
Solar Cell Sensitizers

Metal-Free Indeno[2,1-b]thiophene-Based Sensitizers for Dye-
Sensitized Solar Cells

Chia-Jung Liang,[a] Yu-Ju Lin,[a, b] Yung-Sheng Yen,[a, c] Jiann T. Lin,*[a] and Ming-
Chang P. Yeh*[b]

Abstract: A series of indeno[2,1-b]thiophene-containing or-
ganic dyes (IDT1–IDT5) have been synthesized, and their
UV/Vis spectra extend beyond 700 nm. These dyes were em-
ployed as sensitizers for dye-sensitized solar cells (DSSCs).
Among them, dyes IDT3–IDT5 with a thiophene unit conju-
gated with an anchor have better light harvesting ability

and higher JSC values. Dye aggregation contributes substan-
tially to the photocurrent in the near infrared region. The
dye IDT5, with chenodeoxycholic acid (CDCA) as the co-ad-
sorbent, has the highest power conversion efficiency
(5.06 %) under AM 1.5G simulated sunlight irradiation, which
is 68 % of the standard device based on N719 dye.

Introduction

Being cost effective and simple in device fabrication, dye-sensi-
tized solar cells (DSSCs) have attracted considerable interest
since O’Regan and Gr�tzel’s seminal work, and the cell per-
formance continues to improve.[1] Ruthenium complexes are
probably the most reliable sensitizers so far owing to the high
cell efficiency and long term stability.[2] However, the natural
reserves of ruthenium are limited. Therefore, many researchers
have turned their attention to zinc-porphyrins[3] and metal-free
organic dyes,[4] and cells based on these dyes, with efficiencies
surpassing that of ruthenium dyes, have been achieved. Metal-
free organic dyes have several advantages: easy synthesis and
purification, and high molar extinction coefficients. Up to now,
the best cell efficiency under AM 1.5G simulated sunlight irra-
diation has reached 13.0 %[5] and 14.0 %[6] for single dye and
co-dye systems, respectively. Organic sensitizers usually consist
of a D–p–A segment (D, a p-electron-rich donor; p, a conjugat-
ed spacer; A, a p-electron-deficient acceptor).

Rigidified p-spacers are interesting because the planarity
and rigidity of the segment may help with reducing re-organi-

zation energy and benefit electronic communication between
the donor and the acceptor, leading to better light harvest-
ing.[7] Many rigidified spacers of symmetrical structure such as
indenofluorene,[8] tetrathienoacene (TTA),[9] indaceno[1,2-b :5,6-
b’]dithiophene,[10] anthracene,[11] phenothiazine,[12] 4 H-dithie-
no[3,2-b :2’,3’-d]pyrrole (DTP),[13] and dithieno[3,2-f :2’,3’-h]qui-
noxaline (DTQ)[14] have been used for the construction of the
sensitizers. There are rare examples of rigidified spacers with
an asymmetric structure.[15] Blanchard and Roncali reported an
indeno[2,1-b]thiophene (IDT) derivative with an triarylamine
substituent and a dicyanovinyl substituent at the 2 and 8 posi-
tions of IDT, respectively. The compound has an intramolecular
charge transfer (ICT) absorption maximum at 610 nm and an
absorption onset point at ~750 nm, indicating that the ICT
entity is a good p-linker. In view of the fact that dibenzoful-
vene has been successfully used as the p-linker in dipolar
dyes,[16] we decided to adopt IDT as the p-linker with an aryla-
mine donor and 2-cyanoacrylic acid acceptor (also as the
anchor) connected to the 2 and 8 positions of IDT, respectively.
We also introduced a thiophene unit between the IDT and the
anchor. Physical properties, theoretical computation, and the
DSSC performance of the dyes will be also discussed. While
this work was being completed, we were aware that Roncali
reported a dye based on 2,8-disubstituted IDT with a power
conversion efficiency of 2.00 % (JSC = 4.70 mA cm2, VOC =

564 mV, fill factor (FF) = 0.72).[17]

Results and Discussion

Synthesis of Sensitizers

The organic dyes, IDT1–IDT5, are shown in Figure 1. Bromina-
tion of 8 H-indeno[2,1-b]thiophen-8-one (1) gave 2-bromo-8 H-
indeno[2,1-b]thiophen-8-one (2).[18] Condensation reaction of 2
with ethyl cyanoacetate afforded 3.[19] The IDT1 and IDT2 dyes
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were synthesized by Stille cross-coupling reactions of com-
pound 3 with N,N-diphenyl-4-(tributylstannyl)aniline and 4-
(hexyloxy)-N-(4-(hexyloxy)-phenyl)-N-(4-(5-(tributylstannyl)thio-
phen-2-yl)phenyl)aniline, respectively, followed by a hydrolysis
reaction (Scheme 1). Stille cross-coupling reaction of 2 with 4-
(hexyloxy)-N-(4-(hexyloxy)-phenyl)-N-(4-(5-(tributylstannyl)thio-
phen-2-yl)phen-yl)aniline, using PdCl2(PPh3)2 as the catalyst
precursor, provided 6. Treatment of 6 with borane-tert-butyla-
mine and aluminum chloride afforded 7. Subsequent conden-
sation reaction with 7 and thiophene-2,5-dicarbaldehyde
under ultrasonic conditions generated 8, which underwent
Knoevenagel condensation with cyanoacetic acid in the pres-
ence of ammonium acetate to give the desired product IDT3.
Compound IDT4 was prepared similarly to IDT3 except that 7
was treated with 2,2’-bithiophenyl-5,5’-dicarbaldehyde instead
of thiophene-2,5-dicarbaldehyde. To synthesize IDT5, with two
donors, we started from 6-bromo-8 H-indeno[2,1-b]thiophen-8-
one (10) and followed the same procedures as described for
IDT4.

UV/Vis Absorption Properties

The UV/Vis absorption spectra and the corresponding data of
the IDT dyes in THF (dye concentration: 10 mm) are depicted in
Figure 2 and Table 1, respectively. The longest wavelength is
ascribed to the intramolecular charge transfer (ICT) band from
donor to acceptor, and the shorter wavelength absorption
bands are attributed to the aromatic rings p–p* transition. The
onset of the ICT band is >650 nm for all the compounds. The
optical HOMO/LUMO gap, E0�0, derived from the intersection

of the absorption and emission (see below) of the ICT band, is
also included in Table 1 for each dye. The ICT band of IDT1
has the largest E0�0 value among all the compounds because
of the shortest conjugation length of IDT1. Elongation of the
conjugation length by insertion of a thiophene entity between
the triarylamine and the IDT entities (IDT2) results in a redshift
(i.e. , smaller E0�0 value) of the ICT band. Enhancement of the
electron-donating power of the triarylamine entity by adding
alkoxy substituents is certainly also beneficial to the smaller
E0�0 value. Extending the conjugation length by insertion of
thienyl entities between the 2-cyanoacrylic acid anchor and
the IDT entity (IDT3 and IDT4) further decreases the E0�0 value

Figure 1. The structures of the dyes.

Figure 2. UV/Vis absorption spectra of the dyes in THF (10 mm).
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of the ICT band. Dye IDT3 has a smaller E0�0 value than IDT4
despite the fact that the latter has a longer conjugated spacer.
Clearly, the longer conjugated spacer weakens the electronic
communication between the donor and the acceptor in IDT4.
Although IDT5 has an extra triarylamine donor at the IDT
entity compared with the other dyes, the former does not
have the smallest E0�0 value. Possibly the large twist angle
(33.878, see below) between IDT and the arylamine moiety at
the phenyl ring of IDT renders inefficient electronic communi-
cation between the extra donor and the acceptor. The extra

two thiophene entities in IDT5 likely also weaken the electron-
ic communication between the donors and the acceptor.

