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a b s t r a c t

Five novel organic sensitizers that contain a fused-planar triphenylamine as electron donor have been
synthesized and their photophysical properties, theoretical calculation and photovoltaic performances
as well as stability test have been studied. Under standard AM 1.5 sunlight, the sensitizer JK-164 yielded
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rganic dye

a short-circuit photocurrent density of 15.32 mA cm−2, an open-circuit voltage of 0.70 V, and a fill factor
of 0.74, corresponding to an overall conversion efficiency of 7.86%. The JK-164 cell exhibits an excellent
stability, revealing a slight change after 1000 h of light soaking at 60 ◦C using a solvent free ionic liquid.
The cell shows a higher open-circuit voltage (Voc) compared to that of JK-163 due to an increased electron
life time (�c) in the conduction band of TiO2.
ye-sensitized solar cell
SSCs

. Introduction

The growing demands of a sustainable and renewable alterna-
ive to fossil fuels have aroused interest in photovoltaic devices
1]. Among several new energy technologies, dye-sensitized solar
ells (DSSCs) have shown a significant promise as a cost-effective,
fficient, and an environmentally friendly alternative to conven-
ional solid photovoltaic devices [2,3]. For example, DSSCs based
n polypyridyl ruthenium sensitizers were recently shown to
emonstrate power conversion efficiencies of up to 11% [4–7].
owever, the increasing costs and limited supplies of ruthenium
lace the long-term feasibility of the metal as sensitizer into ques-
ion. Therefore, there is a need to develop new types of sensitizers
hat are composed of earth-abundant elements. Recently, metal-
ree organic sensitizers have garnered interest as their low-cost
nd environmentally benign component. Some organic dyes have
een utilized as promising sensitizers, and impressive photovoltaic
erformance has been reported with coumarin [8–10], indoline
11–14], oligoene [15–17], merocyanine [18–21], triphenyl amine
22–24], and fluorenyl amino dyes [25–30], having efficiencies

n the range of 7–9%. The main drawbacks of organic sensitizers
ompared to the ruthenium sensitizers are the sharp and narrow
ands in the visible region [31–33], the formation of dye aggre-
ate on the semiconductor surface [34–40], and the interfacial
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recombination dynamics [41–43]. Our strategy toward the high
photovoltaic performance of organic dye sensitized solar cell is
based on the molecular engineering to diminish the charge recom-
bination between the electrons and acceptors and to prevent the
aggregation of dye. A successful approach was achieved by incor-
porating a fused planar amine unit as the electron donor, which not
only lengthened the lifetime of the charge-separated state by the
delocalization of the generated cation through a planar amine ring,
but also exhibited the decreased electronic coupling between the
surface and the hole, leading to an increase of open-circuit voltage
(Voc). A planarization around nitrogen atom will induce a red shift
of the absorption spectrum due to the expansion of �-electron sys-
tems conjugated with aromatic units [44,45]. A bulky substituent
attached on the fused amine ring prevents dye-aggregation as well
as increases electron lifetime (�c) of the dye in the conduction band
of TiO2.

In this article, as part of our efforts to develop novel organic dyes,
we report new type of organic dyes (JK-160, JK-161, JK-162, and
JK-163, JK-164) containing a planar triphenylamine as the electron
donor and cyanoacrylic acid as the electron acceptor bridged by a
variety of linkers (Fig. 1).

2. Experimental
2.1. General methods

All reactions were carried out under an argon atmo-
sphere. Solvents were distilled from appropriate reagents. All

ghts reserved.
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Fig. 1. The structure of JK-160, JK-161, JK-162, JK-163, and JK-164.

eagents were purchased from Sigma–Aldrich. 2-Bromo-DHBQA
DHBQA = 6,10-di-tert-butyl-4,4,8,8,12,12-hexamethyl-4H,8H,12
-benzo-[1,9]quinolizino[3,4,5,6,7,-defg]acridine) (1) [46,47], 4,4,
,5-tetramethyl-2-(5-(5-(5,5-dime-thyl-1,3-dioxan-2-yl)thioph-
n-2-yl)thiophen-2-yl)-1,3,2-dioxaborolane (2) [48], Pt (PEt3)4
49], 2-(2,3-dihydro-5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)
hieno[3,4-b][1,4]dioxin-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxabo-
olane (5) [50], 4,4,5,5-tetramethyl-2-(2-(5,5-dimeth-yl-1,3-
ioxan-2-yl)thieno[3,2-b]thiophen-5-yl)-1,3,2-dioxaborolane
8) [51], 4,4,5,5-tetram-ethyl-2-(2-(2-(thieno[3,2-b]thiophen-2-
l)vinyl)thieno[3,2-b]thiophen-5-yl)-1,3,2-diox-aborolane (11)
51,52], 2-(3,6-dihexyl-2-(2-(3,6-dihexylthieno[3,2-b]thiophen-2-
l)vinyl)thi-eno[3,2-b]thiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-
ioxaborolane (14) [52], were synthesized using a modified
rocedure of previous references. 1H and 13C NMR spectra were
ecorded on a Varian Mercury 300 spectrometer. Elemental anal-
ses were performed with a Carlo Elba Instruments CHNS-O EA
108 analyzer. Mass spectra were recorded on a JEOL JMS-SX102A

