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D-n—A type boron dipyrromethene (BODIPY) dye YH-1, which has two pyridyl groups as electron-
withdrawing-anchoring groups at the end of the 3- and 5-positions and a carbazole-diphenylamine
moiety as an electron donor at the 8-position on the BODIPY core, was designed and developed as a
photosensitizer for dye-sensitized solar cells (DSSCs). It was found that the dye YH-1 possesses a good
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light-harvesting efficiency (LHE) in the red/near-IR (NIR) region and good adsorption ability on TiO,
film. We demonstrate that the expansion of the n-conjugated system by the introduction of not only the
carbazole-diphenylamine moiety and the thiophene unit at the 8-position but also two thienylpyridines at
the 3- and 5-positions on the BODIPY core can lead to red-shift and broadening of the absorption band

in the red/NIR region. DSSCs based on YH-1 exhibit incident photon-to-current conversion efficiency of

www.rsc.org/njc

Introduction

Dye-sensitized solar cells (DSSCs) based on dye sensitizers
(organic dyes or metal complex dyes) have received considerable
attention as one of the most promising sustainable photovoltaic
devices because of their interesting construction and operational
principles, high incident-solar-light-to-electricity conversion
efficiency, colorful and decorative nature, and low cost of
production."™ However, one of the challenges to further
improve the photovoltaic performances of DSSCs lies in the
enhancement of light-harvesting efficiency (LHE) in the red/
near-IR (NIR) region (600-1000 nm) of the solar spectrum. As a
successful strategy to enhance LHE of dye sensitizers, it would
be very useful to use red/NIR dye skeletons, which can provide
good absorption of light in the red/NIR region of the solar
spectrum. There have been some reports on DSSCs based on
red/NIR dye sensitizers, such as squaraine dyes,” phthalocyanine
dyes,” porphyrin dyes,® and boron dipyrromethene (BODIPY)
dyes,” with absorption maxima at around 600-750 nm, and the
design and development of effective red/NIR photosensitizers
are therefore currently a hot topic in DSSC studies. Recently, a
new series of donor (D)-acceptor (A)-substituted squaraine dyes,
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ca. 10% over a range of 500 to 700 nm, with an onset at 800 nm.

phthalocyanine dyes, and porphyrin dyes have been designed
and synthesized; this has led to enhancement of LHE in the
red/NIR region and a dramatic increase in electron-injection
efficiency from the photoexcited dye to the conduction band
(CB) of the TiO, electrode. As a result, the DSSCs based on these
three type red/NIR dyes exhibited the solar energy-to-electricity
conversion yield (i) of up to 7.3,"? 5.5,°” and 11%,°* respectively.

On the other hand, until very recently, there have been only
a few reports on D-A-substituted BODIPY dye sensitizers. Song
et al. reported photovoltaic performances of DSSCs based on a
series of D-n-A BODIPY dye sensitizers, which have triphenyl-
amine as an electron donor at the 6-position and cyanoacrylic
acid as an electron acceptor at the 2-position.”” The incident
photon-to-current conversion efficiency (IPCE) for the D-n-A
BODIPY dye exhibits a high plateau at ca. 20% in the range of
400 to 600 nm, with an onset at 650 nm. On the other hand,
Akkaya et al. have designed and synthesized a series of D-A-
substituted BODIPY dye sensitizers, which have two triphenyl-
amines as electron donors at the 3- and 5-positions and
carboxylic acid or cyanoacrylic acid as an electron acceptor at
the 8-position.”*® The IPCE for the D-A-substituted BODIPY
dye exhibits a high plateau at ca. 30% in the range of 400 to
800 nm, with an onset at 900 nm. The DSSC based on the D-A-
substituted BODIPY dye showed the # value of up to 2.46%.”° To
provide a new direction for the molecular design of efficient
BODIPY dye sensitizers, further fundamental studies to obtain
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YH-1
Scheme 1 Chemical structure of D-n—A type BODIPY dye YH-1.

useful knowledge about the effects of the photophysical and
electrochemical properties and molecular structures of the
BODIPY dye sensitizers, and the molecular orientation and
arrangement of the dyes on the TiO, surface on the photo-
voltaic performances of DSSCs are therefore necessary.

In this work, to explore effective BODIPY dye sensitizers
possessing a high LHE in the red/NIR region, we have designed
and synthesized D-n-A type BODIPY dye sensitizer YH-1 with
two pyridyl groups as electron-withdrawing-anchoring groups at
the end of the 3- and 5-positions and a carbazole-diphenylamine
moiety as an electron donor at the 8-position on the BODIPY
core (Scheme 1). Moreover, the expansion of the m-conjugated
system by the introduction of thiophene units as spacers at the
3-, 5-, and 8-positions onto the BODIPY core can lead to red-shift
and broadening of the absorption band in the red/NIR region.
We have demonstrated that the dye YH-1 possesses good LHE
and adsorption abilities on TiO, film, resulting in IPCE of
ca. 10% over a range of 500 to 700 nm, with an onset at 800 nm.

