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A series of new-type donor-acceptor m-conjugated benzofuro[2,3-cJoxazolo[4,5-a|carbazole fluorescent
dyes with substituents such as various lengths of non-conjugated alkyl chains containing a carboxyl group
at the end position, m-conjugated carboxyl, cyano and dibutylamino groups are designed and synthesized.
Dye-sensitized solar cells were fabricated using these dyes. The influence of configuration of the dyes on
TiO, surface and chemical structures of the dyes on the photovoltaic performance are investigated and
discussed on the basis of semi-empirical molecular orbital calculations (AM1 and INDO/S). It is concluded
that a carboxyl group of donor-acceptor m-conjugated sensitizer is necessary not as the electron acceptor,
but only as anchoring group for attachment on TiO, surface. Therefore, it was proposed that the most
important point for developing new and efficient donor-acceptor w-conjugated sensitizers for DSSCs is
to design dye molecules capable of forming a strong interaction between the electron acceptor moiety of
sensitizers and TiO, surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) based on organic dyes have
received considerable attention because of high incident solar light-
to-electricity conversion efficiency and low cost of production
[1-20]. Alarge number of organic dyes have been developed and the
relationship between the chemical structure and photovoltaic per-
formance of DSSCs based on the dyes is examined. Donor-acceptor
T-conjugated organic dyes possessing broad and intense spec-
tral features are especially useful as sensitizers. Furthermore, the
charge recombination of the injected electron in metal oxide with
donor-acceptor m-conjugated dyes was an order of magnitude
slower than for comparable dyes that lacked the electron donor
groups, because spatial separation of the positive charge density
on donor moiety of the oxidized dye (excited dye) and the injected
electrons has the crucial effect of retarding the rate of charge recom-
bination between the injected electrons and the oxidized dye. The
charge recombination with the oxidized dye is a key loss mecha-
nism of DSSCs [2,21-26]. Many donor-acceptor m-conjugated dyes
with carboxyl group, acting as not only anchoring group for attach-
ment on metal oxide but also the electron acceptor, have been syn-
thesized and used as sensitizers of DSSCs [2-20]. A number of stud-
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ies have suggested that a carboxyl group can form an ester linkage
with TiO, surface to provide a strongly bound dye and a good elec-
tron communication between them. However, development of new
donor-acceptor w-conjugated dyes for DSSCs is limited because a
carboxyl group is required to combine with w-conjugation system
or electron acceptor moiety of dyes for the above reasons.

In our previous study, to clarify the influence of the position of a
carboxyl group attached to the same chromophore skeleton on pho-
tovoltaic performances of DSSCs, we have designed and synthesized
novel donor-acceptor m-conjugated benzofuro[2,3-c]Joxazolo[4,5-
a]carbazole-type fluorescent dyes 1b, 3¢, 5a and 5b (Scheme 1),
where the electron acceptor is a carboxyl group for 1b and a cyano
group for 3¢, 5a and 5b [27]. The photovoltaic performance of 3¢
having a non-conjugated linkage between a carboxyl group and a
chromophore is similar to that of 1a and higher than those of 5a
and 5b. To understand the differences in the photovoltaic perfor-
mance, it was assumed that the dye 3c is standing perpendicularly
to the TiO, substrate as shown in Fig. 1, and that the dye 3c can
efficiently inject electrons from the phenylcyano group to the con-
duction band of TiO; electrode through an intermolecular hydrogen
bonding between a cyano nitrogen of the dye and a hydroxyl proton
of the TiO, surface.

Quite recently, in order to provide a further confirmation for
this view, we have designed and synthesized donor-acceptor -
conjugated benzofuro[2,3-cloxazolo[4,5-a]carbazole fluorescent
dyes 3a-3f with different lengths of non-conjugated alkyl chains
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Scheme 1. Chemical structures of benzofuro[2,3-c]oxazolocarbazole-type fluores-
cent dyes.

containing a carboxyl group at the end position and their photo-
voltaic performances of dye-sensitized solar cells are investigated
[28]. It is found that in spite of the lengths of the alkyl chains, due
to flexibility of alkyl chain, the cyano group of the dyes is located in
close proximity to TiO, surface and thus a good electron communi-
cation between the dyes and TiO, surface is established (Fig. 1). It is
concluded that a carboxyl group of donor-acceptor mw-conjugated
sensitizer is necessary not as the electron acceptor, but only as
anchoring group for attachment on TiO, surface.

In this work, we have designed and synthesized donor-acceptor
T-conjugated sensitizers with two carboxyl groups, benzofuro[2,3-

1b

Fig. 1. Plausible configurations of 1b and 3¢ on TiO, surface.

cloxazolo[4,5-a]carbazole fluorescent dyes 4c¢ and 4f. It is very
useful for development of new and efficient donor-acceptor -
conjugated sensitizers to obtain information of the photovoltaic
performances by comparing donor-acceptor m-conjugated sensi-
tizers having two carboxyl groups with those having a carboxyl
group. Here we report photovoltaic performances of DSSCs based
on the fluorescent dyes 1b, 3a-3f, 4¢c, and 4f and discuss the influ-
ence of configuration of the dye on TiO, surface and chemical
structures of the dyes on the photovoltaic performance on the
basis of semi-empirical molecular orbital calculations (AM1 and
INDO/S).

2. Experimental

Melting points were measured with a Yanaco micro melt-
ing point apparatus MP model. IR spectra were recorded on a
Perkin Elmer Spectrum One FT-IR spectrometer by ATR method.
Absorption spectra were observed with a Shimadzu UV-3150
spectrophotometer and fluorescence spectra were measured with
a Hitachi F-4500 spectrophotometer. The fluorescence quan-
tum yields (@) were determined by a Hamamatsu €9920-01
equipped with CCD by using a calibrated integrating sphere sys-
tem (Aex =325nm). Cyclic voltammograms (CVs) were recorded
in MeCN/EtyNClO4 (0.1 M) solution with a three-electrode system
consisting of Ag/Ag* as reference electrode, Pt plate as working
electrode, and Pt wire as counter electrode, by using a Hokuto
Denko HAB-151 potentiostat equipped with a functional genera-
tor. Elemental analyses were recorded on a Perkin Elmer 2400 II
CHN analyzer. 'H NMR spectra were recorded on a JNM-LA-400
(400 MHz) FT NMR spectrometer with tetramethylsilane (TMS) as
an internal standard. Column chromatography was performed on
silica gel (KANTO CHEMICAL, 60N, spherical, neutral).