nstrument. The absorption and photoluminescence spectra were
ecorded on a Perkin-Elmer Lambda 2S UV-visible spectrometer
nd a Perkin LS fluorescence spectrometer, respectively.

.2. Cyclovoltagram

Cyclic voltammetry was carried out with a BAS 100B (Bioanalyti-
al Systems, Inc.). A three-electrode system was used and consisted
f a gold disk working electrode and a platinum counter elec-
rode. The redox potential of dyes measured under the conditions
eposited on the TiO2 surface in THF with 0.1 M (n-C4H9)4N-PF6
ith a scan rate of 50 mV s−1.

.3. Electron transport measurements

The electron diffusion coefficient (De) and lifetimes (�e) in
iO2 photoelectrode were measured by the stepped light-induced
ransient measurements of photocurrent and voltage (SLIM-PCV)
66–69]. The transients were induced by a stepwise change in the
aser intensity. A diode laser (� = 635 nm) as a light source was

odulated using a function generator. The initial laser intensity

as a constant 90 mW cm−2 and was attenuated up to approx-

mately 10 mW cm−2 using a ND filter which was positioned at
he front side of the fabricated samples (TiO2 film thickness = ca.
0 �m; active area = 0.04 cm2). The photocurrent and photovolt-
ge transients were monitored using a digital oscilloscope through
obiology A: Chemistry 219 (2011) 122–131 123

an amplifier. The De value was obtained by a time constant (�c)
determined by fitting a decay of the photocurrent transient with
exp(−t/�c) and the TiO2 film thickness (ω) using the equation,
De = ω2/(2.77�c) [66]. The �e value was also determined by fitting
a decay of photovoltage transient with exp(−t/�e) [66]. All experi-
ments were carried out at room temperature.

2.4. Characterization of DSSC

The cells were measured using 1000 W xenon light source,
whose power of an AM 1.5 Oriel solar simulator was calibrated
by using KG5 filtered Si reference solar cell. The incident photon-
to-current conversion efficiency (IPCE) spectra for the cells were
measured on an IPCE measuring system (PV Measurements).

2.5. Synthesis

2.5.1. 2-(5-(5-(DHBQA-2-yl)thiophen-2-yl)
thiophen-2-yl)-5,5-dimethyl-1,3-dioxane (3)

To a stirred solution of 1 (0.23 g, 0.41 mmol) and Pd(PPh3)4
(23 mg, 0.02 mmol) in tetrahydrofuran (10 mL) was added 4,4,5,5-
tetramethyl-2-(5-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-
yl)thiophen-2-yl)-1,3,2-dioxaborolane (2) (0.25 g, 0.61 mmol),
potassium carbonate (0.22 g, 1.62 mmol) in THF (15 mL) and
H2O (5 mL). The mixture was refluxed for 18 h. After cooling the
solution, H2O (30 ml) was added to the solution and extracted
by dichloromethane (30 mL × 3). The organic layer was separated
and dried over MgSO4. The solvent was removed in vacuo. The
pure product 3 was obtained by silica gel chromatography using
a mixture of methylene chloride and n-hexane (1:3) as an eluent
(yield: 90%). Mp: 163 ◦C. 1H NMR (CDCl3): ı 7.55 (s, 2H), 7.38 (s,
4H), 7.40 (d, 1H, J = 3.6 Hz), 7.14 (d, 1H, J = 3.6 Hz), 7.07 (d, 1H,
J = 3.6 Hz), 7.05 (d, 1H, J = 3.6 Hz), 5.64 (s, 1H), 3.71 (m, 4H), 1.68 (s,
6H), 1.66 (s, 12H), 1.37 (s, 18H), 1.31 (s, 3H), 0.81 (s, 3H). 13C{1H}
NMR (CDCl3): ı 147.8, 147.2, 145.3, 141.2, 139.9, 137.6, 133.7,
130.3, 129.7, 129.1, 127.4, 125.9, 123.7, 122.8, 121.3, 121.1, 120.4,
98.3, 77.6, 35.9, 34.6, 33.2, 31.5, 30.3, 29.8, 23.1, 21.9, 21.4. MS: m/z
755 [M+]. Anal. Calcd. for C49H57NO2S2: C, 77.84; H, 7.60. Found:
C, 77.62; H, 7.43.

