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Abstract

Application of a series of styryl dyes for flexible zinc oxide solar cells prepared by the one-step cathode deposition template method was
examined. 3-(2-Carboxyethyl)-2-[4-(dimethylamino)styryl]benzothiazolium iodide (27) showed the best performance as the sensitizer. The
incident photon-to-current efficiency (IPCE) at around 490 nm, maximum short-circuit photocurrent density (J.), open-circuit photovoltage
Vo), fill factor (ff), and solar-light-to-electricity conversion efficiency (n) were observed to be 54.5%, 6.22 mA em~2, 0.53V, 0.59, and

1.94%, respectively.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Much attention has been paid to the survey of sensitizers
for dye-sensitized solar cells [1]. Coumarin [2], merocyanine
[3], polyene [4], and indoline dyes [5] were reported to act
as good sensitizers for titanium oxide. Styryl dyes having
a propylsulfonate and carboxymethyl group as the anchor
moiety were also reported as the sensitizers for titanium oxide
solar cells [6,7]. Since high temperature process is not used for
conductive plastic substrates, mechanical compression of
crystalline particle [8], electron beam shower exposure [9],
microwave irradiation [10], hydrothermal crystallization
[11], high-field electrophoretic deposition [12], and spray de-
position and compression methods [13] were proposed for
flexible titanium oxide solar cells. In most cases, ruthenium
complexes are used as the sensitizers for titanium oxide.
Meanwhile, the application of zinc oxide in dye-sensitized so-
lar cells was also reported [14]. Recently, convenient method
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for the preparation of zinc oxide film was described, called
the ‘“‘one-step cathode deposition” [15]. The good point of
this method is the formation of porous zinc oxide film at
low temperature (<70 °C). Therefore, zinc oxide prepared
by this method can be used as the semiconductor in flexible
dye-sensitized solar cells. In this paper, styryl dyes were
screened as the sensitizers. Then, by using the best dye se-
lected, the preparation method of flexible zinc oxide solar
cell was examined to improve cell performance.

2. Results and discussion
2.1. Synthesis of dyes

Styryl dyes 23—33 were synthesized as shown in Scheme 1.
Nitrogen-containing heteroaromatic compounds 1—4 reacted
with chloro-, bromo-, and iodo-substituted carboxylic acids
5—8 to give N-(carboxyalkyl)heteroaromatic halides 11—15,
18, and 19. Compound 1 also reacted with bromo-substituted
ethyl esters 9 and 10 to afford N-alkoxycarbonylalkyl deriva-
tives 16’ and 17, whose ester linkage was hydrolyzed to
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give the corresponding N-carboxyalkyl derivatives 16 and 17,
respectively. Then, compounds 11—19 reacted with aromatic
aldehydes 20—22 to afford 23—29, 30’, 31, 32, and 33 in
low to moderate yields. Bromides 30’ and 31’ were treated
with potassium iodide to give the iodides 30 and 31, respec-
tively. 2-[4-(Dimethylamino)styryl]benzothiazolium propyl-
sulfonate (34) was prepared as described in the literature [6].

2.2. Preparation of preliminary flexible zinc oxide solar
cell for screening of styryl dyes 23—33

Eosin Y-desorbed zinc oxide film (thickness: ca. 3 um) was
prepared as described in the literature [14]. The electro-depo-
sition was carried out at 70 °C. The film was dried at 100 °C
for 1 h. The desorbed zinc oxide film was immersed in an ace-
tonitrile—fert-butyl alcohol 1:1 mixed solution (10 ml) of 27
(1 x 10~* mol dm ) at 25 °C for 24 h. Then, the re-adsorbed
zinc oxide film on conductive PET film was washed with an
acetonitrile—tert-butyl alcohol 1:1 mixed solution and dried
at ambient temperature under an air atmosphere. The film
was used as the working electrode. Platinum spattered PET
film was used as a counter electrode. UV-curing resin was
put by hand around the cell. An acetonitrile—ethylene carbon-
ate (v/v = 1:4) mixed solution containing tetrabutylammonium
jodide (0.5 mol dm ) and iodine (0.05 mol dm ™) was used as
an electrolyte. AM 1.5 simulated sunlight (100 mW cm_2) was
irradiated through a shading mask (5.0 mm x 4.0 mm) to mea-
sure the cell performance.

2.3. Screening of styryl dyes

Styryl dyes 23—34 consist of electron-withdrawing hetero-
aromatic, electron-donating 4-(dialkylamino)phenyl, anchor
and counter anion moieties, all of which can affect cell
performance.

Firstly, the effect of heteroaromatic moiety on cell perfor-
mance was examined. The UV—vis absorption and action
spectra of 26, 27, 32, and 33 are shown in Fig. 1. The results
of the spectral data and cell performance of 23—34 are shown
in Table 1. The incident photon-to-current efficiency (IPCE)
and solar-light-to-electricity conversion efficiency (n) values
of benzothiazolium derivative 27 (38.6 and 1.18%) were larger
than those of 3H-indolium 26 (19.6 and 0.56), quinolinium 32
(19.9 and 0.73) and benzoindolium 33 (18.8 and 0.42) deriva-
tives (runs 4, 5, 16, and 17). Their UV—vis absorption spectra
on zinc oxide were broad compared with those in DMSO, sug-
gesting the formation of aggregates on zinc oxide as shown in
Fig. 1a. Interestingly, the UV—vis absorption spectra of 27 and
32 on zinc oxide showed hypsochromic shift whereas those of
26 and 33 did not. The Eq of 26 (—1.16 V) and 33 (—1.16)
was slightly positive compared with that of 27 (—1.24) (runs
4,5, and 17). The fluorescence intensity of 32 was very small
(RFI =9) compared with that of 27 (100) (runs 5 and 16). The
E,x of 32 was slightly negative (0.44) compared with that of
27 (0.52). These properties might attribute to less efficiency
of electron injection from the excited dye to zinc oxide, result-
ing in the best performance of 27 among 26, 27, 32, and 33.
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Fig. 1. (a) UV—vis absorption and (b) action spectra of 26, 27, 32, and 33.
Solid and dotted lines represent the UV—vis absorption spectra on zinc oxide
and in DMSO (1.0 x 107> mol dm ™), respectively. The absorbance in DMSO
is two-times large as measured.