Results and discussion
Synthesis of YH-1

The BODIPY dye YH-1 was synthesized according to the step-
wise synthetic protocol illustrated in Scheme 2. Compound 1

View Article Online

was prepared from 4,4’-dibromo-2-nitrobiphenyl and 5-formyl-
2-thienylboronic acid through Suzuki coupling. The conversion
from 1 to the corresponding acetal 2 was conducted to protect a
carbonyl group during subsequent Buchwald-Hartwig C-N
coupling of 2 with diphenylamine to produce compound 3.
Cadogan reductive cyclization of 3 gave the compound 4. The
reaction of 4 with 1-iodobutane by using sodium hydride
yielded compound 5. Compound 5 is hydrolyzed by treatment
with acid to generate aldehyde 6. Dipyrromethane 7 was prepared by
condensation of compound 6 with pyrrole with TFA added as a
catalyst. The dichlorinated compound 8 was prepared by chlorina-
tion of 7 with N-chlorosuccinimide (NSC) followed by oxidation with
DDQ. Compound 8 was reacted with NEt; and treated with BF;-OEt,
to afford the BODIPY 9. The BODIPY dye YH-1 was prepared by Stille
coupling of 9 with 2-(4-pyridyl)-5-tributylstannanylthiophene.

Spectroscopic properties of YH-1 in solution

The absorption and fluorescence spectra of YH-1 in 1,4-dioxane
are shown in Fig. 1a and their spectral data are summarized in
Table 1. The dye YH-1 in 1,4-dioxane shows a strong and broad
absorption band in the range of 500 to 700 nm, which is
assigned to contribution from both the S, — S; transition of
the BODIPY core and the intramolecular charge-transfer (ICT)
excitation from the electron donor moiety (carbazole-diphenyl-
amine) to the electron acceptor moiety (BODIPY core containing
thienylpyridines). The molar extinction coefficient (¢) at the absorp-
tion peak wavelength (s = 673 nm) is ca. 81000 M ' ecm ™.
A strong absorption peak at around 380 nm with the ¢ value of
ca. 73000 M~ em™ ", which can be assigned to the ICT band due
to the thienylcarbazole-diphenylamine moiety, was also observed.
The dye YH-1 in 1,4-dioxane exhibits a weak fluorescence
property (@ = 0.07), although the corresponding fluorescence
maximum (4ep,) occurs at 696 nm. This result is attributed to
radiationless relaxation of the photoexcited dye, which is
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Scheme 2 Synthetic route to D-n—A type BODIPY dye YH-1.
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Fig. 1 (a) Absorption and fluorescence spectra of YH-1 (lex = 673 nm) in 1,4-
dioxane and (b) absorption spectra of YH-1 adsorbed on TiO, film (9 pm) with
and without CDCA as coadsorbent.

accelerated by free rotation of the thienyl group at the 8-position
on the BODIPY core.?

Theoretical calculations

To examine the electronic structure of YH-1, the molecular
orbitals of the two dyes were calculated using density func-
tional theory (DFT) at the B3LYP/6-31G(d) level. The DFT
calculations indicate that the sulfur atoms of thiophene rings
at the 3- and 5-positions turn outward from the BF, of the
BODIPY core, which may be due to the steric interaction or
C-H. - ‘F interaction between the thiophene rings and the BF,.’
The HOMO and HOMO — 1 are mostly localized on the
carbazole-diphenylamine moiety and the BODIPY core containing
the two thienyl groups at the 3- and 5-positions, respectively, and
the LUMO and the LUMO + 1 are mostly localized on the BODIPY
core and the two thienylpyridine moieties, respectively (Fig. 2).
Accordingly, these results reveal that dye excitations upon light
irradiation induce a strong ICT from the carbazole-diphenylamine
moiety to the pyridyl group through the BODIPY core.

Electrochemical properties of YH-1

The electrochemical properties of YH-1 were investigated by
cyclic voltammetry (Fig. 3). Two reversible oxidation peaks were
observed at 0.42 and 0.62 V versus ferrocene/ferrocenium (Fe/Fc'),
corresponding to the oxidations of the diphenylamino group and
the BODIPY core, respectively. This result shows that the oxidized
states of YH-1 are very stable. The HOMO energy level of the
BODIPY core was evaluated from the half-wave potential for
oxidation (E9, = 0.59 V, Table 1). The HOMO energy level was
1.22 V vs. a normal hydrogen electrode (NHE), which indicated
that it is more positive than the I;"/I" redox potential (0.4 V).
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Fig. 2 (a) HOMO, (b) HOMO — 1, (c) LUMO, and (d) LUMO + 1 of YH-1.
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Fig. 3 Cyclic voltammogram of YH-1 in acetonitrile containing 0.1 M BusNClO,4 at
a scan rate of 100 mV s~ . The arrow denotes the direction of the potential scan.