Compared with the solution spectrum, dyes adsorbed on
the TiO2 form J-aggregates based on the following observa-
tions: (1) the film spectrum of the dyes adsorbed on TiO2 is
broader, with an onset at >700 nm; (2) the film absorption
spectrum becomes narrower at the longer wavelength side
upon addition of chenodeoxycholic acid (CDCA) co-adsorbent,
except for IDT3 and IDT4 (Figure 3). Nonetheless, the labs

value of the ICT band (from the deconvoluted absorption) is

Scheme 1. Synthetic routes for the preparation of the dyes IDT1–IDT5. a) Br2, NaHCO3, CHCl3, 8 h, 86 %; b) ethyl cyanoacetate, N-methylmorpholine, TiCl4,
CH2Cl2, 2 h, 62 %; c) N,N-diphenyl-4-(tributylstannyl)aniline, Pd(PPh3)4, PPh3, toluene, 110 8C, 1 d; d) 2 m LiOH(aq), THF, 12 h; e) PdCl2(PPh3)2, DMF, 80 8C, 14 h,
97 %; f) AlCl3, BH3tBuNH2, CH2Cl2, 4 h, 58 %; g) KOtBu, THF, MeOH, ultrasonic irradiation, 3 h; h) cyanoacetic acid, ammonium acetate, acetic acid, 105 8C, 12 h;
i) NaHCO3, CHCl3, Br2, 12 h, 64 %; j) N,N-diphenyl-4-(tributylstannyl)aniline, Pd(PPh3)4, PPh3, DMF, 80 8C, 1 d; k) AlCl3, BH3tBuNH2, CH2Cl2, 4 h, 46 %; l) KOtBu, THF,
MeOH, ultrasonic irradiation, 3 h, 37 %; m) cyanoacetic acid, ammonium acetate, acetic acid, 105 8C, 12 h, 82 %.

Table 1. Electro and optical parameters of the dyes.

Dye labs [nm] (e � 10�4

[M�1 cm�1])[a]

lem

[nm][a]

labs (TiO2)
[nm][b]

Egap
opt

[eV][c]

E1/2 (ox) (Ep) [mV][d] E[ox] [V vs.
NHE]

E0�0* [V vs.
NHE][e]

HOMO/LUMO
[eV]

IDT1 340 (3.14), 540 (1.08) 645 551 2.06 544 (123) 1.24 �0.82 5.64/3.58
IDT2 382 (3.60), 536 (1.57) 656 572 2.03 260 (114) 0.96 �1.07 5.36/3.33
IDT3 410 (4.64), 546 (1.59) 693 560 1.93 244 (119), 483 (156) 0.94 �0.99 5.34/3.41
IDT4 419 (4.24), 530 (2.69) 710 582 2.00 243 (137) 0.94 �1.06 5.34/3.34
IDT5 363 (5.40), 437 (3.70) 673 457 2.00 372 (158), 563

(248)
1.07 �1.10 5.47/3.30

[a] Recorded in THF at 298 K. [b] Recorded in the TiO2 films. [c] The bandgap, E0�0, was derived from the intersection of the absorption and emission spec-
tra. [d] Recorded in THF. Eox = 1/2(Epa + Epc), DEp = Epa�Epc where Epa and Epc are the peak anodic and cathodic potentials, respectively. The oxidation poten-
tial reported is adjusted to the potential of ferrocene, which was used as an internal reference. The values in parentheses are the peak separation of catho-
dic and anodic waves. i : irreversible. Scan rate: 100 mV s�1. [e] Excited-state potential.
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blueshifted for IDT3 and IDT4, indicating the existence of dye
aggregation. The dyes are weakly emissive and the emission
wavelength decreases in the order IDT4> IDT3> IDT5>
IDT2> IDT1, which is in line with the absorption spectra
except for IDT5. Possibly IDT5 has a more planar structure in
the excited state.

Electrochemical Properties

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) methods were used for measuring the electrochemical
properties of IDT1–IDT5 in THF at the concentration of 1 mm

with ferrocene as the internal standard (Figure 4). The relevant

data from the CV measurements are listed in Table 1. Quasi-re-
versible redox waves were recorded for IDT1–IDT4, which are
attributed to oxidation of the arylamine donor. There exist irre-
versible redox waves at more anodic potentials for IDT3 and
IDT4, which are attributed to the oxidation of oligothiophene.
These waves are easier to recognize in the DPV plots. Dyes

IDT3 and IDT4 have comparable oxidation potentials, although
the latter has an extra thiophene ring. This outcome can be at-
tributed to the minimal contribution of the thiophene ring
next to the acceptor to the HOMO orbital (Figure S1 in the
Supporting Information). The highest occupied molecular orbi-
tal (HOMO) energy levels were calculated from the first oxida-
tion potential (ferrocene = 5.1 eV). The LUMO energy levels are
derived from the equation ELUMO = EHOMO�E0�0 in which the
zero–zero band gap (E0�0) values were obtained from the inter-
section of the normalized absorption and emission spectra.
The excited-state potentials (E0�0*) of IDT1–IDT5 were calculat-
ed from the first oxidation potential and E0�0. The values range
from �0.82 to �1.10 V versus the normal hydrogen electrode
(NHE), indicating that there is sufficient thermodynamic driving
force for charge injection to the conduction band of TiO2

(�0.5 V vs. NHE). On the other hand, the first oxidation poten-
tials (0.94–1.24 V) are more positive than the redox potential of
the I�/I3

� electrolyte (0.4 V vs. NHE), suggesting that regenera-
tion of the oxidized dye is thermodynamically favorable.

Photovoltaic Devices

The DSSCs were fabricated with 0.16 cm2 nanocrystalline ana-
tase TiO2 and were soaked in a THF solution of the sensitizer
(10�4

m) for 12 h. The electrolyte was composed of 0.5 m LiI,
0.05 m I2, and 0.5 m tert-butylpyridine in acetonitrile. The photo-
current density–photovoltage (J–V) curves under simulated AM
1.5G sunlight are depicted in Figure 5. The corresponding cell

performance data are shown in Table 2. The incident photocur-
rent conversion efficiencies (IPCE) of the dyes are presented in
Figure 6. Although the IPCE spectra are fairly broad, extending
to >700 nm, the efficiencies in the whole absorption range are
all <60 % and the best photocurrent (JSC) and photovoltage
(VOC) values are below 8 mA cm2 and 0.570 V, respectively. Sig-
nificant dye aggregation is believed to be the main cause jeop-
ardizing electron injection (see below). In spite of weak emis-
sion of the dyes in the solution (lifetime = 0.13 ns), no discerni-
ble emission can be detected for the film state or on TiO2,

Figure 3. Absorption spectra of the IDT dyes in TiO2 films with (marked with
*) or without 30 mm CDCA. Inset: Expansion of the spectra in the 500–
775 nm range.

Figure 4. Cyclic voltammograms of the IDT dyes.

Figure 5. J–V curves of DSSCs based on the IDT1–IDT5 dyes.
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which supports the aggregation-induced quenching of the ex-
cited states. The low photocurrent (and hence low efficiency)
of the IDT-based dye reported by Roncali[17] may indicate a simi-
lar problem with dye aggregation. Negative charge trapped at
the phenyl ring of the IDT entity, evident from the Mulliken
charge difference between the S0 and S1 (or S2) states (see
below), may also hamper electron injection. The power conver-
sion efficiencies are in the order IDT3 (2.70 %)> IDT5
(2.54 %)> IDT1 (1.98 %)> IDT4 (1.96 %)> IDT2 (1.38 %). Dyes
IDT3–IDT5 have significantly higher JSC values compared with
IDT1 and IDT2 throughout the whole spectral range. The dye
loading amount is shown in Table 2. Dye IDT1 has the lowest
dye loading despite its smallest molecular size. Dye IDT1 also
has a shorter skeleton than the others, and therefore the small-
er number of chemical bonds available for rotation may
hamper the adsorbed dye molecules in adjusting their relative
orientation for more compact packing. The low dye loading of
IDT1 is consistent with its low photocurrent. However, dye
loading is not the decisive factor for the cell performance be-
cause IDT2 has the highest loading of all the dyes. Although

the inferior light harvesting of IDT1 and IDT2 compared with
the other dyes certainly is not completely unrelated to their
lower JSC values, we speculate that the dye adsorption angles
for the latter at the TiO2 surface do not favor electron injection.
In comparison, IDT2 and IDT4 have smaller VOC values than the
other three. Consequently, IDT2 has the lowest conversion effi-
ciency overall.