2.5.2. 5-(5-(DHBQA-2-yl)thiophen-2-yl)
thiophen-2-carbaldehyde (4)

THF (20 mL) and water (10 mL) were added to a flask containing
acetal 2 (0.29 g, 0.38 mmol). Then, TFA (0.5 mL) was added to the
solution. The resulting reaction mixture was stirred for 6 h at room
temperature, quenched with saturated aqueous sodium bicarbon-
ate, and extracted with dichloromethane. The combined organic
phases were washed with aqueous sodium bicarbonate (2% w/v),
dried (Na2SO4), and evaporated in vacuo. The pure product 4 was
obtained by silica gel chromatography using a mixture of methy-
lene chloride and n-hexane (1:1) as an eluent (yield: 91%). Mp:
188 ◦C. 1H NMR (CDCl3): ı 9.87 (s, 1H), 7.69 (d, 1H, J = 3.6 Hz), 7.57 (s,
2H), 7.40 (s, 4H), 7.36 (d, 1H, J = 3.6 Hz), 7.27 (d, 1H, J = 3.6 Hz), 7.24
(d, 1H, J = 3.6 Hz), 1.69 (s, 6H), 1.68 (s, 12H), 1.38 (s, 18H). 13C{1H}
NMR (CDCl3): ı 182.42, 147.8, 147.2, 145.3, 141.2, 139.9, 137.6,
133.7, 130.3, 129.7, 129.1, 127.4, 125.9, 123.7, 122.8, 121.3, 121.1,
120.4, 35.9, 34.6, 33.2, 31.5, 30.3, 29.8, 23.1. MS: m/z 669 [M+]. Anal.
Calcd. for C44H47NOS2: C, 78.88; H, 7.07. Found: C, 78.59; H, 6.94.

2.5.3. 2-Cyano-3-(5-(5-(DHBQA-2-yl)thiophen-2-yl)

thiophen-2-yl)acrylic acid (JK-160)

A mixture of 4 (0.10 g, 0.15 mmol) and cyanoacetic acid (0.019 g,
0.22 mmol) were vacuum-dried and added acetonitrile (20 ml),
chloroform (15 ml) and piperidine (0.02 ml). The solution was
refluxed for 6 h. After cooling the solution, the organic layer was
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emoved in vacuo. The pure product was obtained by silica gel chro-
atography using a mixture of methylene chloride and methanol

10:1) as an eluent (yield: 87%). Mp: 254 ◦C. 1H NMR (DMSO): ı 7.97
s, 1H), 7.88 (d, 1H, J = 3.6 Hz), 7.60 (s, 2H), 7.57 (s, 4H), 7.45 (d, 1H,
= 3.6 Hz), 7.41 (d, 1H, J = 3.6 Hz), 7.34 (d, 1H, J = 3.6 Hz), 1.67 (s, 6H),
.66 (s, 12H), 1.27 (s, 18H). 13C{1H} NMR (DMSO): ı 163.32, 145.6,
45.1, 143.1, 140.2, 138.1, 136.4, 132.1,131.5, 128.9, 128.1, 127.7,
25.9, 124.2, 122.1, 121.5, 120.0, 119.6, 118.4, 35.1, 33.9, 32.5, 30.3,
9.1, 28.6, 22.2. MS: m/z 736 [M+]. Anal. Calcd. for C47H48N2O2S2:
, 76.59; H, 6.56. Found: C, 76.33; H, 6.41.

.5.4. 2-(2,3-Dihydro-5-(2,3-dihydrothieno[3,4-b]
1,4]dioxin-5-yl)thieno[3,4-b][1,4]dioxin-7-yl)-DHBQA (6)

The product was synthesized according to the procedure as
escribed above for synthesis of 3, giving a yellow solid of the prod-
ct 6 in 85% yield. Mp: 193 ◦C. 1H NMR (CDCl3): ı 7.73 (s, 2H), 7.39
s, 4H), 6.29 (s, 1H), 4.41 (m, 6H), 4.29 (m, 2H), 1.69 (s, 18H), 1.38
s, 18H). 13C{1H} NMR (CDCl3): ı 144.8, 141.4, 137.7, 136.9, 130.8,
29.8, 129.4, 129.2, 127.0, 121.7, 121.5, 121.4, 121.0, 120.6, 120.4,
15.9, 110.4, 106.8, 65.2, 65.0, 64.9, 64.7, 36.0, 35.9, 34.5, 33.4, 31.6,
1.5. MS: m/z 757 [M+]. Anal. Calcd. for C47H51NO4S2: C, 74.47; H,
.78. Found: C, 74.25; H, 6.59.