This assures an efficient regeneration of the oxidized dyes by
electron transfer from 1™ ions in the electrolyte. The LUMO
energy level of the BODIPY core was estimated from E), and an
intersection of absorption and fluorescence spectra (688 nm;
1.80 eV). The LUMO energy level was —0.58 V. Evidently, the
LUMO energy level is higher than the energy level of the CB of
TiO, (—0.5 V), suggesting that an electron injection into the CB
of TiO, is thermodynamically possible.

Absorption properties of YH-1 adsorbed on TiO, nanoparticles

The absorption spectra of the dye YH-1 adsorbed on TiO,
nanoparticles are shown in Fig. 1b. Compared with that in
1,4-dioxane, the longest wavelength absorption band in the
range of 500 to 800 nm is significantly broadened, and the onset
of the absorption band reached 850 nm. When chenodeoxy-
cholic acid (CDCA) was employed as coadsorbent to prevent dye

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

Dye 23 /nm (¢/M~! cm™1)* M /mm (00" EYLV HOMOYV LUMOYV Molecules em™2¢  Joof /mA em™2 v,/ /mv ff/ n’ (%)
YH-1 377 (72600), 673 (80900) 696 (0.07) 0.59 1.22 —0.58 1.28 x 10'7¢ 0.66° 3528 0.53° 0.12¢%
1.19 x 10'7" 1.19" 320" 0.53" 0.20"
1.08 x 10'7* 1.41" 320" 0.54'  0.25"
1.04 x 10" 1.857 320/ 0.677  0.39/

“ In 1,4-dioxane. ” In 1,4-dioxane. Fluorescence quantum yields (®¢) were determined by using a calibrated integrating sphere system (e = 673 nm).
¢ Half-wave potential for the oxidation (E$%) vs. Fe/F¢* was recorded in acetonitrile-Bu,NCIO, (0.1 M) solution. ¢ vs. Normal hydrogen electrode (NHE).
¢ Adsorption amount per unit area of the TiO, electrode.’ Under a simulated solar light (AM 1.5, 100 mW cm2). ¥ 0.1 mM dye solution in
acetonitrile. ” 0.1 mM dye and 5 mM CDCA solution. ‘ 0.1 mM dye and 10 mM CDCA solution. 0.05 mM dye and 10 mM CDCA solution.
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Fig. 4 (a) Photographs of YH-1 in 1,4-dioxane and (b) YH-1 adsorbed on TiO,
film, and (c) FTIR spectra of the dye powders and dyes adsorbed on TiO,
nanoparticles for YH-1.
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aggregation on the TiO, surface, the longest wavelength absorp-
tion band decreases in the width with increasing CDCA concen-
tration. This result indicates that under the condition without
CDCA the dye YH-1 forms strong n-stacked aggregates on
the TiO, surface. As shown in Fig. 4a and b, the color of YH-1
in 1,4-dioxane is dark blue, but the color of YH-1 adsorbed on
TiO, film is almost black, which is desirable for LHE. Thus,
these results indicate that the dye YH-1 with two thienyl-
pyridines and a carbazole-diphenylamine moiety on the BODIPY
core possesses panchromatic absorption ability.

FTIR spectra of YH-1

To elucidate the adsorption states of dye YH-1 on TiO, nano-
particles, we measured the FTIR spectra of the dye powders and
the dyes adsorbed on TiO, nanoparticles (Fig. 4c). For the
powders of YH-1, the characteristic stretching bands for C=N
or C=C were clearly observed at around 1598 and 1486 cm ™.
When the dye YH-1 was adsorbed on the TiO, surface, a new
band appeared at around 1613 cm ™', which can be assigned to
the pyridyl group coordinated to the Lewis acid sites (exposed
Ti"" cations) on the TiO, surface, although the stretching band
at around 1598 cm ™ still remains; this suggests the presence of
a pyridyl group hydrogen-bonded to Brgnsted acid sites (surface-
bound hydroxyl groups, Ti~-OH) on the TiO, surface.'®"" Conse-
quently, this result indicates that the dye YH-1 is adsorbed on the
TiO, surface through the coordinate bonding at Lewis acid sites
and/or the hydrogen bonding at Brgnsted acid sites, which is
associated with the molecular structure with two thienylpyridine
moieties outward from the BF, of the BODIPY core.

