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The effects of the position and the type of carboxyl anchor group in double rhodanine-type indoline dyes
on the performance of a zinc oxide dye-sensitized solar cell were examined. The optimum position for
the carboxymethyl group was on the inner rhodanine moiety; a carboxymethyl group gave optimum
results among carboxymethyl, -ethyl, and -propyl derivatives.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Much attention has been paid to survey of sensitizers for dye-
sensitized solar cell. Several organic dyes such as styryls [1–3],
coumarins [4–7], polyenes [8–13], dimethylfluorenyl-containing
dyes [14,15], and indoline dyes [16–19] have been proposed as the
sensitizers. The double rhodanine indoline dye named D149 has
been reported to show the highest solar-to-electricity conversion
efficiency (h) among them [16]. Therefore, it is of significance to
examine the effect of substituents in the double rhodanine indoline
dyes on the cell performance. Meanwhile, the convenient prepa-
ration of porous zinc oxide film at low temperature has been
reported [20]. This film is used as a semiconductor for dye-sensi-
tized solar cell [21–24]. We report herein the effect of position and
kind of carboxyl anchor group in double rhodanine indoline dyes
on the performance of zinc oxide dye-sensitized solar cell.
2. Results and discussion

2.1. Synthesis

Indoline dyes 24–30 were synthesized as shown in Scheme 1.
Compound 1 was allowed to react with aromatic bromides 2–6 to
give N-aryl derivatives 7–11, followed by formylation to afford 12–16.
ax: þ81 (0)58 230 1893.
atsui).

All rights reserved.
In the cases of ethoxycarbony derivatives 13–15, the ester moiety was
hydrolyzed to give the corresponding carboxylic acids 17–19. Finally,
aldehydes 12 and 16–19 were allowed to react with active methy-
lene-containing double rhodanines 20–23 in the presence of base to
give 24–30.

2.2. UV–vis absorption and fluorescence spectra

The UV–vis absorption and fluorescence spectra of 24–27 and
28–30 are shown in Figs. 1 and 2, respectively. The results are also
listed in Table 1. The indoline dyes 24–27 showed absorption
maxima (lmax) in the range of 507–525 nm. The molar absorption
coefficients (3) were observed in the range of 52,400–
58,000 dm3 mol�1 cm�1. The 4-methoxyphenyl derivatives 28–30
were slightly more bathochromic than 24, there being the lmax at
542 nm. The 3 values of 28–30 were observed in the range of
55,400–71,200 dm3 mol�1 cm�1. The fluorescence maxima (Fmax) of
24–27 and 28–30 were observed in the range of 612–630 and 655–
669 nm, respectively.

2.3. Density functional theory (DFT) calculations

The structure of indoline dye 24 was optimized by the B3LYP/3-
21G* level [25]. Among considerable four isomers, the Z,E-isomer,
there being methine moiety Z-form and double rhodanine E-form, was
calculated to be most stable as shown in Fig. 3. The E-isomers in the
double rodanine moiety were more stable than the Z-isomers. The Z-
isomers in the methine moiety were more stable than the E-isomers
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due to steric hindrance between the hydrogen at the 6-position and
carbony-oxygen in the inner rhodanine moiety. Consequently, the Z,E-
isomer was most stable. The merocyanine chromophore is planar. The
phenyl group on indoline moiety is twisted out of planar indoline
moiety, the dihedral angle being 39.2�. The cyclopentane moiety is
syn-form. The dihedral angle between the cyclopentane and planar
indoline moieties is ca. 112�. Thus, the cyclopentane and phenyl
moieties could act as bulky substituents for the planar merocyanine
chromophore. The alkyl group on the terminal rhodanine ring might
also act as a bulky substituent.

