine and car-
boxyl group) possessing bonding ability to two points on the
acid sites (Bronsted acid site and Lewis acid site) on the TiO,
surface would be expected to be one of the most promising
classes of organic dye sensitizers for dye-sensitized solar cells.
However, to further improve the photovoltaic performances of
dye-sensitized solar cells based on the functionally separated
D-n-A dye sensitizers, the extension of the absorption spec-
trum of functionally separated D-n-A dye sensitizers is neces-
sary; for example, the destabilization of the HOMO level by the
introduction of a stronger electron-donating group such as
starburst triarylamine and the expansion of the n-conjugated
system by the introduction of a long n-bridge such as terthio-

This journal is © the Partner Organisations 2015
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phene is one of the most effective strategies to improve the
light-harvesting efficiency.

Experimental
General

Melting points were measured with a Yanaco micro melting
point apparatus MP model. TG-DTA was carried out on a SII
EXTRA6000 thermal analyser. IR spectra were recorded on a
Perkin Elmer Spectrum One FT-IR spectrometer by the ATR
method. High-resolution mass spectral data were acquired on
a Thermo Fisher Scientific LTQ Orbitrap XL. 'H NMR spectra
were recorded on a Varian-400 (400 MHz) FT NMR spectro-
meter with tetramethylsilane as an internal standard. Absorp-
tion spectra were observed with a Shimadzu UV-3150
spectrophotometer and fluorescence spectra were measured
with a HORIBA FluoroMax-4 spectrofluorometer. The fluo-
rescence quantum yields in solution were determined by a
HORIBA FluoroMax-4 spectrofluorometer by using a calibrated
integrating sphere system (Aex = 402 nm for OUK-1 and OUK-3).
Cyclic voltammetry (CV) curves were recorded in the DMF/
Bu,NClO, (0.1 M) solution with a three-electrode system con-
sisting of Ag/Ag’ as the reference electrode, Pt plate as a
working electrode, and Pt wire as a counter electrode by using
a AMETEK Versa STAT 4 potentiostat. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied mole-
cular orbital (LUMO) energy levels of OUK-1 and OUK-3 were
evaluated from the spectral analyses and the CV data. The
HOMO energy level was evaluated from the Efj,. The LUMO
energy level was estimated from the Ef}, and an intersection of
absorption and fluorescence spectra (445 nm; 2.79 eV for
OUK-1 and 443 nm; 2.80 eV for OUK-3), which correspond to
the energy gap between the HOMO and the LUMO. Electroche-
mical impedance spectroscopy (EIS) for DSSCs in the dark
under a forward bias of —0.60 V with a frequency range of
10 mHz to 100 kHz was measured with a AMETEK Versa
STAT 3.

Synthesis

N,N-Diphenyl-7-(5-(trimethylstannyl )thiophen-2-yl)}-9H-carbazol-
2-amine (2). To a THF solution (1.2 mL) of 1'° (0.1 g,
0.24 mmol) under an argon atmosphere was added 1.6 M
hexane solution of nBuLi (0.3 ml) at —65 °C. After stirring for
1 h, Me;SnCl (0.075 g, 0.38 mmol) was added and the solution
was stirred at —65 °C for 2 h. After that, the solution was
stirred for 8 h at room temperature. The reaction was
quenched with water, and then the solution was extracted with
dichloromethane. The dichloromethane extract was evaporated
under reduced pressure. The resulting residue was subjected
to reprecipitation from dichloromethane-hexane to give 2
(0.11 g, yield 78%) as a green powder; IR (ATR): o = 3417, 1583,
1486 cm™; '"H NMR (400 MHz, acetone-ds, TMS) 6 = 0.40 (s,
9H), 6.93 (dd, J = 2.0 and 8.4 Hz, 1H), 7.02-7.05 (m, 2H),
7.09-7.11 (m, 4H), 7.15 (d, J = 2.0 Hz, 1H), 7.24 (d, J = 3.4 Hz,
1H), 7.28-7.32 (m, 4H), 7.64 (dd, J = 1.6 and 8.2 Hz, 1H), 7.57
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(d, J = 3.4 Hz, 1H), 7.75 (d, J = 1.0 Hz, 1H), 8.01 (d, J = 8.4 Hz,
1H), 8.05 (d, J = 8.2 Hz, 1H), 10.21 (s, -NH); HRMS (ESI): m/z
(%):[M""] caled for C3,H,5N,SSn, 580.09897; found 580.09906.