.5.5. 2,3-Dihydro-7-(2,3-dihydro-5-(DHBQA-2-yl)thieno[3,4-b]
1,4]dioxin-7-yl)thieno-[3,4-b][1,4]dioxine-5-carbaldehyde (7)

The Vilsmeier reagent, which was prepared from POCl3 (0.02 ml)
n DMF (0.1 ml), was added to a cold solution of 6 (0.13 g, 0.17 mmol)
n dry DMF (20 ml) at 0 ◦C. The mixture was stirred at room tem-
erature for 8 h, then quenched with 10% aqueous NaOAc solution
30 mL), and extracted with EtOAc (3 × 30 mL). The organic layer
as separated and dried over MgSO4. The solvent was removed in

acuo. The pure product 7 was obtained by silica gel chromatogra-
hy using a mixture of methylene chloride and n-hexane (1:1) as
n eluent (yield: 86%). Mp: 225 ◦C. 1H NMR (CDCl3): ı 9.90 (s, 1H),
.73 (s, 2H), 7.38 (s, 4H), 4.44 (m, 8H), 1.67 (s, 6H), 1.66 (s, 12H), 1.37
s, 18H). 13C{1H} NMR (CDCl3): ı 182.40, 145.5, 142.1, 138.2, 137.5,
31.3, 130.4, 130.2, 130.1, 128.1, 122.8, 122.6, 122.3, 122.0, 121.4,
21.1, 116.8, 111.3, 107.3, 66.3, 66.1, 65.7, 65.4, 37.1, 36.7, 35.3,
4.3, 32.3, 32.6. MS: m/z 785 [M+]. Anal. Calcd. for C48H51NO5S2: C,
3.34; H, 6.54. Found: C, 73.15; H, 6.42.

.5.6. 2-Cyano-3-(2,3-dihydro-5-(2,3-dihydro-5-(DHBQA-2-yl)
hieno[3,4-b][1,4]dioxin-7-yl)thieno-[3,4-b][1,4]
ioxin-7-yl)acrylic acid (JK-161)

The product was synthesized according to the procedure as
escribed above for synthesis of JK-160, giving a dark red solid of
he product JK-161 in 84% yield. Mp: 331 ◦C. 1H NMR (DMSO): ı
.07 (s, 1H), 7.72 (s, 2H), 7.40 (s, 4H), 4.45 (m, 8H), 1.63 (s, 6H), 1.61
s, 12H), 1.34 (s, 18H). 13C{1H}NMR (CDCl3): ı 163.34, 144.8, 141.8,
37.7, 137.0, 131.1, 130.6, 129.8, 129.4, 129.1, 127.6, 122.1, 121.8,
21.4, 120.9, 120.4, 120.1, 116.1, 110.6, 106.8, 65.8, 65.5, 64.9, 64.6,
6.7, 35.8, 34.8, 33.9, 31.8, 31.1. MS: m/z 852 [M+]. Anal. Calcd. for
51H52N2O6S2: C, 71.80; H, 6.14. Found: C, 71.61; H, 6.02.

.5.7. 2-(2-(5,5-Dimethyl-1,3-dioxan-2-yl)
hieno[3,2-b]thiophen-5-yl)-DHBQA (9)

The product was synthesized according to the procedure as
escribed above for synthesis of 3, giving a yellow solid of the prod-
ct 9 in 88% yield. Mp: 211 ◦C. 1H NMR (CDCl3): ı 7.61 (s, 2H), 7.48
s, 1H), 7.41 (s, 4H), 7.33 (s, 1H), 5.72 (s, 1H), 3.75 (m, 4H), 1.71 (s,

H), 1.70 (s, 12H), 1.40 (s, 18H), 1.33 (s, 3H), 0.83 (s, 3H). 13C{1H}
MR (CDCl3): ı 147.2, 145.0, 141.9, 140.2, 136.6, 132.2, 130.2, 129.5,
29.1, 129.0, 128.6, 121.1, 120.4, 117.9, 114.0, 98.5, 77.6, 35.9, 34.5,
4.2, 33.2, 31.7, 31.6, 30.3, 23.1, 21.9. MS: m/z 729 [M+]. Anal. Calcd.
or C47H55NO2S2: C, 77.32; H, 7.59. Found: C, 77.09; H, 7.42.
obiology A: Chemistry 219 (2011) 122–131