The first absorption band of indoline dyes was attributed to the
HOMO–LUMO transition. The HOMO and LUMO electron densities
of 24 are shown in Fig. 4. It is clear that first absorption band is an
intramolecular charge-transfer chromophoric system from the
indoline to rhodanine moiety.
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Fig. 1. UV–vis absorption and fluorescence spectra of 24–27. Solid and dotted lines
represent UV–vis absorption and fluorescence spectra, respectively. Measured at the
concentration of 1�10�5 mol dm�3 in an acetonitrile/tert-butyl alcohol¼ 1:1 mixed
solution at 25 �C.
2.4. Photoelectrochemical properties

The UV–vis absorption spectra of indoline dyes 24–27 and 28–
30 on zinc oxide and their action spectra are shown in Figs. 5 and 6,
respectively. The results are also summarized in Table 1. In all the
cases, presence of cholic acid (CA) in dye-adsorption process
improved the cell performance. For example, the h value of 28 in
the presence of CA (4.53%, Table 1, run 5) was higher than that in
the absence of CA 2.88% (incident photon-to-current efficiency
(IPCE) 76%, short-circuit photocurrent density (Jsc) 10.24 A, open-
circuit voltage (Voc) 0.57 V, fill factor (ff) 0.49). Therefore, all the
dye-adsorbed zinc oxide film was prepared in the presence of CA.

Slight difference in the UV–vis absorption spectra on zinc oxide
was observed among 24–27 as depicted in Fig. 5a. This may be
attributed to a different position of anchor group resulting in
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Fig. 2. UV–vis absorption and fluorescence spectra of 28–30. Solid and dotted lines
represent UV–vis absorption and fluorescence spectra, respectively. Measured at the
concentration of 1�10�5 mol dm�3 in DMSO at 25 �C.



Table 1
Properties of indoline dyes

Run Compound lmax (3)
(nm)

Fmax

(nm)
IPCEc

(%)
JSC

c

(mA
cm�2)

VOC
c

(V)
ffc

(%)
hc

(%)

1 24 525
(56,400)a

630a 87 10.63 0.63 0.64 4.31

2 25 507
(54,200)a

612a 51 5.12 0.62 0.61 1.92

3 26 519
(58,000)a

620a 27 4.78 0.59 0.57 1.60

4 27 515
(52,400)a

618a 41 5.00 0.63 0.67 2.10

5 28 542
(55,400)b

655b 81 12.11 0.62 0.61 4.53

6 29 541
(58,400)b

669b 68 9.55 0.56 0.64 3.43

7 30 542
(71,200)b

669b 66 9.44 0.63 0.62 3.69

a Measured in tert-butyl alcohol/acetonitrile¼ 1/1 (V/V) on �10�5 mol dm�3 of
substrate at 25 �C.

b Measured in DMSO on �10�5 mol dm�3 of substrate at 25 �C.
c In all the cases, cholic acid (CA, 0.2 mM) was added during absorption process of

dyes. Action spectra and I–V characteristics under AM 1.5 irradiation
(100 mW cm�2).

Fig. 4. HOMO and LUMO orbitals in 24.
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different interactions between the chromophore and zinc oxide.
Fig. 5b indicates that indoline dye 24 shows the highest IPCE among
24–27. As the shape of action spectra is similar, indoline dye 24
showed the largest Jsc value (10.63 mA cm�2), resulting in the highest
Fig. 3. Isomer
conversion efficiency (4.31%). The indoline dyes consist of intra-
molecular charge-transfer chromophoric system from the indoline to
rhodanine moieties as shown in Fig. 4. Therefore, the introduction of
anchor group into the electron-accepting rhodanine moiety could
show better cell performance.
s for 24.
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Fig. 5. (a) UV–vis absorption spectra of 24–27 and (b) action spectra of 24–27.
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Fig. 6. (a) UV–vis absorption spectra of 28–30 on zinc oxide and (b) action spectra of 28–30.
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No remarkable difference in the UV–vis absorption spectra on
zinc oxide was observed among 28–30 as shown in Fig. 6a. Fig. 6b
indicates that 28 shows the highest IPCE among them. Thus,
compound 28, in which carboxymethyl group is attached to the
rhodanine moiety, showed the highest conversion efficiency of
4.53% among 28–30, due to the highest Jsc value (12.11 mA cm�2).
This result indicates that short contact between the indoline dye
and zinc oxide is effective to accelerate electron injection to
improve the cell performance. Consequently, the indoline dye 28
showed the highest h value among 24–30, due to the highest Jsc.