N,N-Diphenyl-7-(5-( pyrazin-2-yl)thiophen-2-yl)-9H-carbazol-
2-amine (3). A solution of 2 (0.1 g, 0.18 mmol), 2-iodopyrazine
0.028 ml, 0.28 mmol), and Pd(PPhj;), (0.014 g, 0.001 mmol) in
toluene (2 mL) was stirred for 10 h at 110 °C under an argon
atmosphere. The reaction mixture was diluted with water, and
then the solution was extracted with dichloromethane.
The dichloromethane extract was evaporated under reduced
pressure. The residue was chromatographed on silica gel
(dichloromethane as the eluent) to give 3 (0.07 g, yield 79%) as
a yellow solid; m.p. 298-299 °C; IR (ATR): © = 3168, 1584,
1489 ecm™'; '"H NMR (400 MHz, acetone-dg, TMS) 6 = 6.96 (dd,
J = 2.0 and 8.4 Hz, 1H), 7.03-7.08 (m, 2H), 7.11-7.13 (m, 4H),
7.17 (d, J = 2.0 Hz, 1H), 7.29-7.34 (m, 4H), 7.60-7.63 (m, 2H),
7.86 (d, ] = 1.2 Hz, 1H), 7.95 (d, J = 4.0 Hz, 1H), 8.04 (d, J = 8.8
Hz, 1H), 8.12 (d, J = 8.0 Hz, 1H), 8.47 (d, J = 2.4 Hz, 1H), 8.56
(dd, J = 1.6 and 2.4 Hz, 1H), 9.18 (d, J = 1.6 Hz, 1H), 10.31 (s,
-NH); HRMS (APCI): m/z (%):[M + H'] caled for C;,H,3N,S,
495.16379; found 495.16351.

Ethyl 7-(2-(diphenylamino)-7-(5-( pyrazin-2-yl)thiophen-2-yl)-
9H-carbazol-9-yl)heptanoate (4). A solution of 3 (0.057 g,
0.12 mmol) in DMF (1.5 ml) was treated with sodium hydride
(60%, 0.014 g, 0.58 mmol) and stirred for 1 h at room tempera-
ture. Ethyl 7-bromoheptanoate (0.0067 ml, 0.35 mmol) was
added dropwise and the solution was stirred at room tempera-
ture for 3 h. The reaction was quenched with water, and then
the solution was extracted with dichloromethane. The dichloro-
methane extract was evaporated under reduced pressure. The
residue was chromatographed on silica gel (dichloromethane
as the eluent) to give 4 (0.06 g, yield 79%) as a yellow viscous
solid; IR (ATR): & = 1726, 1593, 1459 cm™"; "H NMR (400 MHz,
acetone-dg, TMS) 6 = 1.17 (t, / = 7.2 Hz, 3H), 1.31-1.34 (m, 4H),
1.49-1.54 (m, 2H), 1.82-1.86 (m, 2H), 2.21 (t, J = 7.2 Hz, 2H),
4.01-4.06 (q, 2H), 4.39 (t, J = 6.8 Hz, 2H), 6.94 (dd, J = 1.8 and
8.5 Hz, 1H), 7.03-7.07 (m, 2H), 7.11-7.14 (m, 4H), 7.25 (d, J =
1.8 Hz, 1H), 7.29-7.34 (m, 4H), 7.62 (dd, J = 1.6 and 8.1 Hz,
1H), 7.67 (d, J = 3.9 Hz, 1H), 7.92 (d, J = 1.1 Hz, 1H), 7.95 (d, ] =
3.9 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H),
8.47 (d, J = 2.5 Hz, 1H), 8.56 (dd, J = 1.6 and 2.5 Hz, 1H), 9.18
(d, J = 1.6 Hz, 1H); HRMS (APCI): m/z (%):[M + H'] caled for
Ca1H390,N,S, 651.27882; found 651.27863.