2.1. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-c]oxazolo[4,5-a]carbazole, 9-acetic acid ethyl ester (2a)

A solution of 1a(1.0g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1h
at room temperature. Ethyl bromoacetate (1.59 g, 9.49 mmol) was
added in dropwise manner over 20 min and the solution was stirred
at room temperature for 2 h. After concentrating under reduced
pressure, the resulting residue was dissolved in CH,Cl,, and washed
with water. The organic extract was dried over MgSQy, filtered,
and concentrated. The residue was chromatographed on silica gel
(CH,Cl; as eluent) to give 2a (0.84 g, yield 72%): Mp. 247-249°C; IR
(ATR): D = 2222,1739cm~!; TH NMR (400 MHz, acetone[Dg], TMS)
8=1.04 (t, 6H), 1.24 (t, 3H), 1.46-1.54 (m, 4H), 1.70-1.78 (m, 4H),
3.49-3.54(t, 4H), 4.19-4.24 (m, 2H), 5.74 (s, 2H), 6.95-7.00 (m, 2H),
7.44-7.48 (m, 1H), 7.54-7.58 (m, 1H), 7.71-7.73 (m, 1H), 8.03-8.05
(m, 2H), 8.47-8.50 (m, 3H), 8.69-8.70 (m, 1H); elemental analysis
caled (%) for C3gH36N404: C 74.49, H 5.92, N 9.14; found: C 74.85, H
6.00, N 9.01.

2.2. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-c]oxazolo[4,5-a]carbazole, 9-acetic acid (3a)

To a solution of 2a (0.1 g, 0.16 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.07 g, 1.6 mmol, 20 mL), with stir-
ring at 60 °C. After further stirring for 3 h under reflux, the solution
was acidified to pH 4 with 2N HCl, and concentrated under reduced
pressure. The residue was dissolved in CH;Cly, and washed with
water. The organic extract was dried over MgSQy, filtered, and con-
centrated. The residue was chromatographed on silica gel (CH,Cl,
as eluent) to give 3a (0.053 g, yield 54%): Mp. 279-281 °C; IR (ATR):
D =2226,1707 cm~!; TH NMR (400 MHz, acetone[Dg], TMS) § = 1.04
(t, 6H), 1.47-1.53 (m, 4H), 1.70-1.75 (m, 4H), 3.51-3.55 (m, 4H), 5.64
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(s, 2H), 7.00-7.04 (m, 2H), 7.45-7.48 (m, 1H), 7.56-7.60 (m, 1H),
7.88-7.90 (m, 1H), 8.06-8.08 (m, 2H), 8.48-8.54 (m, 3H), 8.70-8.71
(m, 1H). MS (EI, m/z) 584 (M™*).

2.3. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-c]oxazolo[4,5-a]carbazole, 9-propionic acid ethyl ester (2b)

Asolution of 1a(1.0g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1h
at room temperature. Ethyl 3-bromopropionate (1.72 g, 9.49 mmol)
was added in dropwise manner over 20 min and the solution was
stirred at room temperature for 1h. After concentrating under
reduced pressure, the resulting residue was dissolved in CH,Cl,,
and washed with water. The organic extract was dried over MgSQy,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl, as eluent) to give 2b (0.46g, yield 39%): Mp.
205-207°C; IR (ATR): D =2229, 1725cm~!; 'TH NMR (400 MHz,
acetone|[Dg], TMS) §=1.04 (t, 6H), 1.10 (t, 3H), 1.47-1.53 (m, 4H),
1.71-1.74 (m, 4H), 3.13 (t, 2H), 3.50-3.55 (m, 4H), 4.01-4.07 (m,
2H), 5.26 (t, 2H), 6.98-7.02 (m, 2H), 7.42-7.45 (m, 1H), 7.56-7.60
(m, 1H), 7.84-7.86 (m, 1H), 8.06-8.08 (m, 2H), 8.50-8.53 (m, 3H),
8.68-8.70 (m, 1H); elemental analysis calcd (%) for C3gH3gN404: C
74.74,H 6.11, N 8.38; found: C 74.58, H 6.16, N 8.62.

2.4. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-c]oxazolo[4,5-a]carbazole, 9-propionic acid (3b)

To a solution of 2b (0.1g, 0.16 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.06g, 1.6 mmol, 30mL), with
stirring at 60 °C. After further stirring for 2 h under reflux, the solu-
tion was acidified to pH 4 with 2N HCl, and concentrated under
reduced pressure. The residue was dissolved in CH,Cl;, and washed
with water. The organic extract was dried over MgSQy, filtered,
and concentrated. The residue was chromatographed on silica gel
(CH,Cl;:ethyl acetate =5:1 as eluent) to give 3b (0.025 g, yield 25%):
Mp. 264-266°C; IR (ATR): ¥ = 2228, 1767 cm~!; TH NMR (400 MHz,
DMSO[Dg], TMS) §=0.96 (t, 6H), 1.35-1.43 (m, 4H), 1.57-1.64 (m,
4H), 3.35-3.50 (t, 4H) overlap peak of dissolved water in DMSO[dg],
2.93-2.96 (t, 2H), 5.12 (t, 2H), 6.93 (dd, J=2.20 and 8.28 Hz, 1H),
7.02 (d, J=2.20Hz, 1H), 7.37-7.41 (m, 1H), 7.52-7.56 (m, 1H), 7.84
(d,J=8.28 Hz, 1H), 8.08 (d, J=8.56 Hz, 2H), 8.35 (d, J=8.56 Hz, 2H),
8.44 (d, J=8.80Hz, 1H), 8.59 (d, J=8.52 Hz, 1H). MS (EI, m/z) 598
(M").