2.5.8. 5-(DHBQA-2-yl)thieno[3,2-b]thiophene-2-carbaldehyde
(10)

The product was synthesized according to the procedure as
described above for synthesis of 4, giving a orange solid of the prod-
uct 10 in 90% yield. Mp: 238 ◦C. 1H NMR (CDCl3): ı 9.94 (s, 1H), 7.91
(s, 1H), 7.64 (s, 2H), 7.54 (s, 1H), 7.43 (s, 4H), 1.72 (s, 6H), 1.70 (s,
12H), 1.40 (s, 18H). 13C{1H} NMR (CDCl3): ı 182.42, 147.2, 145.0,
141.9, 140.2, 136.6, 132.2, 130.2, 129.5, 129.1, 129.0, 128.6, 121.1,
120.4, 117.9, 114.0, 35.9, 34.5, 34.2, 33.2, 31.7, 31.6, 30.3. MS: m/z
643 [M+]. Anal. Calcd. for C42H45NOS2: C, 78.34; H, 7.04. Found: C,
78.18; H, 6.92.

2.5.9. 2-Cyano-3-(2-(DHBQA-2-yl)thieno[3,2-b]
thiophen-5-yl)acrylic acid (JK-162)

The product was synthesized according to the procedure as
described above for synthesis of JK-160, giving a dark red solid of
the product JK-162 in 88% yield. Mp: 298 ◦C. 1H NMR (CDCl3): ı 8.11
(s, 1H), 7.83 (s, 1H), 7.57 (s, 2H), 7.47 (s, 1H), 7.35 (s, 4H), 1.66 (s, 6H),
1.63 (s, 12H), 1.34 (s, 18H). 13C{1H} NMR (CDCl3): ı 163.34, 146.4,
144.6, 141.1, 139.6, 135.8, 132.3, 131.9, 129.7, 129.1, 128.6, 128.0,
127.4, 120.6, 119.7, 117.1, 113.4, 34.5, 34.1, 33.9, 33.2, 31.1, 30.9,
29.8. MS: m/z 710 [M+]. Anal. Calcd. for C45H46N2O2S2: C, 76.02; H,
6.52. Found: C, 75.86; H, 6.38.

2.5.10. 2-(2-(2-(Thieno[3,2-b]thiophen-2-yl)vinyl)
thieno[3,2-b]thiophen-5-yl)-DHBQA (12)

The product was synthesized according to the procedure as
described above for synthesis of 3, giving a yellow solid of the prod-
uct 12 in 79% yield. Mp: 165 ◦C. 1H NMR (CDCl3): ı 7.58 (s, 1H),
7.41 (d, 1H, J = 15.3 Hz), 7.39 (s, 2H), 7.37 (d, 1H, 5.1 Hz), 7.24 (d, 1H,
5.1 Hz), 7.23 (d, 1H, J = 15.3 Hz), 7.22 (s, 4H), 7.09 (s, 1H), 7.07 (s,
1H), 1.68 (s, 6H), 1.54 (s, 12H), 1.37 (s, 18H). 13C{1H} NMR (CDCl3):
ı 146.0, 144.4, 143.8, 143.1, 140.2, 138.1, 137.0, 134.9, 134.7, 134.1,
133.9, 131.7, 130.7, 129.9, 129.1, 128.9, 128.5, 128.3, 127.7, 123.3,
122.0, 120.5, 119.8, 117.3, 36.7, 36.2, 34.9, 33.6, 31.8, 31.7. MS: m/z
755 [M+]. Anal. Calcd. for C47H49NS4: C, 74.65; H, 6.53. Found: C,
74.34; H, 6.42.

2.5.11. 5-(2-(2-(DHBQA-2-yl)thieno[3,2-b]thiophen-5-yl)
vinyl)thieno[3,2-b]thiophene-2-carbaldehyde (13)

The product was synthesized according to the procedure as
described above for synthesis of 7, giving an orange solid of the
product 13 in 82% yield. Mp: 194 ◦C. 1H NMR (CDCl3): ı 9.93 (s, 1H),
7.86 (s, 1H), 7.58 (s, 2H), 7.40 (s, 4H), 7.38 (d, 1H, J = 15.3 Hz), 7.25
(s, 1H), 7.23 (s, 1H), 7.20 (d, 1H, J = 15.3 Hz), 7.08 (s, 1H), 1.68 (s, 6H),
1.56 (s, 12H), 1.38 (s, 18H). 13C{1H} NMR (CDCl3): ı 181.9, 147.1,
145.2, 144.9, 144.3, 141.3, 138.8, 137.9, 135.9, 135.7, 134.9,134.7,
132.9, 131.8, 130.5, 129.6, 129.4, 129.0, 128.9, 128.4, 124.1, 122.9,
121.1, 120.3, 118.1, 36.7, 36.2, 34.9, 33.6, 31.8, 31.7. MS: m/z 783
[M+]. Anal. Calcd. for C48H49NOS4: C, 73.52; H, 6.30. Found: C, 73.31;
H, 6.18.