Secondly, the effect of dialkylamino group on cell perfor-
mance was examined. The UV—vis absorption and action
spectra of 27, 28, and 29 are shown in Fig. 2. The IPCE and
n values were in the following order: 27 (38.6 and
1.18%) > 28 (23.5 and 0.67) >29 (17.3 and 0.42) (runs 5,
10, and 12). Thus, the IPCE and 7 values were higher as
shorter was the alkyl groups at the dialkylamino moiety. The
absorbance of dyes on zinc oxide film also increased in the or-
der: 27 (2.81) > 28 (2.03) > 29 (1.34), suggesting that the cell
performance was better with increasing amount of dye on zinc
oxide (runs 5, 10, and 12). However, even when the amount of
dye was similar, the cell performance of 27 was best followed
by 28 and 29 (runs 6, 11, and 13). In Fig. 2a, the hypsochromic
shift of 27 was observed whereas that of 28 and 29 was not. It
is clear that the sensitization occurs at the hypsochromic band
as shown in Figs. 1b and 2b. The hypsochromic shift on zinc
oxide can come from either the decrease in electron-withdraw-
ing nature of 2-carboxyethyl moiety due to the formation of
carboxylate as reported in the case of coumarin derivatives
on titanium oxide [16] or the aggregation formation on zinc
oxide as reported for phenyl-conjugated oligoene derivatives
[17]. No change in the UV—vis absorption spectrum of 27
in DMSO and ethanol was observed in the presence of 0—
100 molar amounts of TEA and sodium hydroxide. This result

suggested that the formation of carboxylate in styryl dyes 23—
33 on zinc oxide did not cause hypsochromic shift. With
increasing amount of deoxycholic acid (DCA), which is used
as the coadsorbate, the amount of 27 on zinc oxide decreased,
and at the same time, the IPCE and n values also decreased
(runs 5, 7, 8, and 9). No change in the UV—vis absorption
band of 27 on zinc oxide was observed by addition of
DCA except for decrease in the absorbance. To our knowl-
edge, no paper of aggregation formation of styryl dyes has
been reported. It was reported that a monomer cyanine dye
could dimerize in the range of the concentration 1.6—
80 x 107® mol dm* in water and that the cyanine dye forms
J-aggregates by the addition of potassium chloride [18]. The
UV—vis absorption spectra of 27 in a DMSO—water mixed
solution containing sodium chloride are shown in Fig. 3. By
adding sodium chloride, the absorption band caused hypso-
chromic shift with decreasing absorbance. This result indi-
cated that the styryl dye 27 could form the dimer and/or
H-aggregates in solution. However, dimers and H-aggregates
can deactivate the excited state to decrease cell performance.
Therefore, in this stage, it is not clear why high IPCE value
is observed at short wavelength on zinc oxide.

Thirdly, the effect of anchor group on cell performance was
examined. The UV—vis absorption and action spectra of 25,
27, 30, 31, and 34 are shown in Fig. 4. All the UV—vis absorp-
tion spectra showed hypsochromic shift on zinc oxide as
shown in Fig. 4a. 2-Carboxyethyl derivative 27 showed better
performance (IPCE: 38.6 and 7: 1.18%) than propylsulfonate
derivative 34 (0.9 and 0.54) (runs 5 and 18). This result came
from less affinity of 34 for zinc oxide. Better performance was
obtained for the carboxymethyl 25 (IPCE: 34.6, n: 1.00) and
2-carboxyethyl derivatives 27 (38.6 and 1.18) than the 3-car-
boxypropyl 30 (21.7 and 0.72) and 4-carboxybutyl derivatives
31 (19.2 and 0.57) (runs 3, 5, 14, and 15). It was reported that
the electron injection of carboxymethyl derivative into tita-
nium oxide was more efficient than that of the 3-sulfonato-
propyl derivative due to short distance between the dye
chromophore and titanium oxide [7]. It is of interest that not
only carboxymethyl but also 2-carboxyethyl derivatives
show good performance for zinc oxide.

Finally, the effect of counter anion on cell performance was
examined. The UV—vis absorption and action spectra of 23,
24, and 25 are shown in Fig. 5. The iodide 25 (IPCE: 34.6
and n: 1.00%) showed better performance than the chloride
23 (9.9 and 0.41) and bromide 24 (8.6 and 0.37) (runs 1—3).
The Eq of 23 (—0.90 V) and 24 (—0.94) were positive com-
pared with that of 25 (—1.33), which could result in less elec-
tron injection into zinc oxide (runs 1—3).

Thus, compound 27 was found to show the best perfor-
mance among 23—34 for flexible zinc oxide solar cell pre-
pared by the one-step cathode deposition template method.