To clarify the origin of the different cell performances
among the dyes, we used electrochemical impedance spec-
troscopy (EIS) and intensity modulated photovoltage spectro-
scopic (IMVS)[20] measurements to probe the charge recombi-
nation (dark current), and the charge extraction method[21] to
probe the conduction band edge shift of the TiO2 after dye ad-
sorption. The correlation plot of VOC and charge density (Q)
based on charge extraction method is shown in Figure 7. The

charges extracted at the same applied voltage decrease in the
order IDT5> IDT3> IDT4> IDT1> IDT2, which should be the
order of an upward shift of the TiO2 conduction band edge.
The second circle of the Nyquist plots from the EIS in the dark
provides information about charge recombination (dark cur-
rent), and a larger semicircle means a smaller dark current
(Figure 8). The order of decreasing recombination resistance,
IDT5> IDT3> IDT1> IDT4> IDT2, is approximately the same

Table 2. DSSC performance parameters of the dyes with and without
CDCA.

Dye JSC

[mA cm2]
VOC [V] FF h [%][b] Dye load-

ing
[mol cm2]

IDT1 4.67�0.05 0.57�0.01 0.74�0.01 1.98�0.02 2.03 � 10�7

IDT1 + CDCA[a] 0.72�0.01 0.63�0.01 0.74�0.01 0.34�0.00 1.61 � 10�8

IDT2 3.86�0.05 0.52�0.01 0.69�0.01 1.38�0.01 4.39 � 10�7

IDT2 + CDCA[a] 1.43�0.16 0.60�0.04 0.78�0.05 0.66�0.07 2.73 � 10�8

IDT3 7.25�0.26 0.56�0.01 0.67�0.01 2.70�0.10 4.31 � 10�7

IDT3 + CDCA[a] 10.71�0.12 0.61�0.00 0.69�0.00 4.51�0.05 5.25 � 10�8

IDT4 6.34�0.34 0.51�0.01 0.60�0.00 1.96�0.08 3.08 � 10�7

IDT4 + CDCA[a] 12.31�0.48 0.60�0.00 0.64�0.01 4.73�0.11 9.36 � 10�8

IDT5 7.48�0.18 0.57�0.01 0.60�0.03 2.54�0.08 2.99 � 10�7

IDT5 + CDCA[a] 13.71�0.72 0.60�0.00 0.61�0.03 5.06�0.05 4.80 � 10�8

N719 15.88 0.739 0.64 7.48

[a] 30 mm CDCA was added as the co-adsorbent. [b] The results are given
as the mean � the standard deviations based on three measurements.

Figure 6. IPCE spectra of DSSCs based on the dyes with 30 mm co-adsorbent
CDCA.

Figure 7. Electron lifetime as a function of VOC based on IMVS measure-
ments.

Figure 8. Nyquist plots of DSSCs.
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as that of the decreasing VOC. This clearly indicates that charge
recombination (dark current) dominates over the conduction
band edge shift in shifting the Fermi level of TiO2. Although
IDT5 does not have the highest dye loading, it is the most effi-
cient for dark current suppression. It is believed that the
branched amine donors can more effectively block the close
contact of the electrolyte with the TiO2 surface, similar to 2,3-
disubstituted thiophene-based metal-free dyes reported by
us.[22] The two alkoxy chains in IDT3 are also beneficial for dark
current suppression. However, the effect diminishes as the
spacer between the anchor and IDT increases, possibly owing
to the decreased dye loading (IDT4) or increased void space in
the dye molecules (IDT2). The high VOC of IDT1 can be largely
attributed to the significant upward shift of the conduction
band edge of TiO2 adsorbed with IDT1.

As dye aggregation jeopardized electron injection and im-
paired the cell performance, DSSCs with different concentra-
tions of CDCA (30 mm) as the co-adsorbent were also tested.
The performance parameters are shown in Table S1 (in the
Supporting Information). The cell has the best performance
with 30 mm of CDCA for IDT3 to IDT5. However, the cell per-
formance drops significantly for IDT1 and IDT2 upon addition
of �10 mm CDCA. The JSC value decreases with addition of
even 1 mm CDCA. The dye loading with CDCA co-adsorbent
(30 mm during dye soaking) was found to decrease and the
decrement differed among dyes (Table 2). Loss of photocurrent
as a result of significantly lower dye loading for IDT1 and IDT2
compared with the other dyes clearly cannot compensate for
the gain from anti-aggregation of the dyes.[23] In contrast, the
VOC value increases by more than 60 mV owing to the allevia-
tion of dye aggregation. The other three dyes have significant
improvements in the cell performance upon addition of CDCA:
h= 4.51 %, JSC = 10.71 mA cm2, VOC = 608 mV, FF = 0.69 for IDT3 ;
h= 4.73 %, JSC = 12.31 mA cm2, VOC = 604 mV, FF = 0.64 for IDT4 ;
h= 5.06 %, JSC = 13.71 mA cm2, VOC = 604 mV, FF = 0.61 for IDT5
(Figure 9). Apparently, the loss in dye loading is well compen-
sated by the alleviation of aggregation-induced quenching of
the excited dye molecules. It is also interesting that dye aggre-
gation has a substantial contribution to the photocurrent at

the near infrared region up to ~800 nm. The cell efficiency of
IDT5 reaches 68 % of the N719 standard device (7.48 %).

Theoretical Approach

Density functional theory and time-dependent density func-
tional theory (TDDFT) calculations at the B3LYP/6-31G* level by
using Q-Chem 4.0 software were carried out. The frontier orbi-
tals and their corresponding energy states are shown in Fig-
ure S1 and Figure S2, respectively (in the Supporting Informa-
tion). The relevant data are shown in Table S2 (in the Support-
ing Information). The HOMO for the dyes mainly comprises tri-
arylamine and the neighboring spacer, extending to the IDT
entity. Except for IDT5, the phenyl ring of IDT has only a little
contribution to the HOMO. The LUMO comprises the acceptor
and the neighboring spacer, extending to the IDT entity. In
contrast to the HOMO, there is significant contribution of the
phenyl ring of the IDT to the LUMO. The charge-transfer char-
acter is evident for the S0!S1 transition (nearly 100 %
HOMO!LUMO). Figure S3 (in the Supporting Information)
shows the ground-state geometries of the IDT dyes and the di-
hedral angles between the two neighboring conjugated seg-
ments are indicated. The dihedral angle (>208) between the
IDT segment and the arylamine is larger than that (<148) be-
tween the IDT and the conjugated thiophene (T) because of
the larger steric hindrance in the former. For IDT5, both aryla-
mine donors contribute to the electron injection, and the aryl-
amine connected to the phenyl ring of the IDT entity has
a smaller contribution owing to the larger dihedral angle be-
tween the donor and the IDT entity. However, the large dihe-
dral angle between the donors and the spacer is beneficial for
suppressing dye aggregation on the TiO2 surface. The Mulliken
charge shifts for the S1 and S2 states (Table S2 in the Support-
ing Information) were also calculated from the TDDFT results.
The charges for the different segments, triarylamine (Tpa), thio-
phene (T, T1, or T2), IDT, and 2-cyanoacrylic acid, are shown in
Figure S4 (in the Supporting Information). Significant negative
charge at the IDT entity, especially at the phenyl ring for IDT1
and IDT2, may be partially responsible for the low JSC values of
the corresponding cells.

Conclusions

A series of metal-free dyes (IDT1–IDT5) incorporating an in-
denothiophene moiety in the conjugated spacer between the
triarylamine donor and 2-cyanoacrylic acceptor have been syn-
thesized. These dyes absorb in the visible region up to 700 nm
in THF, and even beyond 700 nm when adsorbed onto TiO2

surfaces as a result of J-aggregation. Significant dye aggrega-
tion and inefficient electron injection result in the low perform-
ances of the fabricated DSSCs. A special feature of these dyes
is the non-negligible contribution of photocurrent in the near
infrared region. The DSSC based on the dye IDT5 gives 5.06 %
efficiency upon addition of CDCA as a co-adsorbent, which is
about 68 % of the N719-based standard dye.