Photovoltaic performances of DSSCs based on YH-1

The DSSCs were prepared by using the dye-adsorbed TiO,
electrode, 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 cm>). The IPCE
spectra and the I-V curves are shown in Fig. 5. The photovoltaic
performance parameters are collected in Table 1. Interestingly,
when CDCA was employed as a coadsorbent to prevent dye
aggregation on the TiO, surface, the IPCE at around 700 nm
and the short-circuit photocurrent density (/) value dramatically
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Fig. 5 (a) IPCE spectra and (b) /-V curves of DSSCs based on YH-1 with and
without CDCA as coadsorbent.

increased with increasing CDCA concentration. Under the adsorp-
tion conditions of 0.05 mM dye and 10 mM CDCA, the IPCE value
of YH-1 is a high plateau in the range of 500 to 700 nm (ca. 10%),
with an onset at 800 nm. The J,. and 5 values for YH-1 are
1.85 mA cm ™ ? and 0.39%, respectively. This result shows that the
BODIPY core forms strong n-stacked aggregates on the TiO,
surface, leading to a reduction in direct electron-injection from
the BODIPY core to the CB of the TiO, electrode. Consequently,
the coadsorption of CDCA can effectively prevent the n-stacked
aggregation between BODIPY cores, resulting in an increase in
the electron-injection yield. On the other hand, the relatively
high IPCE value at around 400 nm is attributed to direct
electron-injection from the thienylcarbazole-diphenylamine
moiety to the CB of the TiO, electrode. The open-circuit photo-
voltage (V,.) of BODIPY dye sensitizers is lower than that of the
conventional organic dye sensitizers.” It is assumed that the low
Voe value (ca. 350 mV) for YH-1 is attributed to faster charge
recombination between the injected electrons in the CB of TiO,
and I;~ ions in the electrolyte, arising from the approach of I3~
ions to the TiO, surface due to the electrostatic interactions
between the BODIPY core and I3~ ions. Accordingly, the rela-
tively low photovoltaic performance of YH-1 is due to not only
formation of strong n-stacked aggregates, the lower LUMO level
and the radiationless relaxation of the photoexcited dye, leading
to a reduction in the electron-injection yield, but also faster
charge recombination between the injected electrons and I3~
ions, leading to a decrease in the V,. value. Thus, this work
indicates that the introduction of alkyl groups on the BODIPY
core can effectively prevent not only the n-stacked aggregation
and the charge recombination, but also the radiationless relaxa-
tion of the photoexcited dye by restriction of the free rotation of
the thienyl group at the 8-position. Further studies to ensure
these findings are now in progress by using the alkylated
BODIPY dye sensitizers with two pyridyl groups and will be
reported in a subsequent paper.

Conclusions

As an effective BODIPY dye sensitizer possessing a high LHE in
the red/NIR region, we have designed and synthesized D-n-A
type BODIPY dye YH-1 with two pyridyl groups as electron-
withdrawing-anchoring groups and a carbazole-diphenylamine
moiety as an electron donor. We demonstrate that the expansion

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013
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of the n-conjugated system by the introduction of not only the
carbazole-diphenylamine moiety and the thiophene unit at the
8-position but also two thienylpyridines at the 3- and 5-positions
on the BODIPY core can lead to red-shift and broadening of the
absorption band in the red/NIR region, although the DSSCs
based on the dye YH-1 showed low photovoltaic performances.

Experimental section

Melting points were measured using a Yanaco micro-melting
point apparatus MP model. IR spectra were recorded on a
Perkin Elmer Spectrum One FT-IR spectrometer using 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) or Varian-
500 (500 MHz) FT NMR spectrometer. Absorption spectra were
observed using a Hitachi U-2910 spectrophotometer and
fluorescence spectra were measured using a HORIBA Fluoro-
Max-4 spectrofluorometer. The fluorescence quantum yields in
solution were determined by a Hamamatsu C9920-01 equipped
with CCD by using a calibrated integrating sphere system (lex =
673 nm). Cyclic voltammetry (CV) curves were recorded in
acetonitrile-Bu,NClO, (0.1 M) solution with a three-electrode
system consisting of Ag/Ag" as a 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 lowest unoccupied molecular
orbital (LUMO) energy levels of YH-1 were evaluated from the
spectral analyses and the CV data. The HOMO energy level was
evaluated from the EY),. The LUMO energy level of YH-1 was
estimated from the E9), and an intersection of absorption and
fluorescence spectra (688 nm; 1.80 eV), which correspond to the
energy gap between the HOMO and the LUMO.