3. Conclusion

The introduction of carboxymethyl group into the double rho-
danine moiety was best to improve the performance of zinc oxide
solar cell, due to the highest Jsc.

4. Experimental

4.1. Instruments

Melting points were measured with a Yanagimoto MP-52 micro-
melting-point apparatus. NMR spectra were obtained by a Varian
Inova 400 and 500 spectrometers. Mass spectra were taken on JEOL
MStation 700 spectrometer. UV–vis absorption, fluorescence, and
reflection spectra were taken on Hitachi U-3500, F-4500, and U-
4000 spectrophotometers, respectively.

4.2. Materials

Compound 1 was supplied from Chemicrea Co. Ltd. Bromo-
benzene (2), ethyl 2-bromobenzoate (3), ethyl 3-bromobenzoate
(4), ethyl 4-bromobenzoate (5), and 4-methoxybromobenzene (6)
were purchased from Wako Co. Ltd. Double rhodanines 20–23 were
prepared in a similar way as described in the literature [26].

4.3. Synthesis of 7–11

To xylene (37 ml) were added 1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole (1, 1.59 g, 10 mmol), aromatic
bromides 2–6 (10 mmol), cesium carbonate (4.55 g, 14 mmol),
palladium acetate (12 mg, 5.4�10�2 mmol), and tri-tert-
butylphosphine (192 mg, 1 mmol). The mixture was refluxed for
24 h. After the reaction was completed, the mixture was filtered.
The filtrate was washed with a saturated aqueous ammonium
chloride (20 ml� 3). Compounds 7, 9, 10, and 11 were purified by
silica gel column chromatography (toluene). In the case of 8, the
washed mixture was used without further purification. The phys-
ical and spectral data are shown below.

4.3.1. 4-Phenyl-1,2,3,3a,4,8b-hexahydrocyclopenta[b]indole (7)
Yield 74%; oil; 1H NMR (CDCl3) d¼ 1.49–1.59 (m, 1H), 1.61–1.70

(m, 1H), 1.80–1.96 (m, 3H), 2.00–2.09 (m, 1H), 3.82–3.86 (m, 1H),
4.73–4.78 (m, 1H), 6.73 (t, J¼ 7.2 Hz, 1H), 6.96 (t, J¼ 6.9 Hz, 1H),
7.02–7.05 (m, 2H), 7.12 (d, J¼ 7.2 Hz, 1H), 7.27–7.35 (m, 4H); EI-MS
(70 eV) m/z (rel. intensity) 235 (Mþ, 50), 206 (100).

4.3.2. 4-[2-(Ethoxycarbonyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole (8)

Yield 37%.

4.3.3. 4-[3-(Ethoxycarbonyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole (9)

Yield 50%; oil; 1H NMR (CDCl3) d¼ 1.40 (t, J¼ 7.0 Hz, 3H), 1.53–
1.55 (m, 1H), 1.65–1.68 (m, 1H), 1.86–1.93 (m, 3H), 2.02–2.07 (m,
1H), 3.84–3.88 (m, 1H), 4.38 (q, J¼ 7.0 Hz, 2H), 4.77–4.81 (m, 1H),
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6.77 (t, J¼ 7.0 Hz, 1H), 7.03–7.09 (m, 2H), 7.14 (d, J¼ 7.0 Hz, 1H),
7.39 (t, J¼ 7.0 Hz, 1H), 7.47 (d, J¼ 7.0 Hz, 1H), 7.61 (d, J¼ 7.0 Hz,
1H), 7.96 (s, 1H); EI-MS (70 eV) m/z (rel. intensity) 307 (Mþ, 100),
278 (83).

