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Organic dyes with the oligohexylthiophene linkage having several donor parts, carbazole, indole, and
indoline, were newly synthesized as sensitizers for dye-sensitized solar cells. The carbazole was most
efficient donor moiety for DSSCs among these dyes with the oligothiophene linkage. Carbazole dyes were
adsorbed with larger amount of molecules on the TiO2 film than both indole dyes and indoline dyes.
Therefore, both the VOC and the electron lifetime of DSSCs with the carbazole dyes were highly observed.
The decreasing of JSC of DSSCs with indole and indoline dyes also caused by the reducing the adsorption
amount of dyes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Dye-sensitized solar cells (DSSCs) based on ruthenium
complexes have attracted a great deal of interest since 1991 as they
have the potential for low cost production and high efficiency [1].
Compared with ruthenium complexes [2e6] organic dyes, by virtue
of their higher molar extinction coefficients and easier procedures
for preparation and purification at low cost, are attractingmore and
more interest for application in DSSCs. Many kinds of organic dyes
with anticipated power conversion efficiency (h) have been
developed as sensitizers in DSSCs so far [7e26].

We have reported a series of dye molecules based on carbazole
donor and alkyl-functionalized oligothiophenes as p-conjugation
linkage for efficient DSSCs in our previous work (MK dyes) [27e31].
We proved that the existence of long alkyl chains on the oligo-
thiophene linkage of the dye molecule can increase the electron
lifetime and the open-circuit voltage by suppressing the aggrega-
tion of the dyes and electron recombination. However, the DSSCs
nced Industrial Science and
ogy, 1-1-1 Higashi, Central 5,
1 9322; fax: þ81 (0) 29 861

a).

All rights reserved.
based on MK dyes exhibited the relatively low short-circuit current
density compared with other efficient organic dyes because of
weak light harvesting ability in the long wavelength region
(650e750 nm) due to the weak donor ability of carbazole. The
absorptionmaxima ofMK dyes, which are observed around 480 nm
in 20%THFetoluene, were shown in shorter wavelength than those
of organic dyes with a relatively strong donor of electron, such as
coumarin (lmaxw 510 nm) [7], indoline (lmaxw 550 nm) [9] based
dyes. Molecular design of dyes having long wavelength of absorp-
tion maxima will be necessary for improving light harvesting
efficiency at longer wavelength up to 800 nm, and consequently
solar-cell performance. To obtain organic dyes with the long
wavelength of absorption maxima and the blocking effect caused
by alkyl chains, new series of organic dyes with a strong donor and
an oligoalkylthiophene linkage were designed. In this study, we
have newly synthesized nine organic dyes (MK-75, 79e86) based
on three kinds of donor part (carbazole, indole, and indoline
moiety) and cyanoacrylic acid acceptor part connected by a bi-3-n-
hexylthiophene linkage, and investigated the photovoltaic perfor-
mances of the DSSCs based on these dyes, described in Fig. 1. Until
now no systematic studies have been done to search the donor
moiety suitable for the oligothiophene linkage. Therefore, we first
tried to find the relation between the donor ability of these dyes
and their photovoltaic performances of DSSCs based on these dyes.
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MK-79: carbazole, R = Ph
MK-80: carbazole, R = PhOMe

MK-81: indole, R = Et
MK-82: indole, R = Ph
MK-83: indole, R = PhOMe

MK-84: indoline, R = Et
MK-85: indoline, R = Ph
MK-86: indoline, R = PhOMe

Fig. 1. Molecular structures of oligohexylthiophene based organic dyes for DSSCs.
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Although the light harvesting ability of a dye was decreased around
650e750 nm area, a bi-3-n-hexylthiophene moiety was selected as
the linkage because of facile syntheses of these dyes.
2. Results and discussion

Syntheses of dyes having a carbazole donor were accomplished
by repeated bromination and SuzukieMiyaura coupling reactions,
Vilsmeier formylation, and Knoevenagel condensation starting
from an N-substituted bromocarbazole as depicted in the previous
report [27,31]. A 3-bromoindole donor, which was a starting
compound, was constructed by Fischer-indole-synthesis method.
After an introduction of a first n-hexylthiophene by Suzu-
kieMiyaura coupling into 3-bromoindole, a second thiophene was
introduced by Mori’s method [32] using a 5-iodo-3-n-hexylth-
iophene-2-carbaldehyde precursor because of unsuccessful
bromination of the thiophene ring by N-bromosuccinimide.
N-arylindoline dyes were synthesized by repeated bromination and
SuzukieMiyaura coupling, formylation by n-BuLi and N-for-
mylpiperidine, and Knoevenagel reaction. The N-ethylindoline
based dye was synthesized through the similar scheme of indole
based dyes. The detailed experiments for the syntheses of these
dyes are described in Supplementary data.