Figure 9. J–V curves of DSSCs based on the IDT1–IDT5 dyes with 30 mm of
CDCA.
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Experimental Section

Materials and methods

All reactions were performed in oven-dried glassware under a nitro-
gen atmosphere. Solvents, toluene, N,N-dimethylformamide (DMF),
and tetrahydrofuran (THF) were distilled under a nitrogen atmos-
phere with sodium, and dichloromethane was distilled from CaH2.
1H nuclear magnetic resonance (NMR) spectra were obtained with
Bruker 300, 400, and 500 MHz spectrometers, and the chemical
shifts are reported in parts per million with CDCl3 (7.24 ppm),
[D8]THF (3.58 ppm), or [D6]DMSO (2.50 ppm) as internal standard.
13C NMR spectra were recorded with a 100 MHz spectrometer with
CDCl3 (77.2 ppm), [D8]THF (67.6 ppm), or [D6]DMSO (39.5 ppm) as
the internal standard.

Assembly and characterization of DSSCs

The 0.4 � 0.4 cm2 TiO2 thin-film photoanode consisted of 12 mm of
20 nm particles as the absorbing layer and 6 mm of 400 nm parti-
cles as the scattering layer on fluorine-doped tin oxide (FTO) glass
followed by dipping into a THF solution containing 10�4

m of the
dye sensitizers for 12 h. The electrolyte was composed of 0.5 m lith-
ium iodide (LiI), 0.05 m iodine (I2), and 0.5 m 4-tert-butylpyridine dis-
solved in acetonitrile. The electrolyte was injected into the seam
between the photoanode and Pt counter electrode, which was ad-
hered with a polyimide tape 30 mm in thickness and a square aper-
ture of 0.36 cm2 was placed on top of the counter electrode. The
cell was clipped tightly with a 0.5 � 0.5 cm2 cardboard mask on the
device. Photoelectrochemical characterizations of the solar cells
were measured by an Oriel Class AAA solar simulator
(Oriel 94043 A, Newport Corp.). Photocurrent–voltage characteris-
tics of the DSSCs were recorded with a potentiostat/galvanostat
(CHI650B, CH Instruments, Inc.) at a light intensity of
100 mW cm�1�2 calibrated by an Oriel reference solar cell
(Oriel 91150, Newport Corp.). The monochromatic quantum effi-
ciency was detected through a monochromator (Oriel 74100, New-
port Corp.) under short-circuit conditions. The intensity of each
wavelength was in the range 1–3 mW cm�1�2. Electrochemical im-
pedance spectra (EIS) were carried out under illumination with an
open-circuit voltage (VOC) or in the dark at �0.55 V at room tem-
perature. The frequencies explored ranged from 10 mHz to
100 kHz. Intensity-modulated photovoltage spectroscopy (IMVS)
was carried out on an electrochemical workstation (Zahner, Zenni-
um) with a frequency response analyzer under an intensity-modu-
lated (10–300 W m�2) white light emitting diode driven by
a Zahner (0982wlr02) source supply. The frequency range was set
from 100 kHz to 10 mHz.

Quantum chemistry computation

The computations were performed with Q-Chem 4.0 software.[24]

Geometry optimization of the molecules was performed by using
the hybrid B3LYP and 6-31G* basis set. For each molecule, all con-
formations were examined and the lowest energy one was used.
The same functional was also applied for the calculation of excited
states by using time-dependent density functional theory (TDDFT).
There exist a number of previous works that employed TDDFT to
characterize excited states with charge-transfer character.[25]

(E)-Ethyl 2-(2-bromo-8 H-indeno[2,1-b]thiophen-8-ylidene)-2-
cyanoacetate (3)

Compound 2 (1.00 g, 3.77 mmol), anhydrous CH2Cl2 (30 mL), ethyl
cyanoacetate (2.13 g, 18.85 mmol), and N-methylmorpholine

(3.32 g, 32.80 mmol) were added to an oven-dried Schlenk flask
(100 mL) equipped with a stirred bar under a nitrogen atmosphere.
TiCl4 (1.57 g, 8.29 mmol) was added and stirred under ultrasonic ir-
radiation conditions for 2 h. Water (20 mL) was added to the crude
mixture, which was then extracted with CH2Cl2 (20 mL) three times.
The combined organic layer was washed with brine, dried over
MgSO4, filtered through a filter paper, and concentrated to give
the crude mixture. The crude mixture was purified by flash column
chromatography (silica gel, 50 % CH2Cl2/hexanes) to give 3 (0.84 g,
2.33 mmol, 62 %) as an orange solid. M.p. : 178–179 8C. 1H NMR
(400 MHz, CDCl3): d= 8.45 (d, J = 7.6 Hz, 1 H), 7.31 (t, J = 7.6 Hz, 1 H),
7.21–7.17 (m, 3 H), 4.42 (q, J = 7.2 Hz, 2 H), 1.42 ppm (t, J = 7.2 Hz,
3 H). 13C NMR (100 MHz, CDCl3): d= 163.9, 153.3, 153.1, 138.4, 137.9,
135.8, 132.6, 130.2, 128.2, 127.3, 122.6, 120.2, 116.3, 94.6, 63.1,
14.4 ppm. MS-LR-EI : calcd for C16H10BrNO2S ([M]+): 358.9, found:
358.9.

(E)-Ethyl-2-cyano-2-(2-(4-(diphenylamino)phenyl)-8 H-
indeno[2,1-b]thiophen-8-ylidene)acetate (4)

Compound 3 (0.40 g, 1.11 mmol), N,N-diphenyl-4-(tributylstannyl)-
aniline (0.89 g, 1.67 mmol), Pd(PPh3)4 (64 mg, 0.05 mmol), PPh3

(30 mg, 0.11 mmol), and anhydrous toluene (6 mL) were added to
an oven-dried Schlenk flask (100 mL) equipped with a stirred bar
and heated at 110 8C for 1 d under a nitrogen atmosphere. After re-
moval of the solvent, CH2Cl2 (5 mL) and KF(aq) (5 mL) were added.
The reaction mixture was added to water (10 mL) and extracted
with CH2Cl2 (10 mL � 3). The combined organic layer was washed
with brine, dried over MgSO4, filtered through a filter paper, and
concentrated to give the crude mixture. The crude mixture was pu-
rified by flash column chromatography (silica gel, 50 % CH2Cl2/hex-
anes) to give a red solid 4 (0.29 g, 0.805 mmol, 25 %). M.p. : 89–
90 8C. 1H NMR (400 MHz, CDCl3): d= 8.39 (d, J = 7.6 Hz, 1 H), 7.53 (d,
J = 8.8 Hz, 2 H), 7.31–7.26 (m, 4 H), 7.25–7.22 (m, 2 H), 7.20 (s, 1 H),
7.16–7.12 (m, 5 H), 7.08 (t, J = 7.6 Hz, 2 H), 7.03 (d, J = 7.2 Hz, 2 H),
4.39 (q, J = 7.2 Hz, 2 H), 1.41 ppm (t, J = 7.2 Hz, 3 H). 13C NMR
(75 MHz, CDCl3): d= 164.2, 160.6, 155.6, 153.3, 149.2, 147.1, 139.9,
138.3, 133.6, 132.1, 129.7, 127.9, 127.1, 126.7, 125.4, 124.1, 122.4,
120.0, 117.1, 114.4, 92.5, 62.6, 14.4 ppm. MS-LR-EI : calcd for
C34H24N2O2S ([M]+): 524.1, found: 524.1.