2.5.12. 2-Cyano-3-(2-(2-(2-(DHBQA-2-yl)thieno[3,2-b]thiophen-
5-yl)vinyl)thieno[3,2-b]th-iophen-5-yl)acrylic acid
(JK-163)

The product was synthesized according to the procedure as
described above for synthesis of JK-160, giving a dark red solid of
the product JK-163 in 90% yield. Mp: 275 ◦C. 1H NMR (CDCl3): ı 8.27
(s, 1H), 7.74 (s, 1H), 7.51 (s, 2H), 7.33 (s, 4H), 7.30 (d, 1H, J = 15.3 Hz),

7.19 (s, 1H), 7.14 (s, 1H), 7.11 (d, 1H, J = 15.3 Hz), 7.03 (s, 1H), 1.61
(s, 6H), 1.52 (s, 12H), 1.31 (s, 18H). 13C{1H} NMR (CDCl3): ı 163.4,
146.2, 144.6, 144.3, 144.0, 140.8, 137.9, 137.0, 135.1, 134.9, 134.7,
134.2, 132.7, 132.1, 131.2, 129.8, 129.2, 128.8, 128.2, 127.7, 127.3,
123.6, 122.2, 120.3, 119.5, 117.3, 36.4, 35.9, 34.6, 33.1, 31.2, 30.9.
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S: m/z 850 [M+]. Anal. Calcd. for C51H50N2O2S4: C, 71.96; H, 5.92.
ound: C, 71.79; H, 5.77.

.5.13. 2-(3,6-Dihexyl-2-(2-(3,6-dihexylthieno[3,2-b]
hiophen-2-yl)vinyl)thieno[3,2-b]thiophen-5-yl)-DHBQA (15)

The product was synthesized according to the procedure as
escribed above for synthesis of 3, giving a dark yellow solid of the
roduct 15 in 81% yield. Mp: 203 ◦C. 1H NMR (CDCl3): ı 7.45 (s, 2H),
.39 (s, 4H), 7.09 (m, 2H), 6.95 (s, 1H), 2.81 (m, 6H), 2.71 (m, 2H), 1.75
m, 8H), 1.69 (s, 6H), 1.66 (s, 12H), 1.40–1.27 (m, 24H), 1.38 (s, 18H),
.89 (m, 12H). 13C{1H} NMR (CDCl3): ı 147.1, 145.3, 144.5, 144.0,
41.1, 139.0, 138.1, 135.7, 135.9, 135.2, 134.8, 132.5, 131.8, 130.6,
30.1, 129.6, 129.0, 128.9, 128.4, 124.1, 123.0, 121.1, 120.3, 119.0,
6.0, 35.9, 34.5, 33.4, 32.0, 31.9, 31.6, 31.5, 31.4, 31.3,30.2, 30.1,
9.9, 29.8, 29.6, 29.4, 29.2, 29.1, 29.0, 28.8, 28.6, 28.4, 28.1, 27.9,
7.8, 27.6, 22.4, 14.1, 14.0, 13.9. MS: m/z 1091 [M+]. Anal. Calcd. for
71H97NS4: C, 78.03; H, 8.95. Found: C, 77.87; H, 8.81.

.5.14. 3,6-Dihexyl-5-(2-(3,6-dihexyl-2-(DHBQA-2-yl)thieno
3,2-b]thiophen-5-yl)vinyl)thieno[3,2-b]
hiophene-2-carbaldehyde (16)

The product was synthesized according to the procedure as
escribed above for synthesis of 7, giving a orange solid of the
roduct 16 in 81% yield. Mp: 223 ◦C. 1H NMR (CDCl3): ı 10.06 (s,
H), 7.46 (s, 2H), 7.43 (s, 4H), 7.23 (d, 1H, J = 15.3 Hz), 7.05 (d, 1H,
= 15.3 Hz), 3.08 (m, 2H), 2.83 (m, 6H), 1.80 (m, 8H), 1.70 (s, 6H), 1.67
s, 12H), 1.45–1.23 (m, 24H), 1.38 (s, 18H), 0.89 (m, 12H). 13C{1H}
MR (CDCl3): ı 181.5, 149.0, 147.1, 146.1, 145.7, 142.4, 139.9, 139.1,
36.7, 137.0, 136.4, 135.7, 133.8, 132.9, 131.5, 131.0, 130.3, 129.8,