Synthesis

5-(4’-Bromo-2-nitro{1,1’-biphenyl]-4-yl)thiophene-2-carbaldehyde
(1)- To a mixture of 4,4’-dibromo-2-nitro-biphenyl (1.14 g,
3.20 mmol), 5-formyl-2-thiopheneboronic acid (0.5 g, 3.20 mmol),
and Pd(PPh;), (0.26 g, 0.22 mmol) under an argon atmosphere was
added aqueous 1 M Na,COj; (2.5 ml) and DMF (15 ml) and stirred
for 16 h at 100 °C. After concentrating under reduced pressure, the
resulting residue was dissolved in dichloromethane and washed
with water. The organic extract was dried over MgSO,, filtrated, and
concentrated. The residue was chromatographed on silica gel
(dichloromethane-hexane = 2:1 as eluent) to give 1 (0.26 g, yield
21%) as a light yellow solid; m.p. 172-173 °C; IR (ATR): v = 1633,
1515, 1343, 1222 cm™ '; "H NMR (500 MHz, acetone-dg, TMS) J =
7.39 (d, J = 8.5 Hz, 2H), 7.69 (d, ] = 8.5 Hz, 2H), 7.71 (d, J = 8.0 Hz,
1H), 7.93 (d, J = 4.0 Hz, 1H), 8.07 (d, J = 4.0 Hz, 1H), 8.18 (dd, J =
2.0 and 8.0 Hz, 1H), 8.38 (d, J = 2.0 Hz, 1H), 10.02 (s, -CHO) ppmy;
HRMS (APCI): m/z (%): (M + H') caled for C;,H;;NO;SBr, 387.96375;
found 387.96371.