2.4. Improved preparation method of flexible zinc oxide
solar cell

An aqueous potassium chloride solution (300 ml, 0.1 mol
dm™?) was electrolyzed at —1.0 V vs SCE with bubbling an



62

T. Dentani et al. | Dyes and Pigments 77 (2008) 59—69

Table 1

Physical properties and screening of styryl dyes

Run  Compound Amay (6, M Ao (RED®, nm  Eo®, V' Ered®, V. AmaxC, nm  Absorbance® IPCE®, %  Jscd, mAcem™2 Vool v o e 7% %
1 23 515 (54600) 606 (187) 0.87 —0.90 476 1.39 9.9 1.83 0.48 047 041
2 24 515 (59100) 605 (205) 0.84 —0.94 487 1.91 8.6 1.62 0.47 048 0.37
3 25 515 (54400) 609 (177) 0.44 —1.33 492 2.36 34.6 4.73 0.48 0.44 1.00
4 26 544 (35000) 604 (68) 0.56 —1.16 527 2.09 19.6 2.61 0.49 0.44 0.56
5 27 524 (57300) 610 (100) 0.52 —1.24 490 2.81 38.6 5.68 0.49 042 1.18
6 27 - - — — 476 1.02 42.8 5.70 0.45 043 1.12
7 27°¢ — - - - 481 2.13 29.0 3.24 0.52 047 0.79
8 27" - - — - 480 1.97 20.2 2.23 0.51 0.51 0.58
9 27¢ - - - - 482 1.46 13.6 2.02 0.51 0.48 0.50
10 28 541 (74300) 602 (271) 0.49 —1.29 523 2.03 235 3.32 0.49 041 0.67
11 28 - - - - 536 1.00 24.0 3.11 0.50 041 0.65
12 29 541 (64600) 601 (340) 0.52 —1.26 510 1.34 17.3 1.95 0.52 041 042
13 29 - - - - 547 0.91 22.7 2.43 0.51 0.39 0.49
14 30 526 (55600) 612 (165) 0.49 —1.29 478 2.95 21.7 3.75 0.47 041 0.72
15 31 528 (61100) 609 ( 97) 0.48 —1.29 482 2.28 19.2 2.89 0.47 042 0.57
16 32 550 (50000) 697 (9) 0.44 —1.26 491 2.38 19.9 4.25 0.47 036 0.73
17 33 559 (41900) 619 (144) 0.58 —1.16 539 2.08 18.8 2.81 0.46 033 042
18 34 529 (53000) 613 (146) —h h 460 1.75 0.9 0.28 0.14 044 0.54

2 Measured in DMSO at the concentration of 1 x 10~ mol dm .

vs SCE in acetonitrile.

¢ On zinc oxide film.

4" Action spectrum under monochromatic light with 0.05 x 10"® photon cm™
© Dye 27 was immersed in the presence of DCA (1 x 10~> mmol dm?).

! Dye 27 was immersed in the presence of DCA (3 x 10~ mmol dm ).

£ Dye 27 was immersed in the presence of DCA (5 x 107> mmol dm ™).

" Not measured.

oxygen gas at 50 °C for 40 min. Platinum spattered PET film
was used as a counter electrode. To the pre-electrolyzed film
was added an aqueous solution of zinc chloride. The concen-
tration of zinc oxide was adjusted to 5 mmol dm™3. Then, the
film was electro-deposited again in the solution at —1.0 V vs
SCE at 50 °C for 10 min with bubbling an oxygen gas (pre-
electrolysis process). Zinc was used as a counter electrode.
To the electro-deposited film was added an aqueous solution
of eosin Y. The concentration of eosin Y was adjusted to
40 pmol dm . The film was electro-deposited at —1.0 V vs
SCE at 50 °C for 30 min with bubbling an oxygen gas (elec-
tro-deposition process). Zinc was used as a counter electrode.
The film was kept in a diluted aqueous potassium hydroxide
(pH 10.5) for 24 h to remove adsorbed eosin Y. The film
was dried at 100 °C for 1 h with pressing (drying process).
The thin film was immersed into the chloroform solution of
dye (1 x 10~* mol dm ) and kept at 25 °C for 24 h to adsorb
dye 27. Then, the film was kept in the electrolyte solution for
1 h, washed with ethanol, and dried under an air atmosphere at
ambient temperature (washing of 27-adsorbed film process).
UV-curing resin as spacer was supplied by using a robot (resin
process). An acetonitrile—ethylene carbonate mixed solution
(v/v=1:4) of tetrapropylammonium iodide (0.5 mol dm73)
and iodine (0.05 mol dm73) was used as an electrolyte. An
action spectrum was measured under monochromatic light
with a constant photon number (0.05 x 10'® photon
em 2 s71). [=V characteristics were measured under illumina-
tion with AM 1.5 simulated sunlight (100 mW cm~?) through
a shading mask (5.0 mm x 4.0 mm). The cell structure is
shown in Fig. 6.

2

-

1

and I—V characteristics under white light with 100 mW cm 2.