Table 1 summarized the results of absorption properties of these
dyes in 20%THFetoluene solution. All dyes exhibit the moderate
molar absorption coefficients ( 3, w39,000) as well as reported MK
Table 1
Absorption properties of dyes.a

Dye Donor R lmax/nm 3/M�1 cm�1

MK-75 Carbazole Et 474 35,900
MK-79 Carbazole Ph 473 38,900
MK-80 Carbazole MeOPh 472 33,900
MK-81 Indole Et 472 28,200
MK-82 Indole Ph 471 35,600
MK-83 Indole MeOPh 474 39,100
MK-84 Indoline Et 513 31,800
MK-85 Indoline Ph 498 34,000
MK-86 Indoline MeOPh 509 34,100

a UV spectrum of each dye was measured in 20%THFetoluene solution through
a 1 mm cell, respectively.
dyes regardless of the donor structure. Absorption maxima (lmax)
of dyes were varied: indoline (w509 nm)> indole¼ carbazole
(w474 nm), which could be explained by the strength of electron
donor ability of dyes.

Fig. 2 shows the action spectra of incident photon-to-current
conversion efficiency (IPCE) for DSSCs with these dyes, which was
categorized by the substitution at the N-position of donor parts; (a)
N-ethyl carbazole MK-75, indole MK-81, and indoline MK-84, (b)
N-phenyl carbazole MK-79, indole MK-82, indoline MK-85, (c)
N-anisyl carbazole MK-80, indole MK-83, indoline MK-86. The
onset wavelength of IPCE spectra for DSSCs based on the indoline
dyes, MK-84, -85, and -86 were shifted to the longer wavelength
(w40 nm) than those for the carbazole and indole dyes, suggesting
the increased donor ability of the indoline moiety. The IPCE values
more than 70% were observed in the range of 400e550 nm for the
DSSC based on all carbazole dyes MK-75, -79, and -80, while the
maximum values of IPCE for indole dyes MK-81, -82, and -83 were
slightly decreased. On the other hand, the IPCE values of DSSCs
based on the indoline dyes, MK-84, -85, and -86 were drastically
decreased. These results indicated the shorter electron lifetime in
TiO2 of DSSCswith indoline dyes than those of carbazole dyes or the
slower reduction rate of the indoline dye-cations from I� in the
electrolyte than those of the carbazole dye-cations. The IPCE
spectra of DSSCs with each carbazole dye, which are depicted in
Fig. 2(d), were similarly observed. The slightly long wavelength
shift of the onset of the IPCE for MK-75 was caused by the slightly
stronger donor ability of the ethyl group on the nitrogen atom than
those of N-aryl-substituted carbazole parts.

The photovoltaic performances of DSSCs employing these dyes
under one sun conditions with thin-film TiO2 electrodes (around
6 mm) are summarized in Table 2. As expected from the IPCE results,
both of JSC and VOC for the DSSCs based on carbazole dyes were
much higher than those for DSSCs based on indole and indoline
dyes. Over 5% of the photon-to-current conversion efficiencies of
DSSCs based on carbazole dyes were recorded under one sun
conditions. Among the carbazole dyes, the JSC values were influ-
enced by the strength of the electron donation of N-substituent, Et
(MK-75)> Ph (MK-79)zMeOPh (MK-80), corresponding with the
IPCE results. The decreasing of VOC values of DSSCs based on the
indole and indoline dyes compared with those of DSSCs with the
carbazole dyes could be caused by the increasing the charge
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Fig. 2. IPCE spectra of DSSCs with dyes of N-anisyl substituted carbazole (red), indole (blue), and indoline (black) donor parts (a) forMK-75, -81 and -84, (b) forMK-79, -82, and -85,
(c) for MK-80, -83, and -86. (d) IPCE spectra of DSSCs with carbazole dyes, MK-75, -79, and -80. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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recombination from TiO2 to dye-cations and/or I3�. The difference of
the VOC values is simply explained by the difference of the electron
lifetimes in the DSSCs (Fig. 3(a)), because the potential difference
between the conduction band edge of TiO2 (ECB) and I�/I3� (Eredox),
was not changed by these dyes (Fig. 3(b)). The electron lifetimes in
DSSCs based on the indole and indoline dyes were lower than those
in the DSSCs with the carbazole dyes. Especially, the electron life-
time in the DSSC/MK-84 was observed to be lowest among these
dyes. The trend of the electron lifetimes was corresponded with the
results of the adsorption amount of dye molecules (Table 3 and
Table 2
Photovoltaic performances of DSSCsa and the adsorption amount of dyes on TiO2

films.