2-(5-(4’-Bromo-2-nitro-[1,1’-biphenyl]-4-yl)thiophen-2-yl)-1,3-
dioxolane (2). A solution of 1 (2.14 g, 5.51 mmol), ethylene
glycol (0.77 ml, 13.78 mmol), and p-toluenesulfonic acid mono-
hydrate (0.8 mg) in toluene (25 ml) was refluxed by using a
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Dean-Stark apparatus under an argon atmosphere. After 10 h,
the reaction mixture was washed with 10% NaOH aq. and
extracted with dichloromethane. The organic extract was dried
over MgSO,, filtrated, and concentrated. The residue was
chromatographed on silica gel (dichloromethane as eluent) to
give 2 (2.11 g, yield 88%) as a light yellow solid; m.p. 146-153 °C;
IR (ATR): = 1534, 1358, 1202, 1080 cm™; "H NMR (400 MHz,
acetone-dg) 6 = 4.01-4.15 (m, 4H), 6.09 (s, 1H), 7.27 (d, /= 3.8 Hz,
1H), 7.37 (d,J = 8.7 Hz, 2H), 7.61-7.63 (m, 2H), 7.68 (d, J = 8.7 Hz,
2H), 8.02 (dd,J = 1.9 and 8.1 Hz, 1H), 8.22 (d,/ = 1.9 Hz, 1H) ppm;
HRMS (APCI): m/z (%): M + H') caled for C,oH;5;NO,SBr,
431.98997; found 431.99039.
4’-(5-(1,3-Dioxolan-2-yl)thiophen-2-yl)-2'-nitro-N,N-diphenyl-
[1,1'-biphenyl]-4-amine (3). To a mixture of 2 (1.0 g, 2.28 mmol),
diphenylamine (0.77 g, 4.56 mmol), Pd(OAc), (0.03 g,
0.11 mmol), (#Bu)sP (1 M in toluene, 0.23 ml, 0.23 mmol),
and t-BuONa (0.27 g, 2.85 mmol) under an argon atmosphere
was added toluene (60 ml) and stirred for 10 h at 100 °C. After
concentrating under reduced pressure, the resulting residue
was dissolved in dichloromethane and washed with water. The
organic extract was dried over MgSO,, filtrated, and concen-
trated. The residue was chromatographed on silica gel (dichloro-
methane-hexane = 2: 1 as eluent) to give 3 (1.01 g, yield 85%) as
an orange powder; m.p. 166-167 °C; IR (ATR): » = 1517, 1486,
1268, 1087 cm ™ ; "H NMR (400 MHz, acetone-dg) § = 4.00-4.15
(m, 4H), 6.09 (s, 1H), 7.07 (d, J = 8.8 Hz, 2H), 7.09-7.14 (m, 6H),
7.26 (d,J = 3.7 Hz, 1H), 7.29 (d, J = 8.8 Hz, 2H), 7.33-7.38 (m, 4H),
7.58 (d, J = 3.7 Hz, 1H), 7.62 (d, J = 8.2 Hz, 1H), 7.97 (dd,
J=2.0and 8.2 Hz, 1H), 8.14 (d, J = 2.0 Hz, 1H) ppm; HRMS (ESI):
miz (%): (M + H') caled for C3H,5N,0,S, 521.15295; found
521.15247.
7-(5-(1,3-Dioxolan-2-yl)thiophen-2-yl)-N,N-diphenyl-9H-carbazol-
2-amine (4). To a mixture of 3 (1.0 g, 1.94 mmol) and PPh; (1.27 g,
4.85 mmol) under an argon atmosphere was added o-dichloro-
benzene (18 ml) and stirred for 39 h at 160 °C. After concentrating
under reduced pressure, the residue was chromatographed on
silica gel (dichloromethane-hexane = 2:1 as eluent) to give 4
(0.73 g, yield 77%) as a light green solid; m.p. 236-239 °C; IR
(ATR): 7 = 3396, 1588, 1487, 1240, 1087 cm™'; "H NMR (400 MHz,
acetone-dg) d = 4.00-4.14 (m, 4H), 6.06 (s, 1H), 6.94 (dd, J = 2.0 and
8.4 Hz, 1H), 7.01-7.06 (m, 2H), 7.07-7.12 (m, 4H), 7.15 (d, J =
2.0 Hz, 1H), 7.19 (d, J = 3.6 Hz, 1H), 7.27-7.32 (m, 4H), 7.37 (d, ] =
3.6 Hz, 1H), 7.50 (dd, J = 1.6 and 8.0 Hz, 1H), 7.74 (d, J = 1.6 Hz,
1H), 8.01 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 10.25
(s, -NH) ppm; HRMS (ESI): m/z (%): (M + H') caled for
C31H,5N,0,8, 489.16313; found 489.16205.
7-(5-(1,3-Dioxolan-2-yl)thiophen-2-yl)-9-butyl-N,N-diphenyl-9H-
carbazol-2-amine (5). A solution of 4 (0.30 g, 0.61 mmol) in DMF
(50 ml) was treated with sodium hydride (60%, 0.08 g, 1.82 mmol)
and stirred for 1 h at room temperature. 1-lodobutane (0.346 ml,
3.04 mmol) was added dropwise over 30 min and the solution was
stirred at room temperature for 24 h. After concentrating under
reduced pressure, the resulting residue was dissolved in dichloro-
methane and washed with water. The organic extract was dried over
MgSO,, filtrated, and concentrated. The residue was chromato-
graphed on silica gel (dichloromethane-hexane = 2:1 as eluent)
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to give 5 (032 g, yield 96%) as a yellow solid; M.p.
148-150 °C; IR (ATR): & = 1592, 1452, 1262, 1068 cm ™ '; '"H NMR
(400 MHz, acetone-de) 6 = 0.86 (t, J = 7.3 Hz, 3H), 1.26-1.35 (m, 2H),
1.74-1.81 (m, 2H), 4.00-4.15 (m, 4H), 4.35 (t, J = 7.0 Hz, 2H),
6.06 (s, 1H), 6.92 (dd, J = 1.9 and 8.4 Hz, 1H), 7.01-7.06 (m, 2H),
7.10-7.15 (m, 4H), 7.20 (d, J = 3.7 Hz, 1H), 7.22 (d, J = 1.9 Hz, 1H),
7.28-7.33 (m, 4H), 7.47 (d, J = 3.7 Hz, 1H), 7.51 (dd, J = 1.6 and
8.1 Hz, 1H), 7.80 (d, J = 1.6 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 8.07
(d,J = 8.1 Hz, 1H) ppm; HRMS (APCI): m/z (%): (M + H') caled for
C35H33N,0,8, 545.22573; found 545.22540.
5-(9-Butyl-7-(diphenylamino)-9H-carbazol-2-yl)thiophene-2-
carbaldehyde (6). To compound 5 (0.32 g, 0.58 mmol) under
an argon atmosphere was added THF (20 ml) and 3 N HCI
(7 ml), and refluxed for 30 min. The reaction mixture was
cooled to room temperature, washed with 10% NaOH agq., and
extracted with dichloromethane. The organic extract was dried
over MgSO,, filtrated, and concentrated. The residue was
chromatographed on silica gel (dichloromethane-hexane =
2:1 as eluent) to give 6 (0.29 g, yield 99%) as a yellow solid;
m.p. 173-174 °C; IR (ATR): 7 = 1654, 1584, 1441, 1229 cm };
'H NMR (400 MHz, acetone-dg) 6 = 0.86 (t, J = 7.2 Hz, 3H),
1.26-1.35 (m, 2H), 1.75-1.82 (m, 2H), 4.35 (t, J = 7.8 Hz, 2H),
6.94 (dd, J = 2.0 and 8.4 Hz, 1H), 7.03-7.08 (m, 2H), 7.11-7.15
(m, 4H), 7.23 (d,J = 2.0 Hz, 1H), 7.28-7.33 (m, 4H), 7.63 (dd, J =
1.6 and 8.0 Hz, 1H), 7.76 (d, J = 4.0 Hz, 1H), 7.97 (d, = 1.6 Hz,
1H), 7.98 (d, J = 4.0 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 8.14
(d, J = 8.0 Hz, 1H), 9.95 (s, -CHO) ppm; HRMS (APCI): m/z (%):
(M + H") caled for C33H,oN,08, 501.19951; found 501.19940.
9-Butyl-7-(5-(di(1H-pyrrol-2-yl)methyl)thiophen-2-yl)-N,N-diphenyl-
9H-carbazol-2-amine (7). To a mixture of 6 (0.28 g, 0.56 mmol) and
pyrrole (1.17 ml, 16.9 mmol) under an argon atmosphere was added
trifluoroacetic acid (0.69 pl) and stirred for 10 h at room temperature.
The reaction mixture was washed with Na,CO; aq. and extracted
with dichloromethane. The organic extract was dried over MgSO,,
filtrated, and concentrated. The residue was chromatographed on
silica gel (dichloromethane-hexane = 1:1 as eluent) to give 7 (0.29 g,
yield 83%) as a reddish brown solid; m.p. 92-95 °C; IR (ATR): 7 =
3411, 1594, 1489, 1269 cm™*; "H NMR (400 MHz, acetone-dg) § =
0.84 (t, J = 7.2 Hz, 3H), 1.24-1.31 (m, 2H), 1.72-1.79 (m, 2H), 4.32
(t,] = 6.8 Hz, 2H), 5.74 (s, 1H), 5.94-5.96 (m, 2H), 6.01-6.03 (m, 2H),
6.72-6.73 (m, 2H), 6.80 (d, J = 3.6 Hz, 1H), 6.91 (dd, /= 2.0 and 8.4 Hz,
1H), 7.01-7.06 (m, 2H), 7.10-7.12 (m, 4H), 7.21 (d, J = 2.0 Hz, 1H),
7.27-7.32 (m, 4H), 7.35 (d, ] = 3.6 Hz, 1H), 7.44 (dd,J = 1.6 and 8.4 Hz,
1H), 7.71 (d, J = 1.6 Hz, 1H), 8.00-8.05 (m, 2H); HRMS (APCI):
miz (%): (M + H') caled for C4H;,N,S, 617.27334; found 617.27319.
(E)-9-Butyl-7-(5-((5-chloro-1H-pyrrol-2-yl)(5-chloro-2 H-pyrrol-
2-ylidene)methyl)thioph-en-2-yl)-N,N-diphenyl-9H-carbazol-2-amine
(8)- To compound 7 (0.29 g, 0.47 mmol) under an argon atmo-
sphere was added THF (4 ml) and then stirred at —80 °C. Next, a
solution of N-chlorosuccinimide (0.13 g, 0.94 mmol) in THF was
added dropwise and the solution was stirred at —80 °C for 2 h and
then at room temperature for 24 h. After concentrating under
reduced pressure, the resulting residue was dissolved in dichloro-
methane and washed with water. The organic extract was dried over
MgSO,, filtrated and concentrated. To the reaction mixture was
added DDQ (0.13 g, 0.51 mmol) and dichloromethane (9 ml), and
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the solution was stirred at room temperature for 3 h. After
concentrating under reduced pressure, the residue was chromato-
graphed on silica gel (dichloromethane-hexane = 1:2 as eluent) to
give 8 (0.15 g, yield 46%) as a reddish brown solid; IR (ATR): 7 =
1559, 1254, 1036 cm™; "H NMR (400 MHz, acetone-dg) & = 0.86
(t,J = 7.4 Hz, 3H), 1.26-1.35 (m, 2H), 1.75-1.83 (m, 2H), 4.37 (t,] =
7.0 Hz, 2H), 6.49 (d, ] = 4.0 Hz, 2H), 6.94 (dd, /= 1.8 and 8.4 Hz, 1H),
7.03-7.08 (m, 2H), 7.11-7.14 (m, 4H), 7.18 (d, J = 4.0 Hz, 2H), 7.23
(d,J = 1.8 Hz, 1H), 7.27-7.34 (m, 4H), 7.53 (d, J = 3.8 Hz, 1H), 7.62
(dd, J = 1.6 and 8.2 Hz, 1H), 7.76 (d, J = 3.8 Hz, 1H), 7.96 (d, J =
1.6 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 8.14 (d, J = 8.2 Hz, 1H); HRMS
(APCI): m/z (%): (M + H) caled for C,,H;3N,SCl,, 683.17975; found
683.18054.