2.5. Flexible zinc oxide solar cell performance after
improved preparation

The results of cell performance after improvement of cell
preparation using 27 are shown in Table 2. In the case of
flexible substrates, rolling of conductive PET film was ob-
served during drying process. To improve this point, eosin
Y-desorbed film was dried under pressing. Furthermore, to
supply the constant amount of UV-curing resin, which acts
as a spacer between the platinum spattered conductive PET
and PET substrate, a robot was used (resin process). As a re-
sult, the fill factor was drastically improved to increase the 7
value (runs 1 and 2). When the immerse solvent, in which
dye 27 is adsorbed on eosin Y-desorbed zinc oxide, was
substituted from acetonitrile—zers-butyl alcohol (1:1) mixed
solvent to chloroform, J,. and V.. values increased to im-
prove n value (runs 2 and 3). To increase the amount of
hydroxy ion, which is essential to prepare zinc oxide, elec-
trolysis were carried out for 40 min with bubbling an oxygen
gas. Then, second electrolysis was carried out for 10 min
(pre-electrolysis process). Though the fill factor was slightly
improved, J,. and V. values decreased, resulting in no dras-
tic improvement of 7 value (runs 3 and 4). When 4-fert-bu-
tylpyridine (TBP) was added to the electrolyte, J,. value
decreased (runs 4 and 5). When dye 27-adsorbed zinc oxide
film was kept in the electrolyte solution and then washed
with ethanol to remove non-adsorbed excess 27, the J,. value
increased to improve the n value (runs 4 and 6). When the
pre-electrolysis and electro-deposition processes were carried
out at 50 °C, the zinc oxide film became transparent resulting
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Fig. 2. (a) UV—vis absorption and (b) action spectra of 27, 28, and 29. Solid
and dotted lines represent the UV—vis absorption spectra on zinc oxide and in
DMSO (1.0 x 10> mol dm ), respectively. The absorbance in DMSO is two-
times large as measured.
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Fig. 3. UV—vis absorption band of 27 (I x 10> mol dm>) in water in the
presence of sodium chloride (0, 1.0, 2.0, 4.0, and 5.0 mol dm’3).
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Fig. 4. (a) UV—vis absorption and (b) action spectra of 25, 27, 30, 31, and 34.
Solid and dotted lines represent the UV—vis absorption spectra on zinc oxide
and in DMSO (1.0 x 10~° mol dm ), respectively. The absorbance in DMSO
is two-times large as measured.

in further improvement of fill factor to give the best cell per-
formance (runs 6 and 7).

The UV—vis absorption and action spectra and photocur-
rent density—photovoltage (I—V) curve of 27 before (run 1
in Table 2) and after improvement (run 7 in Table 2) are shown
in Figs. 7 and 8, respectively. The zinc oxide film became
more transparent, and at the same time, the IPCE, J ., and
Vo values increased after improvement of cell preparation.
The IPCE, J,., V.., ff, and n were calculated to be 54.5%,
6.22 mA cm*2, 0.53 'V, 0.59, and 1.94%, respectively.

2.6. IR spectra of 27-adsorbed zinc oxide

The IR spectra of 27 and 27-adsorbed zinc oxide are shown
in Fig. 9a and b. The carbonyl stretch band of 27 was clearly
observed at 1720 cm™ ! as shown in Fig. 9a. Meanwhile, this
peak completely disappeared in 27-adsorbed zinc oxide as
shown in Fig. 9b. It is known that the intense carbonyl stretch-
ing band of esters is observed at around 1740 cm ™' and that
those of asymmetrical and symmetrical stretch bands of
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Fig. 5. (a) UV—vis absorption and (b) action spectra of 23, 24, and 25. Solid
and dotted lines represent the UV—vis absorption spectra on zinc oxide and in
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carboxylates at around 1600 and 1400 cm™', respectively.

These results suggest that the carboxyl group in 27 could ad-
sorb on zinc oxide surface by bidentate carboxylate coordina-
tion and not the ester formation.

Platium spattered conductive PET film

\ Electrolyte (I' /1)

| \

| Spacer

Spacer (UV curing resin)
Conductive PET film
Shading mask
(5.0 mm x 4.0 mm)

—F

—+ (UV curing resin)

H

I

ZnO-dye thin film

1 AM 1.5 (100 mW cm™)

I

Fig. 6. Structure of flexible zinc oxide solar cell.

2.7. Thermal analysis of 27

The TG—DTA curve of 27 is shown in Fig. 10. The endo-
thermic peak of melting point was observed at 254 °C with
a small endothermic peak at around 240 °C. The decrease in
weight at around 240 °C was ca. 27%, which corresponds to
evolution of a molar amount of hydroiodic acid.

3. Conclusion

Application of a series of styryl dyes for flexible zinc oxide
solar cells prepared by the one-step cathode deposition tem-
plate method was examined. 3-(2-Carboxyethyl)-2-[4-(dime-
thylamino)styryl]benzothiazolium iodide (27) was found to
show the best performance as the sensitizer. After improve-
ment of cell preparation, the IPCE at around 490 nm, Jg,
Voo, ff, and 7 values were observed to be 54.5%,
6.22 mAcmfz, 0.53V, 0.59, and 1.94%, respectively. The
dye can adsorb on zinc oxide surface by bidentate carboxylate
coordination.

4. Experimental
4.1. Instruments

Melting points were measured with a Yanagimoto MP-52
micro-melting-point apparatus. NMR spectra were obtained
by Varian Inova 500 spectrometers. EI and FABMS spectra
were recorded on a JEOL MStation 700 spectrometer. UV—
vis absorption and fluorescence spectra were taken on Hitachi
U-3500 and F-4500 spectrophotometers, respectively. Cyclic
voltammetry was carried out using an EG&G Princeton
Applied Research Potentiostat/Galvanostat (Model 263A)
driven by the M270 software package. IR spectra were mea-
sured with a Perkin—Elmer 2000 FTIR instrument.

4.2. Materials

2-Methylbenzothiazole (1), 2,3,3-trimethyl-3H-indolenine
(2), 4-methylquinoline (3), 2,3,3-trimethyl-4,5-benzo-3H-
indolenine (4), chloroacetic acid (5), bromoacetic acid (6),
iodoacetic acid (7), 3-iodopropionic acid (8), and 4-(dimethy-
lamino)benzaldehyde (20) were purchased from Tokyo Kasei
Co., Ltd. Ethyl 4-bromobutyrate (9) and ethyl 5-bromovalerate
(10) were purchased from Aldrich Co., Ltd. 4-(Dihexylamino)
(21) and 4-(didodecylamino)benzaldehydes (22) were synthe-
sized by a Vilsmeier—Haack reaction of the corresponding
N,N-dialkylanilines.