29.2, 128.9, 125.2, 124.0, 122.2, 121.3, 120.0, 37.1, 36.4, 35.3, 34.2,
3.0, 32.5, 32.1, 32.0, 31.9, 31.6, 31.1, 30.9, 30.5, 30.4, 30.3, 30.2,
0.1, 30.0, 29.8, 29.6, 29.3, 29.1, 29.0, 28.7, 28.5, 28.4, 23.2, 15.0,
4.9, 14.5 MS: m/z 1120 [M+]. Anal. Calcd. for C72H97NOS4: C, 77.16;
, 8.72. Found: C, 77.01; H, 8.58.

cheme 1. Schematic diagram for the synthesis of organic dyes JK-160, JK-161, JK-162, JK
b) TFA, THF, H2O; (c) cyanoacetic acid, piperidine, CH3CN/CDCl3 = 1:1; (d) POCl3, DMF.
obiology A: Chemistry 219 (2011) 122–131 125

2.5.15. 2-Cyano-3-(3,6-dihexyl-2-(2-(3,6-dihexyl-2-(DHBQA-2-
yl)thieno[3,2-b]thiophen-5-yl)vinyl)thieno[3,2-b]
thiophen-5-yl)acrylic acid (JK-164)

The product was synthesized according to the procedure as
described above for synthesis of JK-160, giving a dark red solid
of the product JK-164 in 77% yield. 1H NMR (CDCl3): ı 8.12 (s,
1H), 7.38 (s, 2H), 7.36 (s, 4H), 7.14 (d, 1H, J = 15.3 Hz), 6.97 (d, 1H,
J = 15.3 Hz), 2.96 (m, 2H), 2.73 (m, 6H), 1.73 (m, 8H), 1.66 (s, 6H), 1.62
(s, 12H), 1.40–1.19 (m, 24H), 1.31 (s, 18H), 0.87 (m, 12H). 13C{1H}
NMR (CDCl3): ı 163.5, 147.8, 146.3, 145.2, 144.6, 141.1, 139.0, 138.3,
135.8, 135.9, 135.4, 135.1, 134.4, 134.0, 130.7, 130.3, 130.1, 129.1,
128.8, 128.2, 124.5, 123.7, 121.2, 120.7, 119.4, 36.2, 35.8, 35.4, 33.6,
32.5, 32.1, 31.8, 31.7, 31.5, 31.3, 31.0, 30.6, 30.5, 30.4, 30.3, 30.2,
30.1, 30.0, 29.8, 29.5, 29.4, 29.2, 29.0, 28.7, 28.5, 28.3, 28.1, 22.8,
14.8, 14.5, 14.1. Mp: 267 ◦C. MS: m/z 1187 [M+]. Anal. Calcd. for
C75H98N2O2S4: C, 75.83; H, 8.32. Found: C, 75.68; H, 8.06.

3. Results and discussion

3.1. Synthesis

The novel organic sensitizers JK-160, JK-161, JK-162, JK-163,
and JK-164 were prepared by the stepwise synthetic protocol illus-
trated in Scheme 1. New dyes are readily synthesized in three steps
starting from the 6,10-di-tert-butyl-4,4,8,8,12,12-hexamethyl-
4H,8H,12H-benzo[1,9]quinolizino[3,4,5,6,7-defg]acridine (2-bro-
mo-DHB-QA) 1. The bromoacridine 1 was synthesized by bromi-
nation of DHBQA with NBS in CHCl3 [47]. The Suzuki coupling
[53,54] of 1 with 1.5 equiv. of 2 or 8 yielded 3 or 9, respectively.
Subsequent cleavage of the 1,3-dioxalane protecting group in

aqueous acid produced the aldehydes 4 and 10. The aldehydes 4
and 10, upon reaction with cyanoaceticacid in the presence of a
catalytic amount of piperidine in CH3CN, produced the JK-160 and
JK-162 sensitizers. Compounds 6, 12, and 15 were synthesized by
Suzuki coupling reaction of 1 with 5, 11, and 14. The thiophene

-163 and JK-164. Reagents and reaction condition: (a) Pd(PPh3)4, K2CO3, THF, H2O;
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ig. 2. Absorption (left) and emission (right) spectra of JK-160 (solid line), JK-161
n THF. The inset shows absorption spectra adsorbed on a nanocrystalline TiO2 film

erivatives were converted to their corresponding carbaldehydes
, 13, and 16 according to the Vilsmeier–Haack reaction [55,56].
he aldehydes 7, 13, and 16, upon reaction with cyanoacetic acid in
he presence of piperidine, yielded the sensitizers JK-161, JK-163,
nd JK-164. Details of some compound preparation (compound 3,
, 6, 7, 9, 10, 12, 13, 15, 16) are provided in Section 2.