2.5. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-cJoxazolo[4,5-a]carbazole, 9-butyric acid ethyl ester (2c)

Asolution of 1a(1.0g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1h
at room temperature. Ethyl 4-bromobutyrate (1.85 g, 9.49 mmol)
was added in dropwise manner over 20 min and the solution was
stirred at room temperature for 10 h. After concentrating under
reduced pressure, the resulting residue was dissolved in CH,Cl5,
and washed with water. The organic extract was dried over MgSQy,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl, as eluent) to give 2c (0.77 g, yield 63%); Mp.
209-211°C; IR (ATR): D =2228, 1738cm~!; 'H NMR (400 MHz,
acetone[Dg], TMS) §=1.04 (t, 6H), 1.12 (t, 3H), 1.48-1.52 (m, 4H),
1.71-1.76 (m, 4H), 1.89-1.92 (m, 2H), 2.46-2.50 (m, 2H), 3.51-3.54
(m, 4H), 4.00-4.04 (m, 2H), 5.07-5.11 (m, 2H), 7.00-7.04 (m, 2H),
7.39-7.46 (m, 1H), 7.53-7.60 (m, 1H), 7.81-7.86 (m, 1H), 8.04-8.08
(m, 2H), 8.51-8.58 (m, 3H), 8.70-8.74 (m, 1H); elemental analysis
caled (%) for C4oH49N404: C74.98, H 6.29, N 8.74; found: C 74.97, H
6.31, N 8.71.

2.6. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-c]oxazolo[4,5-a]carbazole, 9-butyric acid (3c)

To a solution of 2¢ (0.1g, 0.16 mmol) in ethanol (300 ml) was
added dropwise aqueous NaOH (0.06g, 1.6 mmol, 30mL), with
stirring at 60 °C. After further stirring for 6 h under reflux, the solu-
tion was acidified to pH 4 with 2N HCl, and concentrated under
reduced pressure. The residue was dissolved in CH,Cl,, and washed
with water. The organic extract was dried over MgSQy, filtered,
and concentrated. The residue was chromatographed on silica gel
(CHyCly:ethyl acetate=10:1 as eluent) to give 3c (0.085¢g, yield
89%): Mp. 260-262°C; IR (ATR): U =2228, 1712cm~!; TH NMR
(400 MHz, acetone[Dg], TMS) 6=1.04 (t, 6H), 1.46-1.53 (m, 2H),
1.74-1.79 (m, 4H), 1.88-1.91 (m, 4H), 3.51-3.55 (m, 2H), 3.61-3.64
(m, 4H), 5.11-5.15 (m, 2H), 6.98-7.05 (m, 2H), 7.43-7.46 (m, 1H),
7.56-7.60 (m, 1H), 7.85 (d, J=8.76 Hz, 1H), 8.07 (d, J=8.76 Hz, 2H),
8.54 (d,J=9.04Hz, 2H), 8.59 (d, J=8.80Hz, 1H), 8.73 (d, J=8.08 Hz,
1H); elemental analysis calcd (%) for C3gH3gN404: C 74.49, H 5.92,
N 9.14; found: C 74.29, H 5.83, N 9.09.

2.7. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-cJoxazolo[4,5-a]carbazole, 9-pentanoic acid ethyl ester (2d)

Asolution of 1a(1.0 g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1h at
room temperature. Ethyl 5-bromovalerate (1.99 g, 9.49 mmol) was
added in dropwise manner over 20 min and the solution was stirred
at room temperature for 5h. After concentrating under reduced
pressure, the resulting residue was dissolved in CH,Cl,, and washed
with water. The organic extract was dried over MgSQ,, filtered,
and concentrated. The residue was chromatographed on silica gel
(CHy(Cl; as eluent) to give 2d (0.93 g, yield 74%): Mp. 168-170°C; IR
(ATR): D = 2226, 1730cm~!; TH NMR (400 MHz, acetone[Dg], TMS)
8=1.05 (t, 6H), 1.11 (t, 3H), 1.47-1.55 (m, 4H), 1.71-1.79 (m, 6H),
2.01-2.10 (m, 2H) overlap peak of remained acetone, 2.40-2.44 (m,
2H), 3.50 (t, 4H), 3.99-4.03 (m, 2H), 4.88 (t, 2H), 6.94-6.96 (m, 2H),
7.38-7.42 (m, 1H), 7.52-7.56 (m, 1H), 7.72-7.74 (m, 1H), 7.96 (d,
J=8.80Hz,2H), 8.38 (d,J=8.80Hz, 2H), 8.42 (d,J=9.76 Hz, 1H), 8.62
(d, J=8.56 Hz, 1H); elemental analysis calcd (%) for C41H43N404: C
75.20, H 6.47, N 8.56; found: C 75.13, H 6.56, N 8.34.

2.8. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-cJoxazolo[4,5-a]carbazole, 9-pentanoic acid (3d)

To a solution of 2d (0.1 g, 0.15mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.06g, 1.6 mmol, 10 mL), with
stirring at 60°C. After further stirring for 6h under reflux, the
solution was acidified to pH 4 with 2N HCl, and concentrated
under reduced pressure. The residue was dissolved in CH;Cl,, and
washed with water. The organic extract was dried over MgSQy,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl;, as eluent) to give 3d (0.039¢g, yield 39%): Mp.
229-231°C; IR (ATR): D =2226, 1716cm~!; TH NMR (400 MHz,
DMSO[Dg], TMS) §=0.97 (t, 6H), 1.35-1.43 (m, 4H), 1.59-1.64
(m, 6H), 1.91-2.00 (m, 2H), 2.28-2.31 (m, 2H), 3.35-3.50 (t, 4H)
overlap peak of dissolved water in DMSO[Dg], 4.92 (t, 2H), 6.92 (dd,
J=2.20 and 8.28 Hz, 1H), 7.00 (d, J=2.20 Hz, 1H), 7.37-7.41 (m, 1H),
7.53-7.57 (m, 1H), 7.80 (d, J=8.28 Hz, 1H), 8.08 (d, J=8.28 Hz, 2H),
8.38 (d,J=8.28 Hz, 2H), 8.43 (d, J=9.28 Hz, 1H), 8.60 (d, J=7.84 Hz,
1H); elemental analysis calcd (%) for C3gH3gN404: C 74.74, H 6.11,
N 8.94; found: C 74.48, H 6.41, N 8.55.