4.3. Synthesis of N-(carboxyalkyl)-substituted
heteroaromatic halides 11—15, 16, 17', 18, and 19

To an acetonitrile solution (5 ml) of nitrogen-containing
heteroaromatic compounds 1—4 (5 mmol) were added halo-
substituted carboxylic acids 5—8 or esters 9 and 10
(6 mmol). The mixture was refluxed (11: 72 h; 12, 15, 18,
19: 24 h; 13, 14, 16/, 17": 48 h). After cooling, the mixture
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Table 2

Improvement of flexible zinc oxide solar cell performance

Run Pre-electrolysis Electrolysis Immerse Washing of TBP* Jscb, Voc®, V ff® 7°, %
temperature, °C solvent 27-adsorbed ZnO mA cm 2

1° No 70 AN/-BuOH No No 5.68 0.49 0.42 1.18

2 No 70 AN/t-BuOH No No 541 0.49 0.59 1.57

3 No 70 CHCl; No No 591 0.52 0.53 1.63

4 Yes 70 CHCl; No No 5.55 0.51 0.58 1.64

5 Yes 70 CHCl3 No Yes! 4.92 0.50 0.61 1.49

6 Yes 70 CHCl; Yes No 6.21 0.51 0.54 1.71

7 Yes 50 CHCl; Yes No 6.22 0.53 0.59 1.94

& 4-tert-Butylpyridine.

® Action spectrum under monochromatic light with 0.05 x 10' photon cm
¢ Before improvement (run 5 in Table 1).

4 TBP (0.05 mol dm~>) was added to the electrolyte.

was poured into ether (300 ml). The resulting precipitate was
filtered and washed with ether. In the case of 13, the solvent
was removed in vacuo. The crude product was used without
further purification. In the cases of 16’ and 17’, though a small
amount of 2-methyl-3H-benzothiazolium bromide was pres-
ent, the products were used without further purification. The
physical and spectral data are shown below.

4.3.1. 3-(Carboxymethyl)-2-methylbenzothiazolium
chloride (11)

Yield 63%; mp 209—211°C; oy (500 MHz; DMSO-dg;
Me,Si) 3.20 (3H, s), 5.79 (2H, s), 7.82 (1H, t, J 8.4), 7.90
(1H, t, J 8.4), 8.30 (1H, d, J 8.4), 8.49 (1H, d, J 8.4); m/z
(ED) 207 M* — HCI; 6%), 163 (100) and 148 (55).

4.3.2. 3-(Carboxymethyl)-2-methylbenzothiazolium
bromide (12)

Yield 63%; mp 204—205 °C; oy (500 MHz; DMSO-dg;
Me,Si) 3.21 (3H, s), 5.79 (2H, s), 7.81 (1H, t, J 8.1), 7.89
(1H, t, J 8.1), 8.30 (1H, d, J 8.1), 8.50 (1H, d, J 8.1); m/z
(EI) 207 (M™* — HBr; 52%), 163 (100), 162 (83) and 148 (87).
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Fig. 7. UV—vis absorption and action spectra of 27 before and after improve-
ment of cell performance.

~257 " and -V characteristics under white light with 100 mW cm 2

2

4.3.3. 1-(2-Carboxyethyl)-2,3,3-trimethyl-3H-indolium
iodide (14)

Yield 40%; mp 185—186 °C; oy (500 MHz; DMSO-dg;
Me,Si) 1.53 (6H, s), 2.86 (3H, s), 2.98 (2H, t, J 7.0), 4.65
(2H, t, J 7.0), 7.61-7.63 (2H, m), 7.83—7.85 (1H, m),
7.98—8.00 (1H, m), 12.72 (1H, br); m/z (EI) 231 M* — HI,;
73%), 216 (85), 174 (56), 144 (53) and 128 (100).

4.3 4. 3-(2-Carboxyethyl)-2-methylbenzothiazolium
iodide (15)

Yield 85%; mp 246—247 °C; oy (500 MHz; DMSO-dg;
Me,Si) 3.00 2H, t, J 7.3), 3.27 (3H, s), 4.90 2H, t, J 7.3),
7.86 (1H, t, J 8.3), 7.89 (1H, t, J 8.3), 8.37 (1H, d, J 8.3),
8.46 (1H, d, J 8.3), 12.75 (1H, br); m/z (EI) 211 (M" — HI;
2%), 149 (100), 128 (50) and 108 (31).

4.3.5. 3-(3-Ethoxycarbonylpropyl)-2-methylbenzothiazolium
bromide (16")

Yield 18%; 6y (500 MHz; DMSO-dg; MeySi) 1.16 (3H, t, J
7.5), 2.11 (2H, quint, J 7.5), 2.60 (2H, t, J 7.5), 3.21 (3H, s),
4.05 (2H, q, J 7.5), 472 (2H, t, J 7.5), 7.80—7.83 (1H, m),
7.90—7.93 (1H, m), 8.37 (1H, d, J 8.5), 8.45 (1H, d, J 8.5).
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Fig. 8. Photocurrent density—photovoltage (I—V) curve of 27 before and after
improvement of cell performance.
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Fig. 9. IR spectra of 27 and 27-adsorbed zinc oxide. Measure by KBr disk.

4.3.6. 3-(4-Ethoxycarbonylbutyl)-2-methylbenzothiazolium
bromide (17')

Yield 73%; 6y (500 MHz; DMSO-dg; Me,Si) 1.16 (3H, t, J
7.5), 1.70 (2H, quint, J 7.5), 1.87 (2H, quint, J 7.5), 2.39 (2H,
t,J 7.5), 3.20 (3H, s), 4.05 (2H, q, J 7.5), 474 2H, t, J 7.5),
7.79—7.82 (1H, m), 7.88—7.91 (1H, m), 8.34 (1H, d, J 8.5),
8.44 (1H, d, J 8.5).