(E)-Ethyl-2-(2-(5-(4-(bis(4-(hexyloxy)phenyl)amino)phenyl)-
thiophen-2-yl)-8 H-indeno[2,1-b]thiophen-8-ylidene)-2-
cyanoacetate (5)

Compound 3 (0.87 g, 2.42 mmol), 4-(hexyloxy)-N-(4-(hexyloxy)phen-
yl)-N-(4-(5-(tributyl-stannyl)thiophen-2-yl)phenyl)aniline (3.95 g,
4.84 mmol), Pd(PPh3)4 (0.14 g, 0.12 mmol), PPh3 (63 mg,
0.24 mmol), and anhydrous toluene (12 mL) were added to an
oven-dried Schlenk flask (100 mL) equipped with a stirred bar and
heated at 110 8C for 1 d under a nitrogen atmosphere. After remov-
al of the solvent, CH2Cl2 (10 mL) and KF(aq) (10 mL) were added. The
reaction mixture was added to water (20 mL) and extracted with
CH2Cl2 (20 mL � 3). The combined organic layer was washed with
brine, dried over MgSO4, filtered through a filter paper, and con-
centrated to give the crude mixture. The crude mixture was puri-
fied by flash column chromatography (silica gel, 70 % CH2Cl2/hex-
anes) to give a dark-green solid 5 (1.10 g, 1.36 mmol, 56 %). M.p. :
86–87 8C. 1H NMR (400 MHz, CDCl3): d= 8.29 (d, J = 7.6 Hz, 1 H), 7.32
(d, J = 8.8 Hz, 2 H), 7.20 (d, J = 3.6 Hz, 1 H), 7.16 (t, J = 7.6 Hz, 1 H),
7.09–7.04 (m, 6 H), 7.01 (d, J = 3.6 Hz, 1 H), 6.92 (s, 1 H), 6.87 (d, J =
8.8 Hz, 2 H), 6.83 (d, J = 8.8 Hz, 4 H), 4.31 (q, J = 7.2 Hz, 2 H), 3.93 (t,
J = 6.6 Hz, 4 H), 1.81–1.74 (m, 4 H), 1.50–1.43 (m, 4 H), 1.39–1.32 (m,
8 H), 0.91 ppm (t, J = 6.8 Hz, 6 H). 13C NMR (100 MHz, CDCl3): d=
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164.1, 156.0, 155.1, 153.6, 152.7, 149.1, 146.6, 140.2, 139.9, 137.8,
134.4, 133.3, 131.9, 127.9, 127.4, 127.1, 126.8, 126.5, 125.2, 122.7,
120.0, 119.9, 117.0, 115.5, 114.7, 92.2, 68.4, 62.6, 31.8, 29.5, 25.9,
22.8, 14.4, 14.2 ppm. MS-LR-FAB: calcd for C50H50N2O4S2 ([M]+):
806.3, found: 806.3.

(E)-2-Cyano-2-(2-(4-(diphenylamino)phenyl)-8 H-indeno[2,1-
b]thiophen-8-ylidene)acetic acid (IDT1)

LiOH(aq) (2 m, 7.4 mL) was added to a solution of 4 (290 mg,
0.55 mmol) in anhydrous THF (4 mL). After 12 h, the mixture was
neutralized with 4 N HCl(aq) and extracted with H2O (10 mL) and
CH2Cl2 (10 mL � 3). The combined organic layer was dried over
MgSO4, filtered through a filter paper, and concentrated to give
the crude mixture. The crude mixture was purified by flash column
chromatography (silica gel, 10 % acetic acid/ethyl acetate) to give
a black solid IDT1 (118 mg, 0.24 mmol, 43 %). M.p. : 239–240 8C.
1H NMR (400 MHz, [D8]THF): d= 8.49 (d, J = 8.0 Hz, 1 H), 7.65 (d, J =
7.6 Hz, 2 H), 7.54 (s, 1 H), 7.42 (d, J = 7.2 Hz, 1 H), 7.34 (t, J = 7.2 Hz,
1 H), 7.29 (t, J = 8.0 Hz, 4 H), 7.22 (td, J = 7.6, 1.2 Hz, 1 H), 7.12 (d, J =
8.0 Hz, 4 H), 7.06 ppm (t, J = 7.6 Hz, 4 H). 13C NMR (125 MHz,
[D8]THF): d= 165.6, 161.0, 156.0, 153.3, 150.2, 148.4, 141.0, 139.5,
134.8, 132.9, 128.7, 128.5, 127.8, 127.2, 126.1, 124.8, 123.6, 120.9,
117.6, 115.5, 94.9 ppm. MS-HR-EI : calcd for C32H20N2O2S ([M]+):
496.1245, found: 496.1245. Elemental analysis calcd (%) for
C32H20N2O2S: C 77.40, H 4.06, N 5.64; found: C 77.40, H 4.17, N 5.47.

(E)-2-(2-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)thio-
phen-2-yl)-8 H-indeno[2,1-b]thiophen-8-ylidene)-2-cyanoace-
tic acid (IDT2)

LiOH(aq) (2 m, 6.7 mL) was added to a solution of 5 (400 mg,
0.50 mmol) in anhydrous THF (7 mL). After 12 h, the mixture was
neutralized with 4 N HCl(aq) and extracted with H2O (10 mL) and
CH2Cl2 (10 mL � 3). The combined organic layer was dried over
MgSO4, filtered through a filter paper, and concentrated to give
the crude mixture. The crude mixture was purified by flash column
chromatography (silica gel, 1 % acetic acid/ethyl acetate) to give
a black solid IDT2 (94 g, 0.12 mmol, 24 %). M.p. : 183–184 8C.
1H NMR (400 MHz, [D6]DMSO): d= 8.34 (d, J = 8.0 Hz, 1 H), 7.62 (s,
1 H), 7.57 (d, J = 7.6 Hz, 1 H), 7.49 (d, J = 8.8 Hz, 2 H), 7.44 (d, J =
4.0 Hz, 1 H), 7.40 (t, J = 7.6 Hz, 1 H), 7.36 (d, J = 4.0 Hz, 1 H), 7.28 (t,
J = 7.6 Hz, 1 H), 7.04 (d, J = 8.8 Hz, 4 H), 6.91 (d, J = 8.8 Hz, 4 H), 6.76
(d, J = 8.8 Hz, 2 H), 3.93 (t, J = 6.4 Hz, 4 H), 1.73–1.66 (m, 4 H), 1.43–
1.38 (m, 4 H), 1.34–1.30 (m, 8 H), 0.88 ppm (t, J = 6.8 Hz, 6 H).
13C NMR (125 MHz, [D6]DMSO): d= 206.6, 163.87, 155.52, 151.16,
150.99, 149.45, 148.40, 144.14, 144.07, 139.35, 139.09, 137.17,
134.45, 134.28, 130.95, 126.98, 126.21, 124.45, 124.38, 123.21,
119.96, 118.97, 118.78, 115.71, 115.49, 114.96, 67.61, 30.91, 28.63,
25.12, 21.98, 13.8 ppm. MS-HR-FAB: calcd for C48H46N2O4S2 ([M]+):
778.2899, found: 778.2893. Elemental analysis calcd (%) for
C48H46N2O4S2 : C 74.00, H 5.95, N 3.60; found: C 74.21, H 5.83, N
3.62.