2.9. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-cJoxazolo[4,5-a]carbazole, 9-haxanoic acid ethyl ester (2e)

A solution of 1a(1.0g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1h
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at room temperature. Ethyl 6-bromohexanoate (2.12 g, 9.49 mmol)
was added in dropwise manner over 20 min and the solution was
stirred at room temperature for 12 h. After concentrating under
reduced pressure, the resulting residue was dissolved in CH,Cl,,
and washed with water. The organic extract was dried over MgSQy,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl, as eluent) to give 2e (0.96¢g, yield 76%): Mp.
181-182°C; IR (ATR): D = 2227, 1731cm~!; 'H NMR (400 MHz,
acetone[Dg], TMS) §=1.05 (t, 6H), 1.14 (t, 3H), 1.45-1.61 (m, 6H),
1.71-1.80 (m, 6H), 2.01-2.10 (m, 2H) overlap peak of remained ace-
tone, 2.28-2.32 (m, 2H), 3.53 (t, 4H), 4.01-4.06 (m, 2H), 4.99 (t, 2H),
6.98-7.01 (m, 2H), 7.41-7.44 (m, 1H), 7.54-7.58 (m, 1H), 7.77-7.79
(m, 1H), 8.03-8.05 (m, 2H), 8.49-8.53 (m, 3H), 8.69-8.71 (n, 1H);
elemental analysis calcd (%) for C4oH44N404: C75.42,H6.63,N 8.38;
found: C 74.99, H 6.58, N 8.26.

2.10. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-cJoxazolo[4,5-a]carbazole, 9-haxanoic acid (3e)

To a solution of 2e (0.1g, 0.15mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.06 g, 1.6 mmol, 30 mL), with stir-
ring at 60 °C. After further stirring for 6 h under reflux, the solution
was acidified to pH 4 with 2N HCl, and concentrated under reduced
pressure. The residue was dissolved in CH,Cl,, and washed with
water. The organic extract was dried over MgSQy, filtered, and con-
centrated. The residue was chromatographed on silica gel (CH,Cl,
as eluent) to give 3e (0.062 g, yield 63%): Mp. 214-215°C; IR (ATR):
U =2225,1704cm~1; TH NMR (400 MHz, DMSO[Dg], TMS) § =0.97
(t, 6H), 1.36-1.44 (m, 6H), 1.59-1.64 (m, 6H), 1.92-1.98 (m, 2H),
2.18-2.25(m, 2H), 3.35-3.50 (t, 4H) overlap peak of dissolved water
in DMSO|Dg], 4.92 (t, 2H), 6.93 (dd, J=1.68 and 8.04Hz, 1H), 7.01
(d, J=1.68Hz, 1H), 7.37-7.41 (m, 1H), 7.53-7.57 (m, 1H), 7.80 (d,
J=8.04Hz, 1H), 8.08 (d,J=8.78 Hz, 2H), 8.38 (d, ] =8.78 Hz, 2H), 8.44
(d,J=9.52Hz, 1H), 8.60 (d, ] =8.32 Hz, 1H); elemental analysis calcd
(%) for C4oH49N404: C 74.98, H 6.29, N 8.74; found: C 74.86, H 6.33,
N 8.71.

2.11. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-cJoxazolo[4,5-a]carbazole, 9-heptanoic acid ethyl ester (2f)

Asolution of 1a(1.0g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1h at
room temperature. Ethyl 7-bromoheptanoate (2.25 g, 9.49 mmol)
was added in dropwise manner over 20 min and the solution was
stirred at room temperature for 12 h. After concentrating under
reduced pressure, the resulting residue was dissolved in CH,Cl,,
and washed with water. The organic extract was dried over MgSOy,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl,:ethyl acetate=5:1 as eluent) to give 2f (0.89g,
yield 69%): Mp.201-203 °C; IR(ATR): U = 2227,1727 cm~!; 'THNMR
(400 MHz, CDCls, TMS) 8=1.02 (t, 6H), 1.22 (t, 3H), 1.40-1.71 (m,
14H), 2.03-2.11 (m, 2H), 2.27 (t, 2H), 3.43 (t, 4H), 4.06-4.11 (m, 2H),
4.99(t,2H),6.92-6.99 (m, 2H), 7.40-7.44 (m, 1H), 7.54-7.63 (m, 2H),
7.85-7.89 (m, 2H), 8.46-8.51 (m, 3H), 8.66-8.68 (m, 1H); elemental
analysis calcd (%) for C43H4N404: C 75.63, H 6.79, N 8.20; found:
C75.87,H6.78, N 8.20.

2.12. Synthesis of 7-(4-cyanophenyl)-3-dibutylamino-benzofuro
[2,3-c]oxazolo[4,5-a]carbazole, 9-heptanoic acid (3f)

To a solution of 2f (0.1 g, 0.15mmol) in ethanol (300 ml) was
added dropwise aqueous NaOH (0.06g, 1.6 mmol, 30 mL), with
stirring at 60°C. After further stirring for 12 h under reflux, the
solution was acidified to pH 4 with 2N HCI, and concentrated under
reduced pressure. The residue was dissolved in CH,Cl,, and washed
with water. The organic extract was dried over MgSQy,, filtered,

and concentrated. The residue was chromatographed on silica gel
(CH,Cl;:ethyl acetate = 3:2 as eluent) to give 3f(0.076 g, yield 77%):
Mp. 195-197 °C; IR (ATR): D = 2226, 1707 cm~!; 'H NMR (400 MHz,
CDCl3, TMS) 6 =1.02 (t, 6H), 1.41-1.68 (m, 14H), 2.02-2.06 (m, 2H),
2.34 (t, 2H), 3.43 (t, 4H), 4.92 (t, 2H), 6.79-6.94 (m, 2H), 7.38-7.41
(m, 1H), 7.52-7.61 (m, 2H), 7.81-7.83 (m, 2H), 8.39-8.41 (m, 3H),
8.63-8.65 (m, 1H); elemental analysis calcd (%) for C41H43N404: C
75.20, H 6.47, N 8.56; found: C 74.88, H 6.45, N 8.46.