Dye ub/mm JSC/mA cm�2 VOC/V FF h/% Gc/�10�4

mol cm�3
( JSC/u)/Gd/�108

mAmol�1

MK-75 6.1 10.2 0.77 0.65 5.1 1.2 1.4
MK-79 5.9 9.71 0.76 0.72 5.3 1.3 1.3
MK-80 5.7 9.73 0.77 0.72 5.4 1.5 1.1
MK-81 6.1 7.63 0.64 0.72 3.5 0.73 1.7
MK-82 5.7 6.89 0.69 0.75 3.6 0.99 1.2
MK-83 6.0 8.00 0.67 0.72 3.9 0.93 1.4
MK-84 5.7 8.74 0.57 0.74 3.7 0.69 2.2
MK-85 5.9 7.82 0.65 0.66 3.4 0.89 1.5
MK-86 6.1 6.22 0.69 0.70 3.0 0.92 1.1

a Incident light: AM 1.5G (100 mWcm�2) with a mask (0.2399 cm2) and without
an anti-reflection film. Electrolyte: 0.6 M DMPImIþ 0.1 M LiIþ 0.05 M I2þ 0.5 M
TBP in acetonitrile. TiO2 electrode: film thickness around 6 mm.

b TiO2 thickness.
c G is the adsorption amount of the dye on the TiO2 film.
d JSC values for a mole of adsorbed dye molecules.
Fig. 3(a)). In both case of indole and indoline dyes, the blocking
effect by the hexyl-chains could be insufficient to suppress the
recombination of electron in the TiO2 electrode to the electrolyte
because of the small amount of the adsorbed dyes. In other words,
the physical blocking by the alkyl chains on the oligothiophene
linkage to retard the approaching I3� to the TiO2 surface is appeared
to be effective when a large amount of dye molecules is adsorbed
on the TiO2 surface.

The results of JSC values for DSSCs with these dyes can be
partially explained by the adsorption amount of the dyes on the
TiO2 film. The relatively low amount of dye-uptake on the TiO2
nanoparticles originally caused the low photo-to-current conver-
sion and the loss of electron in the TiO2 electrode due to the charge
recombination from TiO2 to I3�. However, the differences of JSC value
was not exactly corresponded with the adsorption amount of dye
molecules. According to the tentative JSC values for a mole of dye-
sensitizers ((JSC/u)/G), shown in Table 2, the ethyl substituted
indoline dye (MK-84) was most efficient for photo-to-current
conversion, because the good absorption property at the long
wavelength (w750 nm) was exhibited in the IPCE spectrum by the
high donor ability. However, the energy conversion efficiency of the
DSSC/MK-84 was relatively low due to the highest charge recom-
bination, which was discussed above.

The IeV curves in both light and dark conditions were described
in Fig. 4(a)e(c), and all dark IeV curves are shown in Fig. 4(d). As
the results that the similar trend of the dark IeV curves was
obtained with that of the electron lifetimes under light conditions
(Fig. 3(a)), the charge recombination pathway of the electron in
TiO2 could be mainly toward I3�, not dye-cations. However, for



Fig. 3. (a) Electron lifetimes and (b) open-circuit voltage as a function of electron density in DSSCs.
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indoline dyes MK-85 and -86 shown in Fig. 4(c), those dark and
light IeV curves have cross points around the �0.2 mA cm�2,
respectively. This result suggested that the charge recombination
from TiO2 to dye-cations partially occurred. We also measured the
cyclic voltammetry [33] of dye-loaded TiO2 films and compared the
HOMOeLUMO energy level of each dye on TiO2 nanoparticles,
depicted in Table 3. Note that the HOMO levels of the indoline dyes
were more negative shifted than those of the carbazole and indole
dyes. This result suggests a possibility of the slower reduction from
I� to the dye-cations of the indoline dyes compared with those of
the other dyes because the HOMO levels of the indoline dyes are
close to the potential of I�/I3� (Eredox) [34,35]. In the case of the DSSC
with MK-84, the charge recombination from TiO2 to dye-cations
could not be observed from the corresponded dark IeV curve
(Fig. 4(c)) in spite of the negative shift of the HOMO energy level of
a dye-loaded TiO2 film. This result might be also explained by the
low adsorption amount of dye molecules on a TiO2 film.