4.3.4. 4-[4-(Ethoxycarbonyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole (10)

Yield 42%; oil; 1H NMR (CDCl3) d¼ 1.39 (t, J¼ 6.8 Hz, 3H), 1.46–
1.51 (m, 1H), 1.64–1.69 (m, 1H), 1.89–1.96 (m, 3H), 2.05–2.08 (m,
1H), 3.87–3.90 (m, 1H), 4.35 (q, J¼ 6.8 Hz, 2H), 4.72–4.75 (m, 1H),
6.84 (t, J¼ 8.0 Hz, 1H), 7.11 (t, J¼ 8.0 Hz, 1H), 7.16 (d, J¼ 8.0 Hz, 1H),
7.20 (d, J¼ 8.0 Hz, 1H), 7.28 (d, J¼ 7.8 Hz, 2H), 7.99 (d, J¼ 7.8 Hz,
2H); EI-MS (70 eV) m/z (rel. intensity) 307 (Mþ, 100), 278 (76).

4.3.5. 4-(4-Methoxyphenyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole (11)

Yield 76%; oil; 1H NMR (CDCl3) d¼ 1.51–2.05 (m, 6H), 3.79–3.83
(m, 1H), 3.81 (s, 3H), 4.68–4.72 (m, 1H), 6.65 (t, J¼ 7.8 Hz, 1H), 6.71
(d, J¼ 7.8 Hz, 1H), 6.90 (d, J¼ 8.4 Hz, 2H), 6.99 (t, J¼ 7.8 Hz, 1H), 7.09
(d, J¼ 7.8 Hz, 1H), 7.21 (d, J¼ 8.4 Hz, 2H); EI-MS (70 eV) m/z (rel.
intensity) 265 (Mþ, 84), 278 (100).

4.4. Synthesis of 12–16

To DMF (15 ml) was added phosphoryl chloride (920 mg,
5.9 mmol). Then, to this mixture was added a DMF solution of 7–11
(5 mmol). The mixture was stirred for 1 day at room temperature.
After the reaction was completed, to the mixture were added water
(50 ml) and 1 N aqueous sodium hydroxide (100 ml) to adjust the
pH value of the mixture higher than 10. The product was extracted
with dichloromethane (150 ml� 3). After the extract was dried
over anhydrous sodium sulfate, the solvent was removed in vacuo.
The product was purified by silica gel column chromatography
(dichloromethane) to give yellow oil. In the case of 13, the crude
product was used without further purification.

4.4.1. 4-Phenyl-1,2,3,3a,4,8b-hexahydrocyclopenta[b]indole-7-
carbaldehyde (12)

Yield 70%; m.p. 120–122 �C; 1H NMR (CDCl3) d¼ 1.49–1.55 (m,
1H), 1.65–1.78 (m, 2H), 1.86–1.91 (m, 2H), 2.04–2.08 (m, 1H), 3.81–
3.86 (m, 1H), 4.91–4.94 (m, 1H), 6.82 (d, J¼ 8.3 Hz, 1H), 7.13 (t,
J¼ 8.5 Hz, 1H), 7.28–7.31 (m, 2H), 7.37–7.39 (m, 2H), 7.51 (d,
J¼ 8.3 Hz, 1H), 7.63 (s, 1H), 9.70 (s, 1H); EI-MS (70 eV) m/z (rel.
intensity) 263 (Mþ, 57), 234 (100).

4.4.2. 4-[2-(Ethoxycarbonyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde (13)

Yield 70%.