10-(5-(9-Butyl-7-(diphenylamino)-9 H-carbazol-2-yl)thiophen-
2-yl)-3,7-dichloro-5,5-diflu-oro-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]-
diazaborinin-4-ium-5-uide (9). To compound 8 (0.15 g,
0.22 mmol) under an argon atmosphere was added dichloro-
methane (8.5 ml) and triethylamine (0.29 ml, 2.16 mmol)
and stirred for 30 min at room temperature. Next, BF;—OEt,
(0.42 ml, 3.24 mmol) was added dropwise and the solution was
stirred at room temperature for 66 h. The reaction mixture was
washed with water and extracted with dichloromethane. The
organic extract was dried over MgSO,, filtered, and concen-
trated. The residue was chromatographed on silica gel
(dichloromethane-hexane = 1:2 as eluent) to give 9 (0.14 g,
yield 89%) as a purple solid; IR (ATR): 7 = 1525, 1385, 1259,
1107 cm™'; 'H NMR (400 MHz, acetone-dg) 6 = 0.86 (t, J =
7.6 Hz, 3H), 1.26-1.35 (m, 2H), 1.76-1.83 (m, 2H), 4.38 (t, J =
7.0 Hz, 2H), 6.74 (d, J = 4.4 Hz, 2H), 6.95 (dd, J = 2.0 and 8.4 Hz,
1H), 7.03-7.08 (m, 2H), 7.12-7.15 (m, 4H), 7.23 (d, J = 2.0 Hz,
1H), 7.28-7.34 (m, 4H), 7.61 (d, J = 4.4 Hz, 2H), 7.67 (dd, J = 1.6
and 8.4 Hz, 1H), 7.84 (d, J = 3.6 Hz, 1H), 7.90 (d, J = 3.6 Hz, 1H),
8.04 (d, J = 1.6 Hz, 1H), 8.08 (d, J = 8.4 Hz, 1H), 8.17 (d, J =
8.4 Hz, 1H) ppm; HRMS (ESI): m/z (%): (M + Na') caled for
C.1H3,BN,F,NaSCl,, 753.15998; found 753.16034.