% 191

80

254°C

-30 . : . : . : 100
100 200 300 400
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Fig. 10. TG—DTA curve of 27.

4.3.7. 1-(2-Carboxyethyl)-4-methylquinolinium iodide (18)

Yield 76%; mp 182—183 °C; oy (500 MHz; DMSO-dg;
Me,Si) 3.01 (3H, s), 3.06 (2H, t, J 6.8), 5.21 (2H, t, J 6.8),
8.06 (1H, t, J 8.1), 8.08 (1H, d, J 6.1), 8.26 (1H, t, J 8.1),
8.55 (1H, d, J 8.1), 8.61 (1H, d, J 8.1), 9.43 (1H, d, J 6.1);
m/z (EI) 143 (M* —IC,H4COOH; 100%), 128 (50), 115
(32) and 72 (23).

4.3.8. 1-(Carboxyethyl)-2,3,3-trimethyl-4,5-benzo-3H-
indolium iodide (19)

Yield 40%; mp 172—173 °C; oy (500 MHz; DMSO-dg;
Me,Si) 1.76 (6H, s), 2.97 (3H, s), 3.05 2H, t, J 7.0), 4.78
(2H, t, J 7.0), 7.75 (1H, t, J 7.7), 7.78 (1H, t, J 7.7), 8.18
(1H, d, J 9.2), 8.23 (1H, d, J 7.7), 9.29 (1H, d, J 9.2), 8.38
(1H, d, J 7.7); m/z (EI) 281 (M — HI, 38%), 266 (100), 209
(29), 194 (44) and 128 (90).

4.4. Synthesis of styryl dyes 16 and 17

To a THF—dichloromethane mixed solvent (16: THE,
24 ml, CH,Cl,, 8 ml; 17: THF, 38 ml, CH,Cl,, 13 ml) were
added 16’ (806 mg, 1.83 mmol) or 17’ (1.433 g, 4.14 mmol)
and 6 mol dm ™ of hydrochloric acid (16: 16 ml; 17: 25 ml).
The mixture was stirred at ambient temperature (16: 5 h; 17:
10 min). After the reaction was completed, to the mixture
were added water (16: 18 ml; 17: 25 ml) and dichloromethane
(16: 8 ml; 17: 12.5 ml). The mixture was stirred again (16:
10 min; 17: 5 h). The water layer was washed with dichloro-
methane (16: 8 ml x 3, 17: 15 ml x 3) and ether (16: 8 ml,
17: 15 ml). Water was evaporated in vacuo to give 16 and
17. In the case of 16, although it contained a small amount
of unreacted 2-methyl-3H-benzothiazolium bromide, it was
subsequently used without further purification. In the case of
17, the crude product was washed with acetone again. The
physical and spectral data are shown below.

4.4.1. 3-(3-Carboxypropyl)-2-methylbenzothiazolium
bromide (16)

Yield 99%; 6y (500 MHz; DMSO-dg; Me,Si) 1.98 (2H,
quint, J 7.4), 243 (2H, t, J 7.4), 3.12 (3H, s), 4.63 2H, t, J
7.4), 7.70—17.73 (1H, m), 7.80—7.84 (1H, m), 8.28 (1H, d, J
8.4), 8.36 (1H, d, J 8.4).

4.4.2. 3-(3-Carboxybutyl)-2-methylbenzothiazolium
bromide (17)

Yield 46%; mp 217—219 °C; oy (500 MHz; DMSO-dg;
Me,Si) 1.67 (2H, quint, J 7.6), 1.87 (2H, quint, J 7.6), 2.31
(2H, t, J 7.6), 3.21 (3H, s), 4.74 2H, t, J 7.6), 7.79—7.82
(1H, m), 7.88—7.91 (1H, m), 8.35 (1H, d, J 8.5), 8.46 (1H,
d, J 8.5).

4.5. Synthesis of styryl dyes 23—29, 30', 31', 32, and 33

To an ethanolic solution (5 ml) of the appropriate N-(car-
boxyalkyl)-substituted  heteroaromatic  halides  11—19
(1 mmol) were added piperidine (1 mmol) and the appropriate
aromatic aldehydes 20—22 (1 mmol). The mixture was
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refluxed for few hours. After the reaction was completed, the
mixture was cooled to ambient temperature. To the solution
was added ether (200 ml). The resulting precipitate was fil-
tered, purified by silica gel column chromatography (23, 24,
25, 26, 27, 28, 29, 30, 32, 33: CH,Cl,:MeOH =6:1; 31":
CH,Cl,:MeOH = 3:1), filtered through BOND ELUTE-C18
to remove silica gel and recrystallized (23, 24, 25, 26, 27,
30°, 31, 32, 33: methanol; 28, 29: ethanol). The physical
and spectral data are shown below.

4.5.1. 3-(Carboxymethyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium chloride (23)

Yield 60%; mp 299—301 °C; oy (500 MHz; DMSO-dg;
Me,Si) 3.09 (6H, s), 5.10 (2H, s), 6.82 (2H, d, J 9.2), 7.52
(1H, d, J 15.4), 7.62—7.66 (1H, m), 7.69—7.73 (1H, m),
7.86 2H, d, J 9.2), 791 (1H, d, J 8.1), 7.99 (1H, d, J 15.4),
8.26 (1H, d, J 8.1); m/z (FAB) 339 (M* — Cl).

4.5.2. 3-(Carboxymethyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium bromide (24)

Yield 43%; mp 159—161 °C; 6y (500 MHz; DMSO-dg;
Me,Si) 3.09 (6H, s), 5.09 (2H, s), 6.82 (2H, d, J 9.2), 7.53
(IH, d, J 15.4), 7.62—7.66 (1H, m), 7.69—7.73 (1H, m),
7.86 2H, d, J 9.2), 791 (1H, 4, J 7.9), 8.00 (1H, d, J 15.4),
8.26 (1H, d, J 7.9); m/z (FAB) 339 (M* — Br).