7-(2-(Diphenylamino)-7-(5-( pyrazin-2-yl)thiophen-2-yl)-9H-
carbazol-9-yl)heptanoic acid (OUK-3). To a solution of 4
(0.068 g, 0.1 mmol) in the mixed solvent of ethanol (27 ml)
and dichloromethane (10 ml) was added dropwise aqueous
NaOH (10 ml, 0.05 M) with stirring at 75 °C. After further stir-
ring for 17 h, the solution was concentrated under reduced
pressure. The residue was dissolved in dichloromethane, and
washed with water, in which the aqueous layer was acidified to
pH 3 with 2 M HCI. The dichloromethane extract was evapor-
ated under reduced pressure. The resulting residue was sub-
jected to reprecipitation from dichloromethane-hexane to give
OUK-3 (0.05 g, yield 77%) as a yellow powder; m.p. 129-131 °C,
d.p. 376 °C; IR (ATR): 7 = 1724, 1594, 1459 cm™'; 'H NMR
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(400 MHz, acetone-dg, TMS) 6 = 1.32-1.35 (m, 4H), 1.50-1.54
(m, 2H), 1.82-1.86 (m, 2H), 2.22 (t, J = 7.4 Hz, 2H), 4.40 (t, ] =
6.8 Hz, 2H), 6.94 (dd, J = 1.7 and 8.4 Hz, 1H), 7.03-7.07 (m,
2H), 7.11-7.14 (m, 4H), 7.25 (s, 1H), 7.29-7.34 (m, 4H), 7.61 (d,
J = 6.8 Hz, 1H), 7.67 (d, J = 3.9 Hz, 1H), 7.93-7.95 (m, 2H), 8.05
(d,J = 8.4 Hz, 1H), 8.12 (d, J = 8.2 Hz, 1H), 8.46 (s, 1H), 8.56 (s,
1H), 9.18 (s, 1H); HRMS (APCI): m/z (%):M + H'] caled for
C3oH350,N,S, 623.24752; found 623.24744.

Preparation of DSSCs based on dyes OUK-1 and OUK-3

The TiO, paste (JGC Catalysts and Chemicals Ltd, PST-18NR)
was deposited on a fluorine-doped-tin-oxide (FTO) substrate by
doctor-blading, and sintered for 50 min at 450 °C. The 9 pm
thick TiO, electrode was immersed into a 1 mM dye solution
in THF for 15 hours sufficient to adsorb the photosensitizer.
The DSSCs were fabricated by using the TiO, electrode (0.5 X
0.5 cm? in the photoactive area) thus prepared, with Pt-coated
glass as a counter electrode, and a solution of 0.05 M iodine,
0.1 M lithium iodide, and 0.6 M 1,2-dimethyl-3-propylimidazo-
lium iodide in acetonitrile as the electrolyte. The photo-
current-voltage characteristics were measured using a
potentiostat under a simulated solar light (AM 1.5, 100 mW
em™2). IPCE spectra were measured under monochromatic
irradiation with a tungsten-halogen lamp and a monochroma-
tor. The dye-coated film was immersed in a mixed solvent of
THF-DMSO-NaOH aq. 1 M (5:4: 1), which was used to deter-
mine the amount of dye molecules adsorbed onto the film by
measuring the absorbance. The quantification of the dye was
made based on the Ap,. (405 nm for OUK-1 and 402 nm for
OUK-3) and the molar extinction coefficient of the dye in the
above solution. Absorption spectra of the dyes adsorbed on
TiO, nanoparticles were recorded on the dye-adsorbed TiO,
film in the transmission mode with a calibrated integrating
sphere system.
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