4.4.3. 4-[3-(Ethoxycarbonyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde (14)

Yield 69%; oil; 1H NMR (CDCl3) d¼ 1.41 (t, J¼ 7.2 Hz, 3H), 1.50–
1.56 (m, 1H), 1.63–1.73 (m, 1H), 1.85–1.93 (m, 3H), 2.07–2.11 (m, 1H),
3.86–3.89 (m, 1H), 4.40 (q, J¼ 7.2 Hz, 2H), 4.97–5.00 (m, 1H), 6.88
(d, J¼ 8.3 Hz, 1H), 7.45–7.51 (m, 2H), 7.55 (d, J¼ 8.3 Hz, 1H), 7.66 (s,
1H), 7.79 (d, J¼ 7.3 Hz, 1H), 7.98 (s, 1H), 9.73 (s, 1H); EI-MS (70 eV)
m/z (rel. intensity) 335 (Mþ, 100), 306 (74).

4.4.4. 4-[4-(Ethoxycarbonyl)phenyl]-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde (15)

Yield 56%; oil; 1H NMR (CDCl3) d¼ 1.40 (t, J¼ 7.1 Hz, 3H), 1.69–
1.72 (m, 1H), 1.89–1.95 (m, 3H), 2.06–2.11 (m, 2H), 3.86–3.91 (m,
1H), 4.38 (q, J¼ 7.1 Hz, 2H), 4.93–4.97 (m, 1H), 7.11 (d, J¼ 8.6 Hz,
1H), 7.35 (d, J¼ 8.8 Hz, 2H), 7.60 (d, J¼ 8.6 Hz, 1H), 7.68 (s, 1H), 8.06
(d, J¼ 8.8 Hz, 2H), 9.77 (s, 1H); EI-MS (70 eV) m/z (rel. intensity) 335
(Mþ, 85), 306 (100).
4.4.5. 4-(4-Methoxyphenyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carboaldehyde (16)

Yield 86%; oil; 1H NMR (CDCl3) d¼ 1.52–1.54 (m, 2H), 1.67–1.70
(m, 2H), 1.86–1.88 (m, 2H), 2.03–2.07 (m, 1H), 3.84 (s, 3H), 4.83–
4.86 (m, 1H), 6.55 (d, J¼ 8.3 Hz, 1H), 6.95 (d, J¼ 8.8 Hz, 2H), 7.21 (d,
J¼ 8.8 Hz, 2H), 7.48 (d, J¼ 8.3 Hz, 1H), 7.61 (s, 1H), 9.67 (s, 1H); EI-
MS (70 eV) m/z (rel. intensity) 293 (Mþ, 100), 264 (94).
4.5. Synthesis of 4-(carboxyphenyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde 17–19

To an ethanol solution (6 ml) of 13–15 (335 mg, 1 mmol) was
added 1 N aqueous sodium hydroxide (0.2 ml). The mixture was
refluxed for 30 min. After cooling, to the mixture were added water
(10 ml) and 1 N hydrochloric acid (2 ml) to adjust the pH value to
about 1. The product was extracted with dichloromethane
(20 ml� 3) and purified by silica gel column chromatography
(dichloromethane/methanol¼ 1/1). In the case of 17, the crude
product was used without further purification.

4.5.1. 4-(2-Carboxyphenyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde (17)

Yield 22%.

4.5.2. 4-(3-Carboxyphenyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde (18)

Yield 19%; m.p. >300 �C; 1H NMR (CDCl3) d¼ 1.48–1.92 (m, 6H),
3.87–3.91 (m, 1H), 4.97–5.00 (m, 1H), 6.93 (d, J¼ 7.8 Hz, 1H), 7.51 (t,
J¼ 8.4 Hz, 1H), 7.56–7.58 (m, 2H), 7.68 (s, 1H), 7.85 (d, J¼ 7.8 Hz 1H),
8.05 (s, 1H), 9.79 (s, 1H); EI-MS (70 eV) m/z (rel. intensity) 307 (Mþ,
77), 278 (100).