2-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)thiophen-2-yl)-
8 H-indeno[2,1-b]thiophen-8-one (6)

Compound 2 (1.70 g, 6.42 mmol), 4-(hexyloxy)-N-(4-(hexyloxy)phen-
yl)-N-(4-(5-(tributylstannyl)thiophen-2-yl)phenyl)aniline (6.29 g,
7.70 mmol), PdCl2(PPh3)2 (0.09 g, 0.13 mmol), and anhydrous DMF
(13 mL) were added to an oven-dried Schlenk flask (100 mL)
equipped with a stirred bar and heated at 80 8C for 14 h under a ni-
trogen atmosphere. After removal of the solvent, CH2Cl2 (10 mL)
and KF(aq) (10 mL) were added. The reaction mixture was added to

water (20 mL) and extracted with CH2Cl2 (20 mL � 3). The combined
organic layer was washed with brine, dried over MgSO4, filtered
through a filter paper, and concentrated to give the crude mixture.
The crude mixture was purified by flash column chromatography
(silica gel, 50 % CH2Cl2/hexanes) to give a purple oil 6 (4.45 g,
6.25 mmol, 97 %). 1H NMR (400 MHz, CDCl3): d= 7.42 (d, J = 7.6 Hz,
1 H), 7.36 (d, J = 8.8 Hz, 2 H), 7.29 (t, J = 7.6 Hz, 1 H), 7.23 (d, J =
3.6 Hz, 1 H), 7.16–7.11 (m, 3 H), 7.08–7.04 (m, 5 H), 6.88 (d, J = 8.8 Hz,
2 H), 6.83 (d, J = 8.8 Hz, 4 H), 3.92 (t, J = 6.4 Hz, 4 H), 1.80–1.73 (m,
4 H), 1.49–1.42 (m, 4 H), 1.35–1.32 (m, 8 H), 0.90 ppm (t, J = 7.0 Hz,
6 H). 13C NMR (100 MHz, CDCl3): d= 185.1, 159.3, 156.0, 152.4, 149.1,
146.7, 140.2, 139.4, 138.1, 133.9, 133.5, 133.4, 128.4, 127.1, 126.8,
126.5, 125.1, 123.6, 122.6, 119.9, 119.7, 115.6, 68.4, 31.8, 29.5, 25.9,
22.8, 14.2 ppm. MS-LR-FAB: calcd for C45H45NO3S2 ([M]+): 711.3,
found: 711.3.

4-(5-(8 H-Indeno[2,1-b]thiophen-2-yl)thiophen-2-yl)-N,N-
bis(4-(hexyloxy)phenyl)aniline (7)

Compound 6 (3.26 g, 4.57 mmol) was added to a solution of AlCl3

(1.88 g, 14.10 mmol), BH3tBuNH2 (2.57 g, 29.6 mmol) in anhydrous
CH2Cl2 (30 mL) at 0 8C. After 4 h, the mixture was extracted with
H2O (30 mL) and CH2Cl2 (30 mL � 3). The combined organic layer
was dried over MgSO4, filtered through a filter paper, and concen-
trated to give the crude mixture. The crude mixture was purified
by flash column chromatography (silica gel, 20 % CH2Cl2/hexanes)
to give a yellow oil 7 (1.85 g, 2.65 mmol, 58 %). 1H NMR (400 MHz,
CDCl3): d= 7.52 (d, J = 7.6 Hz, 1 H), 7.47 (d, J = 7.2 Hz, 1 H), 7.40 (d,
J = 8.8 Hz, 2 H), 7.34–7.31 (m, 2 H), 7.20 (t, J = 7.2 Hz, 1 H), 7.12 (d,
J = 3.6 Hz, 1 H), 7.08–7.06 (m, 5 H), 6.93 (d, J = 8.8 Hz, 2 H), 6.84 (d,
J = 8.8 Hz, 4 H), 3.94 (t, J = 6.4 Hz, 4 H), 3.83 (s, 2 H), 1.82–1.75 (m,
4 H), 1.51–1.44 (m, 4 H), 1.38–1.34 (m, 8 H), 0.93 ppm (t, J = 6.8 Hz,
6 H). 13C NMR (100 MHz, CDCl3): d= 155.8, 148.6, 147.9, 146.3, 143.5,
142.7, 141.4, 140.6, 139.3, 136.1, 127.0, 126.9, 126.4, 126.1, 124.9,
124.8, 124.4, 122.3, 120.5, 119.4, 115.5, 114.7, 68.4, 35.1, 31.8, 29.5,
26.0, 22.8, 14.3 ppm. MS-LR-FAB: calcd for C45H47NO2S2 ([M]+):
697.3, found: 697.3.

(E)-5-((2-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)thio-
phen-2-yl)-8H-indeno[2,1-b]thiophen-8-ylidene)methyl)thio-
phene-2-carbaldehyde (8)

Compound 7 (1.67 g, 2.39 mmol) and KOtBu (0.30 g, 2.63 mmol) in
anhydrous THF (10 mL) and MeOH (5 mL) were added to an oven-
dried Schlenk flask under a nitrogen atmosphere. Thiophene-2,5-di-
carbaldehyde (0.37 g, 2.63 mmol) in anhydrous THF (10 mL) was
added and stirred under ultrasonic irradiation conditions for 3 h.
The crude mixture was added to water (20 mL), and then extracted
with CH2Cl2 (20 mL) three times. The combined organic layer was
washed with brine, dried over MgSO4, filtered through a filter
paper, and concentrated to give the crude mixture. The crude mix-
ture was purified by flash column chromatography (silica gel, 50 %
CH2Cl2/hexanes) to give 8 as a brown oil (0.82 g, 1.00 mmol, 42 %).
1H NMR (400 MHz, CDCl3): d= 9.85 (s, 1 H), 7.65 (d, J = 3.6 Hz, 1 H),
7.47 (d, J = 7.6 Hz, 1 H), 7.39 (d, J = 3.6 Hz, 1 H), 7.35 (d, J = 8.4 Hz,
2 H), 7.27 (t, J = 7.2 Hz, 1 H), 7.22–7.17 (m, 2 H), 7.13–7.11 (m, 3 H),
7.07–7.02 (m, 5 H), 6.90 (d, J = 8.8 Hz, 2 H), 6.83 (d, J = 8.8 Hz, 4 H),
3.93 (t, J = 6.4 Hz, 4 H), 1.81–1.74 (m, 4 H), 1.48–1.45 (m, 4 H), 1.37–
1.35 (m, 8 H), 0.92 ppm (t, J = 6.4 Hz, 6 H). 13C NMR (100 MHz,
CDCl3): d= 182.6, 155.9, 151.4, 149.1, 148.8, 144.8, 144.0, 143.9,
142.5, 140.4, 136.6, 136.2, 135.0, 133.8, 133.2, 130.2, 128.6, 127.0,
126.4, 125.7, 125.7, 125.5, 122.5, 120.3, 119.4, 115.5, 114.8, 114.5,
68.4, 31.8, 29.5, 26.0, 22.8, 14.2 ppm. MS-LR-FAB: calcd for
C51H49NO3S3 ([M]+): 819.3, found: 819.3.
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(E)-5’-((2-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)thio-
phen-2-yl)-8 H-indeno[2,1-b]thiophen-8-ylidene)methyl)-[2,2’-
bithiophene]-5-carbaldehyde (9)

Compound 7 (0.60 g, 0.86 mmol) and KOtBu (0.11 g, 0.95 mmol) in
anhydrous THF (5 mL) and MeOH (2 mL) were added to an oven-
dried Schlenk flask under a nitrogen atmosphere. 2,2’-Bithiophene-
5,5’-dicarbaldehyde (0.21 g, 0.95 mmol) in anhydrous THF (5 mL)
was added and stirred under ultrasonic irradiation conditions for
3 h. The crude mixture was added to water (7 mL), and then ex-
tracted with CH2Cl2 (7 mL) three times. The combined organic layer
was washed with brine, dried over MgSO4, filtered through a filter
paper, and concentrated to give the crude mixture. The crude mix-
ture was purified by flash column chromatography (silica gel, 75 %
CH2Cl2/hexanes) to give 9 as a brown oil (0.10 g, 0.11 mmol, 13 %).
1H NMR (400 MHz, CDCl3): d= 9.79 (s, 1 H), 7.57 (d, J = 4.0 Hz, 1 H),
7.50 (d, J = 7.6 Hz, 1 H), 7.36 (d, J = 8.8 Hz, 2 H), 7.33 (d, J = 7.2 Hz,
1 H), 7.30 (d, J = 4.0 Hz, 1 H), 7.26 (t, J = 4.0 Hz, 1 H), 7.21 (t, J =
3.6 Hz, 2 H), 7.18 (d, J = 4.4 Hz, 2 H), 7.15–7.12 (m, 2 H), 7.07–7.04
(m, 5 H), 6.90 (d, J = 8.8 Hz, 2 H), 6.84 (d, J = 8.8 Hz, 4 H), 3.94 (t, J =
6.4 Hz, 4 H), 1.82–1.75 (m, 4 H), 1.51–1.44 (m, 4 H), 1.37–1.33 (m,
8 H), 0.93 ppm (t, J = 7.0 Hz, 6 H). 13C NMR (100 MHz, CDCl3): d=
182.5, 155.9, 150.4, 148.8, 146.6, 144.5, 142.9, 142.7, 142.1, 141.7,
140.5, 137.9, 137.4, 135.9, 135.4, 133.7, 131.2, 131.1, 128.0, 127.0,
126.9, 126.4, 125.8, 125.4, 125.2, 124.8, 122.5, 120.3, 119.9, 119.3,
115.6, 115.4, 114.9, 68.5, 31.8, 29.5, 26.0, 22.8, 14.2 ppm. MS-LR-FAB:
calcd for C55H51NO3S4 ([M]+): 901.3, found: 901.3.