3. Conclusions

To investigate the structural modification of dyes for DSSCs with
the oligo-n-hexylthiophene linkage to enhance the absorption
wavelength, we have synthesized the nine organic dyes having the
bi-3-n-hexylthiophene unit, respectively, which have the different
donor part, carbazole, indole, and indoline moieties. Although the
indoline dyes with an oligothiophene linkage have potential
Table 3
Electrochemical properties of MK dyes.a

Dye EHOMO

(V vs. NHE)
Gap
(V)

ELUMO
b

(V vs. NHE)

MK-75 0.92 1.94 �1.02
MK-79 0.97 2.09 �1.12
MK-80 1.08 2.08 �1.00
MK-81 1.12 2.07 �0.95
MK-82 1.01 2.07 �1.06
MK-83 0.95 2.10 �1.15
MK-84 0.66 1.92 �1.26
MK-85 0.75 1.92 �1.17
MK-86 0.67 1.88 �1.21

a The formal oxidation potential of the dyes were measured under the following
conditions: dye-coated TiO2 electrode (thickness: ca. 1.5 mm) as the working elec-
trode, a Pt counter electrode, and a Ag/Agþ reference electrode (0.01 M AgNO3 and
0.1 M tetrabutylammonium perchlorate in acetonitrile) in 0.1 M LiClO4/acetonitrile.
Potentials measured vs. Fc/Fcþwere converted to NHE by addition ofþ0.63 V, which
were taken as HOMO.

b The LUMO were calculated with the expression of LUMO¼HOMO� gap, where
the gap were derived from the absorption onset wavelength of the dye-loaded film.
properties for the light absorption at the long wavelength region as
expected because of the higher donor ability than those for
carbazole and indole dyes, the photo-to-current energy conversion
efficiencies of DSSCs with indoline dyes were unfortunately worse
than those for DSSC based on carbazole dyes due to decreasing the
adsorption amount of dye molecules. Recently we have reported
that the surface coverage on the TiO2 electrode was very important
for the achievement of efficient DSSCs by the changing of the alkyl-
chain length on the oligothiophene linkage [36]. To obtain the
efficient DSSCs with indoline dyes we have to improve the surface
coverage on TiO2 by increasing the adsorption amount of dye
molecules or using a co-adsorbate. Additionally, the negative shift
of HOMO energy levels of the indoline dyes close to the redox
potential of electrolyte may cause the slow reduction of dye-cations
from I�. To obtain efficient DSSCs based on organic dyes with an
oligothiophene linkage having an absorption property at the long
wavelength region, the TiO2 surface engineering with respect to the
chemical structures of dye molecules should be particularly taken
into consideration without harmful effects on the photovoltaic
performances.
4. Experimental

4.1. General procedure

Reagents and starting materials were purchased from Wako
Chemicals, Kanto Chemicals, Tomiyama Pure Chemical Industries
Ltd., Aldrich, Tokyo Chemical Industry Co., Ltd., and/or Merck and
used without further purification. The solvents ware distilled and
dried, if necessary, by standard methods. Column chromatography
of all products was performed on silica gel (Kanto, Silica Gel 60N,
spherical, 40e50 mm), and most of organic compounds were finally
purified by the preparative HPLC (YRU-880 detector from SHIMA-
MURA Tec.) on silica gel (TOSOH, TSKgel Silica-60). The solvents
ware distilled and dried, if necessary, by standard methods. 1H NMR
and 13C NMR spectra were recorded on a Bruker Avance 400
(400 MHz). Chemical shifts were reported as d values (ppm) relative
to CDCl3 or THF-d8. The splitting patterns are designated as follows:
s (singlet); d (doublet); t (triplet); q (quartet); m (multiplet) and br
(broad). Absorption spectra were measured with a SHIMADZU
UV-3101PC. The oxidation potential of the dye adsorbed on a TiO2
film (thickness: ca. 1.5 mm) was measured by cyclic voltammetry
using a dye-coated TiO2 electrode as the working electrode, a Pt
counter electrode, and a Ag/Agþ reference electrode (0.01 M AgNO3
and 0.1 M tetrabutylammonium perchlorate in acetonitrile (AN)) in



Fig. 4. IeV curves for DSSCs with nine dyes under the illumination of 100 mWcm�2 AM 1.5G simulated light and the dark condition. (a) carbazole dyes, (b) indole dyes, (c) indoline
dyes, and (d) dark IeV curves for all.
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0.1 M LiCO4/AN. The measurements were performed with an elec-
trochemical analyzer (HOKUTO DENKO, HZ-3000). The potential
was calibrated against the ferrocene redox couple. Infrared spectra
were measured with a PerkinElmer Spectrum One in ATR modes.
MS (MALDI-TOF) analyses were measured by a Applied Biosystems
Voyager-DE PRO. HRMS (ESI) analyses were measured by a API
QSTAR Pulsar i.