2.13. Synthesis of 7-(4-carboxyphenyl)-3-dibutylamino-
benzofuro[2,3-cJoxazolo[4,5-a]carbazole, 9-butyric acid (4c)

To a solution of 2¢ (0.3 g, 0.47 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.19 g, 4.7 mmol, 30 mL), with stir-
ring under reflux. After further stirring for 24 h under reflux, the
solution was acidified to pH 4 with 2N HCI, and concentrated under
reduced pressure. The residue was dissolved in CH,Cl,, and washed
with water. The organic extract was dried over MgSQy,, filtered,
and concentrated. The residue was chromatographed on silica gel
(CH,Cly:methanol=5:1 as eluent) to give 4c (0.059 g, yield 20%);
280-282°C (decomposition); IR (ATR): ¥ = 1708, 1678cm~!; 'H
NMR (400 MHz, DMSO[Dg], TMS) § =0.99 (t, 6H), 1.40-1.44 (m, 4H),
1.59-1.64 (m, 4H), 2.21-2.24 (m, 2H), 2.36 (t, 2H), 3.51 (t, 4H), 5.00
(t,2H), 6.92-7.04 (m, 2H), 7.40-7.42 (m, 1H), 7.55-7.57 (m, 1H), 7.83
(d,J=8.29Hz, 1H), 8.15 (d, J=8.05Hz, 2H), 8.38 (d, J=7.56 Hz, 2H),
8.45 (d, J=8.54Hz, 1H), 8.62 (d, J=7.08 Hz, 1H). MS (MALDI, m/z)
631 (M*).

2.14. Synthesis of 7-(4-carboxyphenyl)-3-dibutylamino-
benzofuro[2,3-cJoxazolo[4,5-a]carbazole, 9-heptanoic acid (4f)

To a solution of 2f (0.3 g, 0.44 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.18 g, 4.4 mmol, 30 mL), with stir-
ring under reflux. After further stirring for 12 h under reflux, the
solution was acidified to pH 4 with 2N HCl, and concentrated
under reduced pressure. The residue was dissolved in CH,Cl,, and
washed with water. The organic extract was dried over MgSOy,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl,:methanol=5:1 as eluent) to give 4f (0.142 g, yield
46%): Mp. 218-220°C; IR (ATR): D = 1687 cm~!; 'H NMR (400 MHz,
DMSO[Dg], TMS) §=0.99 (t, 6H), 1.37-1.47 (m, 10H), 1.60-1.64
(m, 4H), 1.95-1.98 (m, 2H), 2.18 (t, 2H), 3.43 (t, 4H), 4.99 (t, 2H),
6.95-7.06 (m, 2H), 7.39-7.43 (m, 1H), 7.55-7.58 (m, 1H), 7.84 (d,
J=8.29Hz, 1H), 8.16 (d,J=8.54 Hz, 2H), 8.37 (d,]=8.05 Hz, 2H), 8.48
(d,J=9.76 Hz, 1H), 8.64 (d, J=7.81 Hz, 1H) (MALDI, m/z) 673 (M*).

2.15. Computational methods

The semi-empirical calculations were carried out with the
WinMOPAC Ver. 3.9 package (Fujitsu, Chiba, Japan). Geometry cal-
culations in the ground state were made using the AM1 method
[29]. All geometries were completely optimized (keyword PRECISE)
by the eigenvector following routine (keyword EF). Experimental
absorption spectra of the eight compounds were compared with
their absorption data by the semi-empirical method INDO/S (inter-
mediate neglect of differential overlap/spectroscopic) [30-32].
All INDO/S calculations were performed using single excitation
full SCF/CI (self-consistent field/configuration interaction), which
includes the configuration with one electron excited from any occu-
pied orbital to any unoccupied orbital, where 225 configurations
were considered [keyword CI (15 15)].

2.16. Preparation of the dye-sensitized solar cells

The TiO,, electrodes used for dye-sensitized solar cells were pre-
pared as follows. Into a powder (1.30 g) of TiO, (P-25, d=30-40 nm)
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in mortar was added water (1.9mL) in six portions with well
stirring. Then, three drops of 12M nitric acid and polyethy-
lene glycol (80 mg) were successively added, and the mixture
was well kneaded to a smooth paste. It was then applied on a
fluorine-doped-tin-oxide (FTO) substrate and sintered for 30 min
at 500°C. The 7 pm thick TiO, electrode (0.5 x 0.5 cm? in photoac-
tive area) was immersed into a 0.3 mM tetrahydrofuran solution
of the dye for a number of hours enough to adsorb the photo-
sensitizer. The DSSCs were fabricated by using the dye-adsorbed
TiO, electrode thus prepared, Pt-coated glass as a counter elec-
trode, and a solution of 0.05M iodine, 0.1 M lithium iodide,
and 1,2-dimethyl-3-n-propylimidazolium iodide in acetonitrile as
electrolyte. The photocurrent-voltage characteristics were mea-
sured using a potentiostat under a simulated solar light (AM 1.5,
61 mW cm2). IPCE spectra were measured under monochromatic
irradiation with a tungsten-halogen lamp and a monochromator.
The dye-coated film was immersed in mixture solvent of THF-
DMSF-1M NaOH aq (5: 4: 1), which was used to determine the
amount of dye molecule adsorbed onto the film by measuring the
absorbance. The quantification of each dye was made based on
the Amax and the molar extinction coefficient of each dye in the
above solution. Absorption spectra of the dye-adsorbed TiO, films
adsorbed by dyes were measured in the diffuse-reflection mode by
a Shimadzu UV-3150 spectrophotometer with a calibrated integrat-
ing sphere system ISR-3100.

3. Results and discussion

3.1. Synthesis of benzofuro[2,3-c]oxazolo[4,5-a]carbazole-type
fluorescent dyes

The synthetic pathway of benzofuro[2,3-cloxazolo[4,5-
a]carbazole-type fluorescent dyes 3a-3f, 4c, and 4f is shown
in Scheme 2. We used compound 1a as a starting material [33,34].
The reaction of 1a with alkylhalide using sodium hydride yielded
2a-2f. The hydrolysis of 2a-2f in the presence of NaOH at 60°C
and under reflux gave the compounds 3a-3f and 4c and 4f,
respectively.
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Fig. 2. Absorption and fluorescence spectra of 1b, 3c, 3f, 4c, and 4f in 1,4-dioxane.