10-(5-(9-Butyl-7-(diphenylamino)-9H-carbazol-2-yl)thiophen-
2-y1)-5,5-difluoro-3,7-bis(5-(pyridin-4-yl)thiophen-2-yl)-5H-dipyrrolo-
[1,2-¢:2' 1'f][1,3,2]diazaborinin-4-ium-5-uide (YH-1). A solution of 9
(0.09 g, 0.12 mmol), 4-(5-tributylstannanyl-thiophen-2-yl}-pyridine
(0.17 g, 0.37 mmol), and Pd(PPh;), (0.01 g, 8 x 10~ mmol) in
toluene (15 ml) was stirred for 8 h at 110 °C under an argon
atmosphere. After concentrating under reduced pressure, the
resulting residue was dissolved in dichloromethane and washed
with water. The organic extract was concentrated. The residue was
chromatographed on reverse-phase silica gel (dichloromethane-
methanol = 1:1 as eluent) to give YH-1 (0.01 g, yield 8%) as a black
solid; IR (ATR): 7 = 1589, 1529, 1467 cm™'; "H NMR (400 MHz,
acetone-ds) 0 = 0.86 (t, / = 7.4 Hz, 3H), 1.26-1.36 (m, 2H), 1.76-1.83
(m, 2H), 4.37 (t, J = 6.8 Hz, 2H), 6.95 (dd, J = 1.8 and 8.4 Hz, 1H),
7.04-7.09 (m, 2H), 7.12-7.16 (m, 6H), 7.23 (d, J = 1.8 Hz, 1H), 7.28-
7.34 (m, 4H), 7.53 (d, J = 4.4 Hz, 2H), 7.66 (dd, J = 1.6 and 8.2 Hz,
1H), 7.70 (d, J = 6.1 Hz, 4H), 7.76 (d, J = 3.8 Hz, 1H), 7.86 (d, ] =
3.8 Hz, 1H), 7.88 (d, J = 4.0 Hz, 2H), 8.01 (d, J = 1.6 Hz, 1H), 8.07
(d, J = 8.4 Hz, 1H), 8.15 (d, J = 8.2 Hz, 1H), 8.26 (d, ] = 4.0 Hz, 2H),
8.64 (d, J = 6.1 Hz, 4H) ppm; HRMS (ESI): m/z (%): (M + H') caled
for CsoH,4BNGF,S;, 981.28452; found 981.28467.
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Preparation of dye-sensitized solar cells based on dye YH-1.
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 (0.5 x 0.5 cm” in photoactive area) was
immersed into 0.1 mM or 0.05 mM dye solution in acetonitrile
for a number of hours enough to adsorb the photosensitizer.
The DSSCs were fabricated by using the TiO, electrode thus
prepared, 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-propylimidazolium iodide in acetonitrile as an electrolyte.
The photocurrent-voltage characteristics were measured using a
potentiostat under a simulated solar light (AM 1.5, 100 mW cm ™ 2).
IPCE spectra were measured under monochromatic irradiation
with a tungsten-halogen lamp and a monochromator. The amount
of adsorbed dye on TiO, nanoparticles was determined by absorp-
tion spectral measurement of the concentration change of the dye
solution before and after adsorption. Absorption spectra of the dyes
adsorbed on TiO, nanoparticles were recorded on the dye-adsorbed
TiO, film (thickness of 9 um) in the transmission mode using a
calibrated integrating sphere system.
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