(E)-3-(5-((E)-(2-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)-
thiophen-2-yl)-8 H-indeno[2,1-b]thiophen-8-ylidene)me-
thyl)thiophen-2-yl)-2-cyanoacrylic acid (IDT3)

A solution of compound 8 (330 mg, 0.40 mmol), cyanoacetic acid
(68.5 mg, 0.80 mmol), and ammonium acetate (31.0 mg,
0.40 mmol) in acetic acid (5 mL) was stirred at 105 8C under a nitro-
gen atmosphere for 12 h. The crude mixture was filtered through
a glass filter, and washed with acetic acid to give IDT3 (290 mg,
0.33 mmol, 82 %) as a black solid. M.p. : 247–248 8C. 1H NMR
(500 MHz, [D8]THF): d= 8.44 (s, 1 H), 7.92 (d, J = 4.0 Hz, 1 H), 7.80 (d,
J = 7.5 Hz, 1 H), 7.74 (s, 1 H), 7.68 (d, J = 4.0 Hz, 1 H), 7.53–7.50 (m,
2 H), 7.44 (d, J = 8.0 Hz, 2 H), 7.41 (d, J = 3.5 Hz, 1 H), 7.28–7.18 (m,
3 H), 7.04 (d, J = 8.5 Hz, 4 H), 6.89–6.84 (m, 6 H), 3.94 (t, J = 6.5 Hz,
4 H), 1.78–1.73 (m, 4 H), 1.51–1.46 (m, 4 H), 1.38–1.35 (m, 8 H),
0.92 ppm (t, J = 6.5 Hz, 6 H). 13C NMR (125 MHz, [D8]THF): d= 164.2,
157.17, 157.16, 152.6, 149.9, 149.5, 146.0, 145.7, 145.4, 144.0, 141.4,
139.0, 138.7, 137.2, 136.0, 134.3, 134.2, 132.1, 129.3, 127.8, 127.1,
126.83, 126.78, 126.6, 123.7, 121.4, 121.0, 120.3, 116.9, 116.2, 115.8,
101.4, 68.9, 32.7, 30.5, 26.9, 23.7, 14.5 ppm. MS-HR-FAB: calcd for
C36H31N3O4S3 ([M]+): 886.2933, found: 886.2933. Elemental analysis
calcd (%) for C54H50N2O4S3 : C 73.11, H 5.68, N 3.16; found: C 73.14,
H 5.60, N 3.21.

((E)-3-(5-((E)-(2-(5-(4-(Bis(4-(hexyloxy)phenyl)amino)phe-
nyl)thiophen-2-yl)-8 H-indeno[2,1-b]thiophen-8-ylidene)me-
thyl)thiophen-2-yl)-2-cyanoacrylic acid (IDT4)

A solution of compound 9 (100 mg, 0.11 mmol), cyanoacetic acid
(19 mg, 0.22 mmol), and ammonium acetate (9 mg, 0.11 mmol) in
acetic acid (2 mL) was stirred at 105 8C under a nitrogen atmos-
phere for 12 h. The crude mixture was filtered through a glass
filter, and washed with acetic acid to give IDT4 (80 mg, 0.08 mmol,
75 %) as a black solid. M.p. : 261–262 8C. 1H NMR (400 MHz,
[D8]THF): d= 8.37 (s, 1 H), 7.86 (d, J = 4.0 Hz, 1 H), 7.78 (d, J = 7.2 Hz,
1 H), 7.65 (d, J = 7.2 Hz, 3 H), 7.55–7.51 (m, 3 H), 7.45 (d, J = 8.4 Hz,

2 H), 7.35 (d, J = 3.2 Hz, 1 H), 7.28–7.23 (m, 2 H), 7.20 (t, J = 7.6 Hz,
1 H), 7.04 (d, J = 8.4 Hz, 4 H), 6.89 (d, J = 8.4 Hz, 2 H), 6.85 (d, J =
8.4 Hz, 4 H), 3.95 (t, J = 6.4 Hz, 4 H), 1.80–1.77 (m, 4 H), 1.51–1.46 (m,
4 H), 1.38–1.35 (m, 8 H), 0.93 ppm (t, J = 6.8 Hz, 6 H). 13C NMR
(125 MHz, [D8]THF): d= 164.1, 157.2, 151.7, 149.9, 146.7, 146.4,
145.5, 143.91, 143.86, 142.7, 141.4, 140.2, 139.0, 137.0, 136.6, 136.1,
134.4, 133.0, 132.1, 128.8, 128.2, 127.8, 127.1, 126.8, 126.4, 126.3,
126.2, 123.3, 121.1, 120.2, 116.9, 116.8, 116.22, 116.17, 116.0, 100.4,
68.9, 32.8, 30.5, 26.9, 23.7, 14.6 ppm. MS-HR-FAB: calcd for
C58H52N2O4S4 ([M]+): 968.2810, found: 968.2784. Elemental analysis
calcd (%) for C58H52N2O4S4 : C 71.87, H 5.41, N 2.89; found: C 71.89,
H 5.42, N 2.99.

2,6-Dibromo-8 H-indeno[2,1-b]thiophen-8-one (11)

Br2 (0.82 g, 5.15 mmol) was added dropwise to a solution of 6-
bromo-8 H-indeno[2,1-b]thiophen-8-one (10) (0.99 g, 3.73 mmol)
and NaHCO3 (0.33 g, 3.73 mmol) in CHCl3 (30 mL) at 0 8C under a ni-
trogen atmosphere. After 12 h, the mixture was quenched with sa-
turated Na2S2O3(aq) and extracted with H2O (30 mL) and CH2Cl2

(30 mL � 3). The combined organic layer was dried over MgSO4, fil-
tered through a filter paper, and concentrated to give the crude
mixture. The crude mixture was purified by flash column chroma-
tography (silica gel, 20 % CH2Cl2/hexanes) to give 11 (0.82 g,
2.38 mmol, 64 %). 1H NMR (400 MHz, CDCl3): d= 7.55 (d, J = 1.6 Hz,
1 H), 7.45 (dd, J = 7.8, 1.6 Hz, 1 H), 7.14 (s, 1 H), 6.98 ppm (d, J =
7.8 Hz, 1 H). 13C NMR (100 MHz, CDCl3): d= 183.2, 157.2, 138.2,
137.8, 136.6, 136.2, 129.2, 127.9, 123.7, 122.8, 121.1 ppm. MS-LR-EI :
calcd for C34H24N2O2S ([M]+): 341.8, found: 341.8.