4.5.3. 3-(Carboxymethyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium iodide (25)

Yield 15%; mp 214—216 °C; 6y (500 MHz; DMSO-dg;
Me,Si) 3.13 (6H, s), 5.72 (2H, s), 6.85 (2H, d, J 8.9), 7.64
(1H, d, J 15.0), 7.66—7.69 (1H, m), 7.74—7.77 (1H, m),
791 (2H, d, J 8.9), 8.01 (1H, d, J 8.2), 8.13 (1H, d, J 15.0),
8.31 (1H, d, J 8.2); m/z (FAB) 339 (M* —1).

4.5.4. 1-(2-Carboxyethyl)-3,3-dimethyl-2-
[4-(dimethylamino)styryl]-3H-indolium iodide (26)

Yield 36%; mp 149—150 °C; oy (500 MHz; DMSO-dg;
Me,Si) 1.72 (6H, s), 2.63 (2H, t, J 6.9), 3.14 (6H, s), 4.63
(2H, t, J 6.9), 6.86 (2H, d, J 8.9), 7.41 (1H, d, J 15.7), 7.44
(1H, t, J 7.5), 7.51 (1H, t, J 7.5), 7.67 (1H, 4, J 7.5), 7.75
(1H, 4, J 7.5), 8.04 (2H, d, J 8.9), 8.27 (1H, d, J 15.7); m/z
(FAB) 363 (M* —1).

4.5.5. 3-(2-Carboxyethyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium iodide (27)

Yield 46%; mp 226—227 °C; oy (500 MHz; DMSO-dg;
Me,Si) 2.75 (2H, t, J 7.0), 3.02 (6H, s), 4.89 (2H, t, J 7.0),
6.72 2H, t, J 8.8), 7.63 (1H, t, J 7.9), 7.68 (1H, d, J 15.4),
7.73 (1H, t, J 7.9), 7.80 (2H, d, J 8.8), 7.96 (1H, d, J 15.4),
8.05 (1H, d, J 7.9), 821 (1H, d, J 7.9); m/z (FAB) 353
™Mt 1.

4.5.6. 3-(2-Carboxyethyl)-2-[4-(dihexylamino)styryl]-
benzothiazolium iodide (28)

Yield 35%; mp 204—205 °C; oy (500 MHz; DMSO-dg;
Me,Si) 0.88 (6H, t, J 7.3), 1.31 (12H, br s), 1.56 (4H, quint,
J 1.3), 287 2H, t, J 7.2), 3.43 (4H, t, J 7.3), 492 (2H, t,

J72), 679 (2H, t, J 8.9), 7.64 (1H, d, J 15.2), 7.66 (1H, t,
J 8.0), 7.75 (1H, d, J 8.0), 7.88 (2H, d, J 8.9), 8.04 (1H, d, J
15.2), 8.10 (1H, d, J 8.0), 8.27 (1H, d, J 8.0); m/z (FAB)
493 (M* —1).

4.5.7. 3-(2-Carboxyethyl)-2-[4-(didodecylamino)styryl]-
benzothiazolium iodide (29)

Yield 42%; mp 144—145 °C; oy (500 MHz; DMSO-dg;
Me,Si) 0.87 (6H, t, J 7.3), 1.30 (36H, br s), 1.55 (4H, br s),
2.88 (2H, t, J 6.3), 3.44 (4H, t, J 7.3), 4.81 2H, t, J 6.3),
6.42 (2H, t, J 8.0), 7.40 (1H, t, J 7.4), 7.47 (1H, t, J 7.4),
7.50 (1H, d, J 15.5), 7.58 (1H, d, J 7.4), 7.64 (2H, d, J 8.0),
7.84 (1H, d, J 15.5), 8.11 (1H, d, J 7.4); m/z (FAB) 662
M —1).

4.5.8. 3-(3-Carboxypropyl)-2-[4-(dimethylamino )styryl]-
benzothiazolium bromide (30')

Yield 19%; mp 264—266 °C; oy (500 MHz; DMSO-dg;
Me,Si) 2.04 (2H, quint, J 6.6), 2.53 (2H, t, J 6.6), 3.12 (6H,
s), 475 (2H, t, J 6.6), 6.84 (2H, d, J 7.3), 7.66 (1H, d, J
15.1), 7.67—7.70 (1H, m), 7.78—7.81 (1H, m), 7.92 (2H, d,
J 1.3), 8.10 (1H, d, J 15.1), 8.18 (1H, d, J 8.1), 8.31 (1H, d,
J 8.1); m/z (FAB) 368 (M" — Br).

4.5.9. 3-(4-Carboxybutyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium bromide (31')

Yield 61%; mp 236—238 °C; oy (500 MHz; DMSO-dg;
Me,Si) 1.67 (2H, quint, J 7.3), 1.83 (2H, quint, J 7.3), 2.28
(2H, t, J 7.3), 3.11 (6H, s), 4.82 (2H, t, J 7.3), 6.84 (2H, d,
J 9.0), 7.62 (1H, d, J 15.4), 7.66—7.69 (1H, m), 7.76—7.79
(1H, m), 7.93 (2H, d, J 9.0), 8.09 (1H, d, J 15.4), 8.14 (1H,
d, J 8.2), 8.30 (1H, d, J 8.2); m/z (FAB) 381 (M" — Br).