4.5.3. 4-(4-Carboxyphenyl)-1,2,3,3a,4,8b-
hexahydrocyclopenta[b]indole-7-carbaldehyde (19)

Yield 19%; m.p. >300 �C; 1H NMR (CDCl3) d¼ 1.19–2.16 (m, 6H),
3.89–3.92 (m, 1H), 4.93–4.97 (m, 1H), 7.18 (d, J¼ 8.4 Hz, 1H), 7.39 (d,
J¼ 8.8 Hz, 2H), 7.63 (d, J¼ 8.4 Hz, 1H), 7.71 (s, 1H), 8.13 (d, J¼ 8.8 Hz,
2H), 9.79 (s, 1H); EI-MS (70 eV) m/z (rel. intensity) 307 (Mþ, 73), 278
(100).
4.6. Synthesis of dyes 24–30

To acetic acid (20 ml) were added 12, 16–19 (1.0 mmol), double
rhodanines 20–23 (1.0 mmol), and ammonium acetate (1 mg). The
mixture was refluxed for 1 h. After the reaction was completed, to
the mixture was added water. The resulting precipitate was filtered
and purified by silica gel column chromatography (24–27: chloro-
form/methanol¼ 10/1, 28–30: chloroform/methanol¼ 5/1). The
physical and spectral data are shown below.

4.6.1. Dye 24
Yield 61%; m.p. 272–274 �C; 1H NMR (DMSO-d6) d¼ 1.18 (t,

J¼ 6.9 Hz, 3H), 1.36–1.43 (m, 1H), 1.64–1.83 (m, 5H), 3.91–3.95 (m,
1H), 4.06 (q, J¼ 6.9 Hz, 2H), 4.78 (s, 2H), 5.06–5.09 (m, 1H), 7.00 (d,
J¼ 8.2 Hz, 1H), 7.14 (t, J¼ 6.9 Hz, 1H), 7.37–7.49 (m, 6H), 7.75 (s, 1H);
FAB-MS (NBA) m/z 564 (MHþ).

4.6.2. Dye 25
Yield 14%; m.p. >300 �C; 1H NMR (DMSO-d6) d¼ 1.19 (t,

J¼ 7.0 Hz, 3H), 1.27 (t, J¼ 7.0 Hz, 3H), 1.62–2.09 (m, 6H), 4.02 (q,
J¼ 7.0 Hz, 2H), 4.04–4.09 (m, 1H), 4.07 (q, J¼ 7.0 Hz, 2H), 5.03–5.08
(m, 1H), 6.23 (d, J¼ 8.4 Hz, 1H), 7.31 (d, J¼ 8.4 Hz, 1H), 7.38–7.43 (m,
2H), 7.51 (t, J¼ 7.7 Hz, 1H), 7.67 (t, J¼ 7.7 Hz, 1H), 7.67 (s, 1H), 7.86
(d, J¼ 7.7 Hz, 1H); FAB-MS (NBA) m/z 578 (MHþ).
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4.6.3. Dye 26
Yield 8%; m.p. >300 �C; 1H NMR (DMSO-d6) d¼ 1.19 (t,

J¼ 7.0 Hz, 3H), 1.27 (t, J¼ 7.0 Hz, 3H), 1.34–2.12 (m, 6H), 3.93–4.07
(m, 1H), 4.00 (q, J¼ 7.0 Hz, 2H), 4.07 (q, J¼ 7.0 Hz, 2H), 5.05–5.07
(m, 1H), 7.05 (d, J¼ 9.2 Hz, 1H), 7.38–7.47 (m, 2H), 7.55 (t, J¼ 8.1 Hz,
1H), 7.62–7.70 (m, 3H), 7.90 (s, 1H); FAB-MS (NBA) m/z 578 (MHþ).

4.6.4. Dye 27
Yield 19%; m.p. >300 �C; 1H NMR (DMSO-d6) d¼ 1.19 (t,

J¼ 7.1 Hz, 3H), 1.28 (t, J¼ 7.1 Hz, 3H), 1.34–2.13 (m, 6H), 3.96–4.00
(m, 1H), 4.01 (q, J¼ 7.1 Hz, 2H), 4.07 (q, J¼ 7.1 Hz, 2H), 5.02–5.06 (m,
1H), 7.31 (d, J¼ 9.2 Hz, 1H), 7.46 (d, J¼ 8.4 Hz, 2H), 7.44–7.50 (m,
2H), 7.73 (s, 1H), 7.95 (d, J¼ 8.4 Hz, 2H); FAB-MS (NBA) m/z 578
(MHþ).