3.2. Spectroscopic properties of the fluorescent dyes 1b, 3a-3f,
4c, and 4f in solution and on TiO, film

The absorption and fluorescence spectra of 1b, 3¢, 3f, 4c, and
4f in 1,4-dioxane are shown in Fig. 2 and the spectral data for all
dyes are summarized in Table 1. All these fluorescent dyes exhibit
intense absorption bands at around 411-431 and 347-354 nm, and
an intense fluorescence at around 515-540 nm. The fluorescence
quantum yields (@) of these dyes in 1,4-dioxane are close to 100%.
The absorption and fluorescence spectra of all these fluorescent
dyes resemble very well, showing that the effect of phenylcyano
and phenylcarboxy substituents on photophysical properties of
these dyes is negligible, although the absorption and fluorescence
maxima of 1b, 4c, and 4f are slightly blue-shifted compared to
those of 3a-3f. Absorption spectra of dyes adsorbed on TiO, film
are shown in Fig. 3, where the amounts of adsorbed dyes are

4c:n=3
4:n=6

Scheme 2. Synthesis of fluorescent dyes 2a-2f, 3a-3f, 4c, and 4f: (a) NaH, alkylhalide, acetonitrile, R.T., 1-12 h, 72% for 2a, 39% for 2b, 63% for 2c, 74% for 2d, 76% for 2e, and
69% for 2f; (b) NaOH aq, ethanol, 60°C, 2-12 h, 54% for 3a, 25% for 3b, 89% for 3¢, 39% for 3d, 63% for 3e, and 77% for 3f; (c) NaOH aq, ethanol, reflux, 2-3 days, 20% for 4c and

46% for 4f.
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Table 1
Optical properties of 1b, 3a-3f, 4c, and 4f in 1,4-dioxane.
Dye Amax?2%/nm (&max/dm> mol~' cm~1)2 Amax/nmP o] SS¢/nm
1b 416 (25700), 347 (25400) 525 0.97 109
3a 427 (26700), 350 (26100) 540 0.97 113
3b 425 (25300), 350 (26900) 532 0.96 107
3c 425 (24400), 349 (27300) 537 0.99 112
3d 430 (26900), 354 (33000) 534 0.97 104
3e 430 (28900), 354 (35000) 534 0.95 104
3f 431 (26100), 354 (31000) 533 0.95 103
4c 411 (24300), 348 (25500) 515 0.95 104
af 417 (21100), 350 (24500) 522 0.97 105
320x10"° M.
b 2.0x10°¢M.

¢ Stokes shift value.
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Fig.3. Absorption spectraof 1b, 3a, 3¢, 3f,4c, and 4f adsorbed on TiO; film, measured
in the diffuse-reflection mode (Shimadzu UV-3150, ISR-3100).

6.8 x 106, 4.4 x 1075, 6.6 x 106, 5.5 x 10'6, 7.8 x 1016, 7.2 x 1016,
7.4 x 1016, 6.0 x 10", and 6.5 x 106 molecules cm~2 for 1b, 3a-3f,
4c, and 4f, respectively. The absorbance and absorption peak wave-
lengths of adsorbed dyes on TiO, films are very similar to one
another, but only the absorbance of 3a is lower than those of the
other dyes. Undoubtedly, the low absorbance of 3a is ascribable
to the small amount of 3a adsorbed on TiO, film. In all the dyes
except 3a, the onsets of absorption bands of adsorbed dyes are
red-shifted by 80-100 nm relative to those in 1,4-dioxane. Such a
red-shift is attributable to aggregation of the dyes on TiO, electrode
[11,20,35,36].

Y. Ooyama et al. / Journal of Photochemistry and Photobiology A: Chemistry 203 (2009) 177-185

1.5

—
(=]

o
i

Current/u

| | | ] 1 ] I | ]
0.6 0.8 1.0 1.2
E/V vs. Ag/Agt

Fig. 4. Cyclic voltammogram of 3e in acetonitrile containing 0.1 M Et4NClO4 at a
scan rate of 20mV s~'. The arrow denotes the direction of the potential scan.

3.3. Electrochemical properties of the fluorescent dyes 1b, 3a-3f,
4c, and 4f and their HOMO and LUMO energy levels

The electrochemical properties of 1b, 3a-3f, 4c, and 4f were
determined by cyclic voltammetry (CV) in acetonitrile containing
0.1 M Et4NClOy4. As an example, the CV of 3e is shown in Fig. 4. The
CV data are summarized in Table 2. The first oxidation peaks were
determined to be 0.31-0.36 V vs. Ag/Ag*. The corresponding reduc-
tion peaks appeared at 0.25-0.31 V. The first redox waves are clearly
observed and the peak separations are ca. 60 mV, suggesting that
the first oxidized states of the dyes are stable. On the other hand,
ill-defined waves for the second and third oxidation processes indi-
cate that the second and third oxidized states of the dyes are less
stable than the first ones.

On the basis of the spectral analyses and CVs, we estimated
the HOMO energy levels of these dyes with respect to NHE. The
LUMO energy levels of the dyes were estimated from the first oxi-
dation potential and an intersection of absorption and fluorescence
spectra (487-460 nm (2.54-2.70eV) for 1b, 3a-3f, 4c, and 4f) cor-
responding to the energy gap between HOMO and LUMO (Table 2).
The results of absorption and fluorescence spectra and CV for these
dyes demonstrate that all these dyes have similar HOMO and LUMO
energy levels. Evidently, the LUMO energy levels for these dyes
are higher than the energy level of TiO, conduction band (-0.5V),
showing that these dyes can inject efficiently electrons to conduc-
tion band of TiO, electrode.

3.4. Semi-empirical MO calculations (AM1, INDO/S)

To understand the photophysical and electrochemical proper-
ties of benzofuro[2,3-c]oxazolo[4,5-a]carbazole-type fluorescent
dyes, we carried out semi-empirical molecular orbital (MO) cal-
culations of 1b, 3a-3f, 4c, and 4f by the INDO/S method after
geometrical optimizations by the MOPAC/AM1 method [29-32].
The calculated absorption wavelengths and the transition char-

Table 2

Electrochemical properties of 1b, 3a-3f, 4c, and 4f and their energy levels of HOMO and LUMO.