4.2. Physical data of dyes

4.2.1. 2-Cyano-3-[50-(9-ethyl-9H-carbazol-3-yl)-30,4-di-n-hexyl-
[2,20]bithiophen-5-yl]acrylic acid, MK-75

1H NMR (400 MHz, THF-d8) d 8.41 (s, 1H), 8.16 (d, J¼ 7.6 Hz, 1H),
7.73 (d, J¼ 7.5 Hz, 1H), 7.49e7.42 (m, 3H), 7.35 (s, 1H), 7.22e7.19 (m,
2H), 4.40 (q, J¼ 5.5 Hz, 2H), 2.90 (t, J¼ 7.6 Hz, 2H), 2.82 (t, J¼ 7.6 Hz,
2H), 1.80e1.64 (m, 4H), 1.55e1.30 (m, 15H), 0.95e0.91 (m, 6H), 13C
NMR (100 MHz, THF-d8) d 165.0, 155.4, 146.9, 145.6, 144.5, 143.4,
141.5,140.8,130.1,128.9,128.7,127.5,126.8,126.6,125.5,124.4,124.4,
123.8,121.3, 120.0,118.2,109.8,109.7, 97.7, 38.2, 32.7, 32.6, 32.1, 31.4,
31.2, 30.3, 29.9, 29.5, 23.5, 23.5,14.5,14.5,14.1, FT-IR nmax (ATR) 2923,
2856, 2213, 1677, 1557, 1539, 1488, 1447, 1404, 1230, 1197 cm�1,
HRESIMSm/z 621.2597 [M�H]�, Calcd for C38H42N2O2S2: 621.2609.

4.2.2. 2-Cyano-3-[30,4-di-n-hexyl-50-(9-phenyl-9H-carbazol-3-yl)-
[2,20]bithiophen-5-yl]acrylic acid, MK-79

1H NMR (400 MHz, THF-d8) d 8.52 (s, 1H), 8.42 (s, 1H), 8.24
(d, J¼ 7.8 Hz, 1H), 7.74 (dd, J¼ 8.6, 1.7 Hz, 1H), 7.69e7.62 (m, 4H),
7.52 (t, J¼ 7.1 Hz, 1H), 7.44e7.39 (m, 4H), 7.31e7.27 (m, 2H), 2.95
(t, J¼ 8.0 Hz, 2H), 2.87 (t, J¼ 7.6 Hz, 2H), 1.83e1.67 (m, 4H),
1.58e1.51 (m, 2H), 1.45e1.36 (m, 10H), 0.95e0.91 (m, 6H), 13C NMR
(100 MHz, THF-d8) d 164.6, 155.5, 146.6, 145.6, 144.7, 143.5, 142.4,
141.7, 138.4, 130.9, 130.2, 128.9, 128.6, 127.9, 127.8, 127.2, 127.1, 126.8,
125.0, 124.8, 124.3, 121.3, 121.2, 118.3, 111.0, 110.7, 97.6, 32.7, 32.6,
32.2, 31.4, 31.2, 30.3, 29.9, 29.5, 23.53, 23.46, 14.5, 14.4, FT-IR nmax
(ATR) 2931, 2853, 2211, 1683, 1567, 1539, 1487, 1407, 1230,
1200 cm�1, HRESIMS m/z 669.2585 [M�H]�, Calcd for C42H42N2
O2S2: 669.2609.

4.2.3. 2-Cyano-3-{30,4-di-n-hexyl-50-[9-(4-methoxyphenyl)-9H-
carbazol-3-yl]-[2,20]bithiophen-5-yl}acrylic acid, MK-80

1H NMR (400 MHz, THF-d8) d 8.46 (s, 1H), 8.41 (s, 1H), 8.21
(d, J¼ 7.6 Hz, 1H), 7.67 (d, J¼ 7.2 Hz, 1H), 7.45 (d, J¼ 5.5 Hz, 2H),
7.40e7.36 (m, 2H), 7.30e7.24 (m, 3H), 7.19e7.15 (m, 3H), 3.88 (s, 3H),
2.89 (t, J¼ 7.7 Hz, 2H), 2.82 (t, J¼ 7.6 Hz, 2H), 1.80e1.64 (m, 4H),
1.57e1.50 (m, 2H), 1.41e1.35 (m, 10H), 0.95e0.91 (m, 6H), 13C NMR
(100 MHz, THF-d8) d 165.0, 160.3, 155.3, 146.5, 145.4, 144.5, 143.3,
142.8,142.0,130.7,130.2,129.2,128.9,127.5,127.1,126.8,126.5,124.6,
124.0,121.2,120.9,118.1,115.9,110.8,110.6, 97.9, 55.8, 32.7, 32.6, 32.1,
31.3, 31.2, 30.3, 29.9, 29.5, 23.6, 23.5, 14.52, 14.48, FT-IR nmax (ATR)
2923, 2851, 2210, 1682, 1566, 1512, 1486, 1407, 1243 cm�1, HRESIMS
m/z 699.2735 [M�H]�, Calcd for C43H44N2O3S2: 699.2715.