4.6.5. Dye 28
Yield 31%; m.p. >300 �C; 1H NMR (DMSO-d6) d¼ 1.19 (t,

J¼ 7.1 Hz, 3H), 1.24–1.80 (m, 6H), 3.78 (s, 3H), 3.39–3.93 (m, 1H),
4.06 (q, J¼ 7.1 Hz, 2H), 4.71 (s, 2H), 4.98–5.03 (m, 1H), 6.71 (d,
J¼ 8.4 Hz, 1H), 7.01 (d, J¼ 8.6 Hz, 2H), 7.33 (d, J¼ 8.6 Hz, 2H), 7.41
(d, J¼ 8.4 Hz, 1H), 7.43 (s, 1H), 7.72 (s, 1H); FAB-MS (NBA) m/z 594
(MHþ).

4.6.6. Dye 29
Yield 19%; m.p. >300 �C; 1H NMR (DMSO-d6) d¼ 1.19 (t,

J¼ 7.2 Hz, 3H), 1.67–2.11 (m, 6H), 2.64 (t, J¼ 8.1 Hz, 2H), 3.78 (s, 3H),
3.88–3.92 (m, 1H), 4.07 (q, J¼ 7.2 Hz, 2H), 4.16 (t, J¼ 8.1 Hz, 2H),
4.98–5.00 (m, 1H), 6.70 (d, J¼ 8.8 Hz, 1H), 7.10 (d, J¼ 8.4 Hz, 2H),
7.32 (d, J¼ 8.4 Hz, 2H), 7.38 (d, J¼ 8.8 Hz, 1H), 7.40 (s, 1H), 7.67 (s,
1H); FAB-MS (NBA) m/z 608 (MHþ).

4.6.7. Dye 30
Yield 22%; m.p. >300 �C; 1H NMR (DMSO-d6) d¼ 1.19 (t,

J¼ 7.2 Hz, 3H), 1.41–1.79 (m, 6H), 1.90 (quin, J¼ 7.6 Hz, 2H), 2.34 (t,
J¼ 7.6 Hz, 2H), 3.78 (s, 3H), 3.88–3.96 (m, 1H), 4.02 (t, J¼ 7.6 Hz,
2H), 4.07 (q, J¼ 7.2 Hz, 2H), 4.98–5.04 (m, 1H), 6.71 (d, J¼ 8.6 Hz,
1H), 7.01 (d, J¼ 9.0 Hz, 2H), 7.32 (d, J¼ 9.0 Hz, 2H), 7.38 (d,
J¼ 8.6 Hz, 1H), 7.41 (s, 1H), 7.67 (s, 1H); FAB-MS (NBA) m/z 622
(MHþ).

4.7. Film preparation and photoelectrochemical measurements

Zinc oxide film (thickness 3.0 mm) was prepared as described in
the previous paper [20]. After desorption of Eosin Y, the film was
dried at 150 �C for 1 h. The film was immersed in an acetonitrile/
tert-butyl alcohol 1:1 mixed solution of dye (0.5 mmol dm�3)
containing cholic acid (1.0 mmol dm�3) at room temperature. Then,
the film was washed with an acetonitrile/tert-butyl alcohol 1:1
mixed solution. Acetonitrile–ethylenecarbonate (v/v¼ 1:4) con-
taining tetrabutylammonium iodide (0.5 mol dm�3) and iodine
(0.05 mol dm�3) was used as an electrolyte.

Action spectrum was obtained under monochromatic light with
a constant photon number (0.05�1016 photon cm�2 s�1). I–V
characteristics were measured under illumination with AM 1.5
simulated sunlight (100 mW cm�2) by using a Bunko-Keiki CEP-
2000 system.
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