2,6-Bis(4-(diphenylamino)phenyl)-8 H-indeno[2,1-b]thiophen-
8-one (12)

Compound 11 (0.57 g, 1.66 mmol), N,N-diphenyl-4-(tributylstanny-
l)aniline (2.66 g, 4.97 mmol), Pd(PPh3)4 (0.19 g, 0.17 mmol), and an-
hydrous DMF (18 mL) were added to an oven-dried Schlenk flask
equipped with a stirred bar and heated at 80 8C for 1 d under a ni-
trogen atmosphere. After removal of the solvent, CH2Cl2 (10 mL)
and KF(aq) (10 mL) were added. The reaction mixture was added to
water (20 mL) and extracted with CH2Cl2 (20 mL � 3). The combined
organic layer was washed with brine, dried over MgSO4, filtered
through a filter paper, and concentrated to give the crude mixture.
The crude mixture was purified by flash column chromatography
(silica gel, 50 % CH2Cl2/hexanes) to give 12 (0.64 g, 0.95 mmol,
57 %). 1H NMR (400 MHz, CDCl3): d= 7.66 (s, 1 H), 7.44 (t, J = 8.6 Hz,
5 H), 7.31–7.25 (m, 8 H), 7.17–7.09 (m, 14 H), 7.07–7.03 ppm (m, 4 H).
13C NMR (100 MHz, CDCl3): d= 185.3, 159.8, 159.5, 149.2, 147.8,
147.6, 147.1, 140.9, 138.9, 137.7, 133.8, 133.6, 130.7, 129.6, 129.5,
127.4, 127.0, 126.7, 125.3, 124.8, 124.1, 123.6, 123.3, 122.4, 122.0,
119.9, 114.9 ppm. MS-LR-EI : calcd for C47H32N2OS ([M]+): 672.2,
found: 672.2.

4,4’-(8 H-Indeno[2,1-b]thiophene-2,6-diyl)bis(N,N-diphenyla-
niline) (13)

Compound 12 (0.64 g, 0.95 mmol) was added to a solution of AlCl3

(0.39 g, 2.93 mmol) and BH3tBuNH2 (0.53 g, 6.14 mmol) in anhy-
drous CH2Cl2 (6 mL) at 0 8C. After 4 h, the mixture was extracted
with H2O (10 mL) and CH2Cl2 (10 mL � 3). The combined organic
layer was dried over MgSO4, filtered through a filter paper, and
concentrated to give the crude mixture. The crude mixture was pu-
rified by flash column chromatography (silica gel, 20 % CH2Cl2/hex-
anes) to give a pale yellow solid 13 (0.29 g, 0.44 mmol, 46 %). M.p. :
173–174 8C. 1H NMR (400 MHz, CDCl3): d= 7.69 (s, 1 H), 7.55–7.50
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(m, 6 H), 7.41 (s, 1 H), 7.28 (t, J = 7.8 Hz, 8 H), 7.16–7.13 (m, 10 H),
7.10 (d, J = 8.4 Hz, 2 H), 7.07–7.02 (m, 4 H), 3.90 ppm (s, 2 H).
13C NMR (100 MHz, CDCl3): d= 148.4, 148.0, 147.9, 147.73, 147.72,
147.47, 147.46, 147.15, 147.11, 142.8, 138.4, 137.3, 135.7, 129.5,
129.5, 127.9, 126.7, 125.6, 124.7, 124.5, 124.3, 124.0, 123.3, 123.1,
119.4, 113.8, 35.0 ppm. MS-LR-EI : calcd for C47H34N2S ([M]+): 658.2,
found: 658.2.

(Z)-5’-((2,6-Bis(4-(diphenylamino)phenyl)-8 H-indeno[2,1-
b]thiophen-8-ylidene)methyl)-[2,2’-bithiophene]-5-carbalde-
hyde (14)

Compound 13 (0.29 g, 0.44 mmol) and KOtBu (0.54 g, 0.49 mmol)
in anhydrous THF (4 mL) and MeOH (2 mL) were added to an
oven-dried Schlenk flask under a nitrogen atmosphere. Thiophene-
2,5-dicarbaldehyde (0.10 g, 0.44 mmol) in anhydrous THF (4 mL)
was added and stirred under ultrasonic irradiation conditions for
3 h. The crude mixture was added to water (5 mL), and then ex-
tracted with CH2Cl2 (5 mL) three times. The combined organic layer
was washed with brine, dried over MgSO4, filtered through a filter
paper, and concentrated to give the crude mixture. The crude mix-
ture was purified by flash column chromatography (silica gel, 67 %
CH2Cl2/hexanes) to give 14 as a dark-red oil (0.14 g, 0.16 mmol,
37 %). 1H NMR (500 MHz, CDCl3): d= 9.77 (s, 1 H), 7.69 (s, 1 H), 7.55
(d, J = 2.4 Hz, 1 H), 7.47–7.45 (m, 4 H), 7.38–7.32 (m, 3 H), 7.28–7.26
(m, 3 H), 7.23–7.20 (m, 8 H), 7.12–7.06 (m, 10 H), 7.02–6.97 ppm (m,
7 H). 13C NMR (125 MHz, CDCl3): d= 182.6, 150.6, 150.0, 148.1, 147.9,
147.5, 147.3, 146.7, 143.4, 142.2, 141.8, 138.1, 137.9, 137.5, 135.6,
134.9, 134.1, 131.5, 131.3, 129.6, 129.5, 128.4, 127.8, 127.0, 126.9,
126.5, 125.0, 124.8, 124.6, 124.2, 123.6, 123.4, 123.1, 119.5, 118.5,
115.3, 114.3 ppm. MS-LR-FAB: calcd for C57H38N2OS3 ([M]+): 862.2,
found: 862.2.

(E)-3-(5’-((Z)-(2,6-Bis(4-(diphenylamino)phenyl)-8 H-
indeno[2,1-b]thiophen-8-ylidene)methyl)-[2,2’-bithiophen]-5-
yl)-2-cyanoacrylic acid (IDT5)

A solution of compound 14 (140 mg, 0.16 mmol), cyanoacetic acid
(28 mg, 0.33 mmol), and ammonium acetate (13 mg, 0.16 mmol) in
acetic acid (5 mL) was stirred at 105 8C under a nitrogen atmos-
phere for 12 h. The crude mixture was filtered through a glass
filter, and washed with acetic acid to give the crude mixture. The
crude mixture was purified by flash column chromatography (silica
gel, 2 % acetic acid/CH2Cl2) to give IDT5 (120 mg, 0.13 mmol, 82 %)
as a black solid. M.p. : 268–269 8C. 1H NMR (400 MHz, [D8]THF): d=
8.35 (s, 1 H), 8.11 (s, 1 H), 7.86–7.82 (m, 2 H), 7.69–7.64 (m, 5 H), 7.62
(d, J = 3.6 Hz, 1 H), 7.55–7.53 (m, 3 H), 7.30–7.24 (m, 8 H), 7.15–
6.99 ppm (m, 17 H). 13C NMR (100 MHz, [D8]THF): d= 151.73, 150.82,
149.12, 149.10, 149.00, 148.71, 148.62, 148.26, 146.10, 145.72,
144.71, 142.70, 139.72, 139.03, 139.01, 136.82, 135.88, 134.84,
133.18, 132.15, 130.37, 130.24, 129.66, 128.64, 128.11, 127.66,
127.64, 126.97, 126.25, 125.72, 125.42, 125.23, 124.41, 124.36,
123.85, 120.30, 119.65, 117.13, 116.97, 115.42 ppm. MS-HR-FAB:
calcd for C60H39N3O2S3 ([M]+): 929.2204, found: 929.2197. Elemental
analysis calcd (%) for C60H39N3O2S3: C 77.47, H 4.23, N 4.52; found:
C 77.47, H 4.37, N 4.52.
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Solar Cell Sensitizers
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Metal-Free Indeno[2,1-b]thiophene-
Based Sensitizers for Dye-Sensitized
Solar Cells

Anchoring thiophenes : A series of
indeno[2,1-b]thiophene-containing or-
ganic dyes (IDT1–IDT5) has been em-
ployed as sensitizers for dye-sensitized
solar cells, and the UV/Vis spectra are
measured beyond 700 nm. Among
them, dyes IDT3–IDT5 with the thio-
phene unit conjugated with an anchor
have better light harvesting and higher
JSC values. Furthermore, IDT5 with che-
nodeoxycholic acid (CDCA) as the co-
adsorbent has the highest power con-
version efficiency (5.06 %), which is 68 %
of the standard device based on N719
dye.
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