4.2.4. 2-Cyano-3-[50-(4-ethyl-1,2,3,4-tetrahydrocyclopenta[b]indol-
7-yl)-30,4-di-n-hexyl-[2,20]bithiophen-5-yl] acrylic acid,MK-81

1H NMR (400 MHz, THF-d8) d 8.41 (s, 1H), 7.69 (s, 1H), 7.40
(d, J¼ 8.6 Hz, 1H), 7.32 (d, J¼ 8.6 Hz, 1H), 7.29 (s, 1H), 7.23 (s, 1H),
4.14 (q, J¼ 7.2 Hz, 2H), 2.94e2.84 (m, 8H), 2.59e2.52 (m, 2H),
1.81e1.67 (m, 4H), 1.57e1.50 (m, 2H), 1.43e1.35 (m,13H), 0.95e0.91
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(m, 6H), 13C NMR (100 MHz, THF-d8) d 164.6, 155.6, 148.1, 147.7,
146.0, 144.6, 143.5, 141.7, 130.0, 128.2, 127.5, 126.3, 125.9, 125.3,
118.9, 118.8, 117.0, 116.6, 110.6, 97.3, 40.1, 32.7, 32.6, 32.2, 31.4, 31.7,
30.3, 29.9, 29.5, 29.2, 25.8, 25.6, 23.5, 23.5,15.9, 14.5, 14.4, FT-IR nmax
(ATR) 2925, 2854, 2212, 1681, 1568, 1490, 1407, 1244, 1212 cm�1,
HRESIMSm/z 611.2741 [M�H]�, Calcd for C37H44N2O2S2: 611.2766.

4.2.5. 2-Cyano-3-[30,4-di-n-hexyl-50-(4-phenyl-1,2,3,4-
tetrahydrocyclopenta[b]indol-7-yl)-[2,20]bithiophen-5-yl]acrylic
acid, MK-82

1H NMR (400 MHz, THF-d8) d 8.41 (s, 1H), 7.77 (s, 1H), 7.57e7.50
(m, 4H), 7.42 (s, 2H), 7.39e7.34 (m, 2H), 7.25 (s, 1H), 2.95e2.91
(m, 6H), 2.87 (t, J¼ 7.6 Hz, 2H), 2.61e2.54 (m, 2H), 1.81e1.67
(m, 4H), 1.57e1.50 (m, 2H), 1.44e1.35 (m, 10H), 0.95e0.91 (m, 6H),
13C NMR (100 MHz, THF-d8) d 164.6, 155.5, 147.7, 147.4, 145.8, 144.6,
143.5,142.0,139.7,130.4,130.1,128.6,127.7,127.3,126.7,126.6,125.5,
125.5, 121.5, 119.8, 117.0, 116.7, 111.9, 97.4, 32.7, 32.6, 32.2, 31.4, 31.2,
30.3, 29.9, 29.5, 29.1, 26.8, 25.8, 23.52, 23.46, 14.5, 14.4, FT-IR nmax
(ATR) 2922, 2853, 2212, 1683, 1566, 1491, 1407, 1237, 1089 cm�1,
HRESIMS m/z 659.2757 [M�H]�, Calcd for C41H44N2O2S2:
659.2766.

4.2.6. 2-Cyano-3-{30,4-di-n-hexyl-50-[4-(4-methoxyphenyl)-
1,2,3,4-tetrahydrocyclopenta[b]indol-7-yl]-[2,20]bithiophen-5-yl}
acrylic acid, MK-83

1H NMR (400 MHz, THF-d8) d 8.40 (s, 1H), 7.75 (s, 1H), 7.40e7.38
(m, 3H), 7.32e7.28 (m, 2H), 7.23 (s, 1H), 7.09 (d, J¼ 8.6 Hz, 2H), 3.86
(s, 3H), 2.94e2.83 (m, 8H), 2.59e2.52 (m, 2H), 1.80e1.66 (m, 4H),
1.57e1.50 (m, 2H), 1.44e1.35 (m, 10H), 0.94e0.92 (m, 6H), 13C NMR
(100 MHz, THF-d8) d 164.6, 159.6, 155.5, 148.0, 147.6, 145.9, 144.6,
143.5,142.5,132.3,130.1,128.5,127.6,127.1,126.6,126.4,126.2,120.7,
119.5, 117.0, 116.6, 115.5, 111.7, 97.3, 55.7, 32.7, 32.6, 32.2, 31.4, 31.2,
30.3, 29.9, 29.5, 29.1, 26.5, 25.6, 23.53, 23.46, 14.5, 14.4, FT-IR nmax
(ATR) 2926, 2853, 2211,1682,1567,1512,1489,1407,1241,1033 cm�1,
HRESIMSm/z689.2880 [M�H]�, Calcd for C42H46N2O3S2: 689.2872.