Dye Epa/V vs. Ag|Ag*? Epc/V vs. Ag/Ag*? AE,/mV Eip[V HOMO/VP LUMO/V®
1b 0.31, 0.82,0.98 0.25, -, - 60, -, - 0.28, -, - 0.87 -1.71
3a 0.35, 0.88, - 0.29, 0.81, - 60, 70, - 0.32,0.85, - 0.87 -1.71
3b 0.36, 0.85, - 0.31, 0.80, - 50, 50, - 0.34,0.83, - 0.90 -1.70
3c 0.35, 0.84, 0.98 0.28,0.78, - 70, 60, - 0.32,0.81, - 0.91 —1.64
3d 0.35,0.85, - 0.30, 0.79, - 50, 60, - 0.33,0.82, - 0.89 -1.66
3e 0.36, 0.83, - 0.29,0.77, - 70, 60, - 0.33, 0.80, - 0.89 -1.66
3f 0.33,0.82, - 0.27,0.76, - 60, 60, - 0.30, 0.79, - 0.86 -1.75
4c 0.35, 0.80, - 0.30,0.72, - 50, 80, - 0.33,0.76, - 0.91 -1.79
af 0.33,0.89, - 0.28, -, - 50, -, — 031, -, - 0.89 —1.65

2 Epa and Ejc are the anodic and cathodic peak potentials in acetonitrile (0.1 M Et4NCIO4).

b ys. a normal hydrogen electrode (NHE).
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Table 3
Calculated absorption spectra for 1b, 3a-3f, 4c, and 4f.

Compound Absorption (calc.) CI component®
Amax/nm I
1b 402 0.92 HOMO — LUMO(75%)
328 0.59 HOMO — LUMO+1(43%)
HOMO-1 — LUMO(13%)
3a 396 0.92 HOMO — LUMO(76%)
326 0.60 HOMO — LUMO+1(40%)
HOMO-1 — LUMO(14%)
3b 403 0.91 HOMO — LUMO(77%)
329 0.64 HOMO — LUMO+1(44%)
HOMO-1 — LUMO(17%)
3c 404 0.90 HOMO — LUMO(77%)
329 0.64 HOMO — LUMO+1(47%)
HOMO-1 — LUMO(16%)
3d 402 0.92 HOMO — LUMO(77%)
329 0.63 HOMO — LUMO+1(44%)
HOMO-1 — LUMO(16%)
3e 404 091 HOMO — LUMO(77%)
329 0.64 HOMO — LUMO+1(46%)
HOMO-1— LUMO(17%)
3f 403 0.92 HOMO — LUMO(78%)
329 0.63 HOMO — LUMO+1(45%)
HOMO-1 — LUMO(16%)
4c 405 0.87 HOMO — LUMO(75%)
329 0.51 HOMO — LUMO+1(33%)
HOMO-1 — LUMO(13%)
4f 406 0.88 HOMO — LUMO(76%)
330 0.54 HOMO — LUMO+1(36%)

HOMO-1 —s LUMO(14%)

a QOscillator strength.
b The transition is shown by an arrow from one orbital to another, followed by its
percentage CI (configuration interaction) component.

acters of the first absorption bands are collected in Table 3. The
observed and calculated absorption spectra of the compounds
(Tables 1 and 3) compare well with each other with respect to
both the absorption wavelength and the absorption intensity,
although the calculated absorption wavelengths are blue-shifted.
The deviation of the INDO/S calculations, giving transition ener-
gies greater than the experimental values, has been generally
observed [37,38]. The calculations showed that the longest exci-
tation bands of the dyes were mainly assigned to the transition
from HOMO to LUMO, where HOMOs were mostly localized
on the 3-dibutylamino-benzofuro[2,3-c]oxazolo[4,5-a]carbazole
moiety for all dyes, and LUMOs were mostly localized on the
carboxyphenyl moiety for 1b, 4c, and 4f and the cyanophenyl
moiety for 3a-3f. The changes in the calculated electron density
accompanying the first electron excitation are shown in Fig. 5,
which reveals a strong intramolecular charge migration from the
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Fig. 5. Calculated electron density changes accompanying the first electronic exci-
tation of 1b, 3¢, and 4c. The black and white lobes signify decrease and increase
in electron density accompanying the electronic transition. Their areas indicate the
magnitude of the electron density change.
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Fig. 6. IPCE spectra of DSSCs based on 1b, 3c, 3f, 4c, and 4f.

3-dibutylamino-benzofuro[2,3-c]oxazolo[4,5-a]carbazole moiety
to the carboxylphenyl or cyanophenyl moiety for all dyes. These
calculation results suggest that the effects of the cyano and car-
boxyl groups on photophysical and electrochemical properties of
these dyes are negligible, so that all dyes show similar results of
the absorption and fluorescence spectra and the CV.

3.5. Photovoltaic performances of DSSCs based on the fluorescent
dyes 1b, 3a-3f, 4c, and 4f

The DSSCs were fabricated by using the dye-adsorbed TiO,
electrode, Pt-coated glass as a counter electrode, and an ace-
tonitrile solution with 0.05M iodine, 0.1 M lithium iodide, and
1,2-dimethyl-3-n-propylimidazolium iodide as electrolyte. The
photocurrent-voltage characteristics were measured using a
potentiostat under a simulated solar light (AM 1.5, 61 mW cm~2).
The incident photon-to-current conversion efficiency (IPCE)
spectra were measured under monochromatic irradiation with
a tungsten-halogen lamp and a monochromator. IPCE spectra
and photocurrent-voltage curves are depicted in Figs. 6 and 7,

2.5

Current/mA cm-2

1 I I I
-600 -400 -200 0
Voltage/mV

Fig. 7. Photocurrent-voltage curves of DSSCs based on 1b, 3c, 3f, 4c, and 4f.
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Table 4

Photovoltaic performances of DSSCs based on 1b, 3a-3f, 4c, and 4f.

Dye Molecules cm~22 Jsc/mA cm—2 Voc/mV ff n (%)
1b 6.8 x 10'6 2.12 508 0.57 1.00
3a 4.4 %10 0.12 216 0.42 0.02
3b 6.6 x 10'6 2.06 500 0.57 1.00
3c 5.5 % 10'6 2.01 548 0.56 1.00
3d 7.8 x 1016 1.88 524 0.53 0.86
3e 7.2 x 1016 2.00 468 0.55 0.84
3f 7.4 x 106 1.91 520 0.57 0.90
4c 6.0 x 10'6 1.36 448 0.55 0.55
af 6.5 % 10'6 1.30 488 0.59 0.61

2 Adsorption amount per unit area of TiO; film.

respectively. The IPCE is represented by the following equation:

1240(eV nm)Jsc(mA cm~2)
A(nm)@(mW cm-2)

where Jsc is the short-circuit photocurrent density generated
by monochromatic light, and A and & are the wavelength and
the intensity of the monochromatic light, respectively. When
the performances of DSSCs fabricated using these dyes as sen-
sitizers were examined, big differences in the IPCE spectra and
the photocurrent-voltage (I-V) characteristics were observed
(Figs. 6 and 7). The maximum IPCE value increases in the order of
3b-3f (52-58%)>1b (46%)>4c, 4f (36, 31%). Table 4 summarizes
photovoltaic performances of DSSCs based on the dyes. The solar
energy-to-electricity conversion yield (1 (%)) is expressed by the
following equation:

Jse(mA cm=2 )V, (V)ff
Io(mW cm—2)

IPCE(%) = x 100 (1)

n(%) = x 100 (2)

where [ is the intensity of incident white light, V. is the open-
circuit photovoltage, and ff represents the fill factor. Interestingly,
the Jsc for 3b-3f (1.88-2.06 mA cm~2) having a nonconjugated link-
age between carboxyl group and chromophore is similar to that for
1b (2.12 mA cm~2) and higher than those of 4¢ (1.36 mA cm~2) and
4f (1.30mA cm—2) with two carboxyl groups. However, although
the maximum IPCE value of 1b is lower than those of 3¢ and 3f, the
Jsc for 1bis similar to those for 3¢ and 3f, because the IPCE spectrum
of 1b extends to the longer wavelength region; the onset of IPCE
spectrum for 1b is 700 nm which is red-shifted by about 20 nm
compared to those of 3c and 3f (Fig. 6). The n values increase in the
order of 1b (1.00%) > 3b-3f (0.84-1.00%) > 4c, 4f (0.55, 0.61%) > 3a
(0.02%). The photovoltaic performance of 3a is lower than those
for the other dyes. The values of V, for 1b, 3a, 3b-3f, 4c, and 4f
are 508, 216, 468-548, 448, and 488 mV, respectively, which were
different among the dyes.

3.6. Consideration of relationship between photovoltaic
performances and configuration of dye on TiO, surface

To understand the differences in Jsc and 7, we assumed that the
dye molecule is standing perpendicular to the TiO, substrate as
shown in Fig. 1. In 1b, a carboxyl group can form an ester link-
age with TiO, surface, so that electrons will be injected from dye
to TiO, through a carboxyl group. For 3b-3f, on the other hand, a
carboxyl group acts as an anchoring group for attachment on TiO,
surface, but it cannot participate in the path of electrons because
of a non-conjugated alkyl chains between a carboxyl group and
a chromophore. From the molecular structure of 3b-3f, it was
suggested that phenylcyano group acting as electron acceptor is
located in close proximity to TiO, surface by the interaction such as
intermolecular hydrogen bonding between cyano nitrogen of the
dye and hydroxyl proton of TiO, surface. In view of highly effi-
cient charge injection probabilities as suggested by IPCE values

over 50% for 3b-3f;, it is likely that the electron-accepting phenyl-
cyano groups are attached to the TiO, as shown in Fig. 1, so that
the dyes 3b-3f can efficiently inject electrons from the dye skele-
ton to the conduction band of the TiO, through the phenylcyano
groups. Consequently, the close agreements of all the photovoltaic
features for 3b-3f demonstrate that the m-conjugated skeletons
of these dyes lie on the TiO, surface in a similar fashion irre-
spective of different lengths of alkyl chains with a carboxyl group
acting as an anchor. Fukuzumi et al. reported that for DSSC based
on fluorescein derivatives, the xanthen moiety acting as an elec-
tron acceptor which can inject electrons to the conduction band
of the semiconductor, is located in close proximity to the semi-
conductor surface [39]. The lower photovoltaic performance of 3a
is attributable to the small amount of 3a adsorbed on TiO, film
compared with those for the other dyes because of a steric hin-
drance between the phenylcyano moiety of 3a and TiO, surface.
On the other hand, it was expected that the dyes 4¢ and 4f with
two carboxyl groups can form strong interaction with TiO, surface,
so that electrons will be injected from dye to TiO, through car-
boxyl group in carboxyphenyl moiety, similar to 1b. However, the
Jsc values of 4¢ and 4f are smaller than that of 1b. It was considered
that strong interaction with TiO, surface for 4¢ and 4f induce the
charge recombination between the injected electron and the oxi-
dized dye (excited dye), which was faster than for comparable dyes
that have a carboxyl group because of close approach of the oxi-
dized 4¢ and 4f to TiO, surface. Otsubo et al. reported that for DSSC
based on oligothiophenedicarboxylic acid with two carboxyl groups
at both ends of oligothiophene skeleton, the dicarboxylated groups
force molecular arrangements close to the TiO, electrode, result-
ing in the lowering of photovoltages due to enhanced quenching
process [40]. Tian and co-workers have also reported that stronger
adsorption of the dye with two carboxyl groups on the TiO, sur-
face could facilitate charge recombination of the injected electron
and oxidized dye [26]. Consequently, it is reasonable to presume
that low photovoltaic performance for 4c and 4f are ascribable to
the charge recombination between the injected electron and the
oxidized dye. On the other hand, the values of V,c were differ-
ent among the dyes. It is reported that the Fermi level of TiO, is
affected by adsorption of dyes having permanent dipoles: the dipole
of dye can affect the electronic state of TiO, conduction band [41].
The direction of dipole moment of the dyes 1b, 3a-3f, 4c, and 4f
in the adsorption state will be different among the dyes because
of different positions of carboxyl groups on a chromophore skele-
ton and the number of carboxyl groups. Thus, this will cause the
difference of V. The n values of DSSCs based on these dyes are rel-
atively small compared with those of other organic dyes because
the m-conjugated system of these dyes does not have an intense
absorption band over a long-wavelength region of the solar spec-
trum.

4. Conclusions

We have designed and synthesized a series of new-type donor-
acceptor w-conjugated benzofuro[2,3-c]oxazolo[4,5-a]carbazole
fluorescent dyes with substituents such as various lengths of
non-conjugated alkyl chains containing a carboxyl group at the
end position, m-conjugated carboxyl, cyano and dibutylamino
groups, and photovoltaic performances of DSSCs based on these
dyes are investigated. It is concluded that a carboxyl group of
donor-acceptor m-conjugated sensitizer is necessary not as the
electron acceptor, but only as anchoring group for attachment on
TiO, surface. Ultimately, the most important point for develop-
ing new and efficient donor-acceptor mr-conjugated sensitizers for
DSSCs is to design dye molecules capable of forming a strong inter-
action between the electron acceptor moiety of sensitizers and TiO,
surface.
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