4.5.10. 1-(2-Carboxyethyl)-4-[4-(dimethylamino)styryl]-
quinolinium iodide (32)

Yield 32%; mp 147—148 °C; oy (500 MHz; DMSO-dg;
Me,Si) 2.53 2H, t, J 6.4), 3.06 (6H, s), 4.97 (2H, t, J 6.4),
6.82 2H, d, J 7.4), 7.85 (2H, d, J 7.4), 7.93 (1H, t, J 8.2),
7.98 (1H, d, J 15.6), 8.11 (I1H, d, J 15.6), 8.16 (I1H, t, J
8.2), 8.26 (1H, d, J 5.8), 8.40 (1H, d, J 8.2), 8.98 (1H, d, J
8.2), 9.17 (1H, d, J 5.8); m/z (FAB) 347 M —1).

4.5.11. 1-(2-Carboxyethyl)-3,3-dimethyl-2-[4-(dimethyl-
amino)styryl]-4,5-benzo-3H-indolium iodide (33)

Yield 48%; mp 233—234°C; oy (500 MHz; DMSO-dg;
Me,Si) 1.97 (6H, s), 2.76 (2H, t, J 6.6), 3.15 (6H, s), 4.78
(2H, t, J 6.6), 6.87 (2H, d, J 8.8), 7.43 (1H, d, J 15.9), 7.64
(1H, t, J 7.8), 7.75 (1H, t, J 7.8), 7.94 (1H, d, J 8.8), 8.07
(2H, d, J 8.8), 8.14 (1H, d, J 7.8), 8.18 (1H, d, J 8.8), 8.33
(1H, d, J 7.8), 8.39 (1H, d, J 15.9); m/z (FAB) 413 M" —1).

4.6. Synthesis of 30 and 31

To a methanol—chloroform mixed solvent (30: MeOH,
4 ml, CHCl3, 1 ml; 31: MeOH, 20 ml, CHCl3, 5 ml) was added
a methanol—chloroform mixed solution (methanol: 4 ml, chlo-
roform: 1 ml) of 30’ (160 mg, 0.36 mmol) or 31’ (231 mg,
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0.50 mmol). The mixture was heated to dissolve the substrate.
The solution was filtered. To the filtrate was added aqueous
potassium iodide (30: 1 mol dm™3, 3.5 ml; 31: 2.5 moldm >,
2 ml). The mixture was refluxed for 1.5 h and filtered. The fil-
trate was concentrated in vacuo until 3 ml. Then, the product
was purified by silica gel column chromatography
(CH,Cl1,:MeOH = 6:1). The eluent was filtered through
BOND ELUT-C18 to remove silica gel and recrystallized
from methanol.

4.6.1. 3-(3-Carboxypropyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium iodide (30)

Yield 97%; mp 252—254°C; oy (500 MHz; DMSO-dg;
Me,Si) 2.00 (2H, quint, J 7.2), 2.42 (2H, t, J 7.2), 3.07 (6H,
s), 472 2H, t, J 7.2), 6.79 (2H, d, J 8.7), 7.67 (1H, d, J
15.3), 7.75—=7.79 (2H, m), 791 (2H, d, J 8.7), 8.05 (1H, d, J
15.3), 8.21 (1H, d, J 8.1), 8.29 (1H, d, J 8.1); m/z (FAB)
368 M* —1).

4.6.2. 3-(4-Carboxybutyl)-2-[4-(dimethylamino)styryl]-
benzothiazolium iodide (31)

Yield 63%; mp 257—259 °C; oy (500 MHz; DMSO-dg;
Me,Si) 1.67 (2H, quint, J 7.3), 1.84 (2H, quint, J 7.3), 2.30
(2H, t, J 7.3), 3.12 (6H, s), 4.82 (2H, t, J 7.3), 6.86 (2H, d,
J 8.9), 7.61 (1H, d, J 15.1), 7.67—7.70 (1H, m), 7.76—7.79
(1H, m), 7.93 (2H, d, J 8.9), 8.10 (1H, d, J 15.1), 8.14 (1H,
d, J 8.3), 8.31 (1H, d, J 8.3); m/z (FAB) 381 M™" —I).

4.7. Electrochemical properties of styryl dyes

Since dyes 23—33 were less soluble in acetonitrile, cyclic
voltamogram was measured in DMSO. The oxidation poten-
tial (E,x) was measured vs Ag quasi-electrode. Dye 34 was
less soluble in DMSO to perform electrochemical measure-
ments. The E,, of 27 was observed at 0.74 V vs Ag in
DMSO. The E of ferrocene which is usually used as a stan-
dard compound in the electrochemical measurements was ob-
served at 0.70 V vs Ag in DMSO. The E,; of ferrocene was
observed at 0.48 V vs SCE in acetonitrile. Therefore, the E
of dyes vs SCE in acetonitrile is obtained according to an

Eq. (1).

Ex(V vs SCE in acetonitrile) = E,(V vs Ag in DMSO)
—-0.22(V) (1)

where E,, (V vs SCE in acetonitrile) and E,, (V vs Ag in
DMSO) represent the E,, vs SCE in acetonitrile and E, vs
Ag in DMSO, respectively. Thus, the E,, of 27 was calculated
to be 0.52 V vs SCE in acetonitrile.

The reduction potential (E,.q) was obtained on the basis of
the E,x and onset wavelength (A,nser) Of dye on zinc oxide. For
example, the Ay, Of 27 was observed at around 706 nm as
shown in Fig. 1, corresponding to 1.76 V. Therefore, the E g
was calculated to be —1.24 V vs SCE in acetonitrile.

4.8. Electrochemical measurements

A DMSO solution (5 ml) of dye (5 x 10~* mol dm™?) con-
taining tetrabutylammonium perchlorate (0.1 mol dm>) was
used as an electrolyte. The oxidation potential (E,y) was mea-
sured by using three small-size electrodes. The electrochemi-

cal measurement was performed at the scan rate of
100mVs~.
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