4.2.7. 2-Cyano-3-[50-(4-ethyl-1,2,3,3a,4,8b-hexahydrocyclopenta
[b]indol-7-yl)-30,4-di-n-hexyl-[2,20]bithiophen-5-yl]acrylic acid,
MK-84

1H NMR (400 MHz, THF-d8) d 8.40 (s, 1H), 7.31e7.29 (m, 2H), 7.17
(s,1H), 7.10 (s,1H), 6.30 (d, J¼ 8.4 Hz,1H), 4.29 (t, J¼ 6.6 Hz,1H), 3.73
(t, J¼ 7.9 Hz, 1H), 3.38e3.17 (m, 2H), 2.90e2.83 (m, 4H), 2.07e1.98
(m, 1H), 1.91e1.88 (m, 1H), 1.77e1.65 (m, 6H), 1.56e1.49 (m, 2H),
1.42e1.31 (m, 12H), 1.16 (t, J¼ 7.1 Hz, 3H), 0.94e0.91 (m, 6H), 13C
NMR (100 MHz, THF-d8) d 165.0, 155.4, 153.0, 147.6, 146.0, 144.6,
143.3,135.3, 129.8,127.1, 127.0, 126.5,124.9,122.8,122.4,117.1, 105.6,
97.3, 69.2, 46.5, 41.3, 40.6, 36.1, 34.2, 32.7, 32.6, 32.2, 31.3, 31.2, 30.2,
29.9, 29.5, 23.5, 23.5, 14.5, 14.4, 12.1, FT-IR nmax (ATR) 2927, 2854,
2209,1676,1610,1561,1484,1456,1406,1346,1290,1241,1211 cm�1,
HRESIMSm/z 613.2935 [M�H]�, Calcd for C37H46N2O2S2: 613.2922.

4.2.8. 2-Cyano-3-[30,4-di-n-hexyl-50-(4-phenyl-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indol-7-yl)-[2,20]bithiophen-5-yl]acrylic
acid, MK-85

1H NMR (400 MHz, THF-d8) d 8.47 (s, 1H), 7.47 (s, 1H), 7.37e7.33
(m, 5H), 7.21 (d, J¼ 3.1 Hz, 2H), 7.00e6.96 (m, 2H), 4.91
(t, J¼ 6.6 Hz, 1H), 3.89 (t, J¼ 7.7 Hz, 1H), 2.92e2.84 (m, 4H),
2.17e2.06 (m, 1H), 1.95e1.84 (m, 3H), 1.79e1.66 (m, 6H), 1.58e1.31
(m, 12H), 0.95e0.91 (m, 6H), 13C NMR (100 MHz, THF-d8) d 164.8,
155.5, 148.6, 146.6, 145.9, 144.6, 143.5, 143.4, 136.9, 130.0, 130.0,
127.8, 127.4, 125.9, 125.7, 125.2, 122.9, 122.6, 120.4, 117.1, 108.5, 97.3,
69.9, 46.2, 35.9, 34.5, 32.7, 32.6, 32.2, 31.3, 31.2, 30.3, 29.9, 29.5, 25.1,
23.5, 23.5, 14.5, 14.5, FT-IR nmax (ATR) 2923, 2855, 2210, 1679, 1592,
1563, 1487, 1450, 1404, 1373, 1241, 1214 cm�1, HRESIMS m/z
661.2931 [M�H]�, Calcd for C41H46N2O2S2: 661.2922.
4.2.9. 2-Cyano-3-{30,4-di-n-hexyl-50-[4-(4-methoxyphenyl)-
1,2,3,3a,4,8b-hexahydrocyclopenta[b]indol-7-yl]-[2,20]bithiophen-
5-yl}acrylic acid, MK-86

1H NMR (400 MHz, THF-d8) d 8.40 (s, 1H), 7.40 (s, 1H), 7.28 (dd,
J¼ 8.3, 1.2 Hz, 1H), 7.22 (d, J¼ 9.0 Hz, 2H), 7.16 (s, 1H), 7.13 (s, 1H),
6.93 (d, J¼ 9.0 Hz, 2H), 6.64 (d, J¼ 8.4 Hz,1H), 4.81 (t, J¼ 7.2 Hz,1H),
3.82 (t, J¼ 9.0 Hz, 1H), 3.78 (s, 3H), 2.89e2.81 (m, 4H), 2.13e2.01
(m, 1H), 1.90e1.86 (m, 2H), 1.77e1.66 (m, 7H), 1.60e1.47 (m, 3H),
1.42e1.30 (m, 11H), 0.94e0.89 (m, 6H), 13C NMR (100 MHz, THF-d8)
d 165.0, 156.9, 155.4, 150.3, 146.9, 145.9, 144.6, 143.3, 136.5, 136.2,
129.9,127.4, 127.2, 126.1, 125.3,124.2, 123.9,122.8,117.2, 115.4,107.3,
97.3, 70.7, 55.6, 46.3, 36.1, 34.3, 32.7, 32.6, 32.1, 31.3, 31.2, 30.3, 29.9,
29.5, 25.0, 23.5, 23.5, 14.5, 14.4, FT-IR nmax (ATR) 2927, 2855, 2211,
1682, 1604, 1564, 1508, 1488, 1405, 1376, 1237, 1217 cm�1, HRESIMS
m/z 691.3050 [M�H]�, Calcd for C42H48N2O3S2: 691.3028.

4.3. Preparation of dye-sensitized TiO2 electrodes

Nanocrystalline TiO2 photoelectrodes were prepared by a screen
printing technique. An organic TiO2 paste for screen printing was
purchased from SOLARONIX (T20/SP). The TiO2 paste was printed
on a glass substrate coated with transparent conducting oxide
(TCO, F-doped SnO2) and subsequently sintered at 500 �C in air for
1 h, and deposited aqueous TiCl4, followed by heat treatment
(450 �C, 30 min). The thickness of the TiO2 thin films, measured
with a Dektak 8 (Veeco), was ca. 6 mm. The MK dyes were dissolved
at a concentration of 0.3 mM in toluene (KANTO CHEMICAL). The
TiO2 films were immersed in the dye solutions and then kept at
25 �C for more than 12 h to allow the dye to adsorb to the TiO2
surface.

4.4. Adsorption amount of the dye on the TiO2 film measurement

After the preparation of a dye-loaded TiO2 film, the dye mole-
cules were desorbed away from the TiO2 electrode by immersing in
the tetrabutylammonium hydroxide solution in 20%THFetoluene,
and then UVevis spectrum of the solution was measured. The
adsorption amount of the dye (G) on the TiO2 film was calculated
from the absorbance of the solution and absorption coefficient ( 3).

4.5. Photovoltaic measurements of the solar cells

The each photovoltaic cell, consisted of a dye-sensitized TiO2
electrode, a Pt counter electrode sputtered (ca. 200 nm) onto TCO-
coated glass plate, a film spacer (30 mm thickness) and an organic
electrolyte, was prepared. The apparent surface area of the TiO2
film electrode was ca. 0.25 cm2. The electrolyte was 0.6 M
1,2-dimethyl-3-n-propylimidazolium iodide (DMPImI)þ 0.1 M
LiIþ 0.05 M I2 þ 0.5 M 4-tert-butylpyridine (TBP) in AN. Reagent-
grade LiI (WAKO CHEMICAL) and I2 (WAKO) were used for the
electrolyte. DMPImI was purchased from Tomiyama Pure Chemical
Industries Ltd. The photovoltaic performance of the solar cells was
measured with a source meter (ADVANTEST, R6243). We employed
an AM 1.5G solar simulator (WACOM, WXS-80C-3 and YAMASHITA
DENSO Co., YSS-150A) as the light source. The incident light
intensity was calibrated by using a standard solar cell composed of
a crystalline silicon solar cell and an IR-cut off filter (SCHOTT, KG-5),
giving the photoresponse range of amorphous silicon solar cell
(produced and calibrated by Japan Quality Assurance Organiza-
tion). We used an aperture mask (0.2399 cm2) attached onto the
top of the cells in the photovoltaic measurements. Action spectra of
the monochromatic incident photon-to-current conversion effi-
ciency (IPCE) of the solar cell were measured with a CEP-99W
system (BUNKOHKEIKI Co., Ltd.).
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4.6. Electron lifetime measurements of DSSCs

Electron lifetimes (s) were measured by stepped light-induced
photocurrent and voltage transients (SLIM-PCV) method [37]. In
short, DSSC was irradiated by a diode laser (635 nm, 10 mW, Lab-
laser, Coherent), and less than 10% of the laser intensitywas stepped
down. The initial and final intensitywere controlled bya PC through
a D/A converter. Induced transients were measured by a fast mul-
timeter having data storage (AD7461A, Advantest). The measure-
ments were repeated under various laser intensities to measure
light intensity-dependent s. Electron densities (n) at open circuit
were measured by a Charge Extraction Method [38]. In short, under
laser irradiation, bias potential was applied to DSSC by a potentio-
stat (HA5001, Hokuto Denko) to have the condition equivalent to
open circuit, and the current transients, induced by switching the
intensity and bias potential to zero simultaneously, weremeasured.
Measurements were repeated again under various light intensities
to obtain the relationship between Voc and electron densities.
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