.2. Spectroscopic studies

Fig. 2 shows the absorption and emission spectra
f JK-160, JK-161, and JK-162 in THF. The absorption
pectrum of the JK-160 sensitizer exhibits two absorp-
ion maxima at 471 nm (ε = 30,040 dm3 mol−1 cm−1) and
71 nm (ε = 16,100 dm3 mol−1 cm−1), which are assigned to
he �–�* transitions of the conjugated molecule. Under

imilar condition the JK-162 sensitizer exhibits its maxi-
um at 456 nm (ε = 27,476 dm3 mol−1 cm−1) and 352 nm

ε = 17,638 dm3 mol−1 cm−1) that are 15 nm blue-shifted with
espect to its bithiophene counterpart. On the other hand, the
daptation of a bis-3,4-ethylenedi-oxythiophene (EDOT) as a

Fig. 3. The optimized structure calculated with B3LYP
m)

line), and JK-162 (dot line), JK-163 (dash-dot line), and JK-164 (dash-dot-dot line)

linker, giving JK-161, caused a further red shift to 491 nm. A signif-
icant red shift of JK-161 relative to JK-160 and JK-162 derived from
the delocalization over an entire conjugated system because the
oxygen atoms of the EDOT unit decrease the aromatic character
of thiophene unit, extending the conjugation length [57,58,22].
This red-shift can be further supported from molecular modeling
studies of the dye. The molecular modeling studies were performed
using the B3LYP functional and the 3-21G* basis set. The ground
state structure of JK-160 possesses a 22.6◦ twist between the
acridine and thienyl unit (Fig. 3). The dihedral angle of two thienyl
units in JK-160 is 4.8◦. For the thienothiophene case in JK-162, the
dihedral angle between the acridine and thienothiophene unit is
23.7◦, giving more twisted than that of JK-160. On the other hand,
the dihedral angles of acridine and EDOT and bis-EDOT in JK-161
are 20.0◦ and 0.9◦, respectively, indicating that the latter has a

more planar geometry due to a smaller torsion angle. Accordingly,
the red-shift and higher extinction coefficient of JK-161 relative
to those of JK-160 and JK-162 derive from the increased electron
delocalization over the conjugated system. Similar distortions
have been observed for other organic sensitizers [59,60].

/3-21G* basis set of JK-160, JK-161, and JK-162.
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Table 1
Optical, redox, and DSSC performance parameters of dyes.

Dye �abs
a/nm(ε/M−1 cm−1) Eox

b/V E0-0
c/V ELUMO

d/V Jsc/mA cm−2 Voc/V FF �e/%

JK-160 471(30,040) 1.01 2.29 −1.28 13.53 0.742 73.29 7.37
JK-161 491(31,907) 0.93 2.27 −1.34 15.83 0.676 65.61 7.06
JK-162 456(27,476) 1.06 2.39 −1.33 13.74 0.679 75.41 7.04
JK-163 474(31,800) 0.99 2.28 −1.29 12.45 0.601 70.10 5.25
JK-164 481(57,040) 1.02 2.26 −1.24 15.32 0.696 73.66 7.86

a Absorption spectra were measured in THF solution.
b Oxidation potentials of dyes on TiO2 were measured in THF with 0.1 M (n-C4H9)4NPF6 with a scan rate of 50 mV s−1 (vs NHE).
c E0-0 was determined from intersection of absorption and emission spectra in THF (value of E0-0 (eV) = 1240 (eV/nm)/intersection point (nm)).
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ELUMO was calculated by Eox − E0-0.
e Performances of DSSCs were measured with 0.18 cm2 working area. ε: absor

bsorption and emission spectra; Jsc: short circuit photocurrent density; Voc: open

.3. Redox behavior of dyes

To thermodynamically evaluate the energy match of electron
ransfer from the excited state of the dye to the conduction band
f the TiO2 electrode as well as charge generation electron transfer
rom the iodide to oxidize sensitizer, redox potentials of the five
yes were scrutinized by cyclic voltammetry. The two organic dyes
dsorbed on TiO2 films showed a double quasi-reversible oxida-
ion potentials (JK-160: 1.01, 1.62 V; JK-161: 0.93, 1.26 V vs NHE)
Fig. 4). The first oxidation potentials of three (JK-160 and 161
ave two oxidation potentials, according to Table 1) dyes at low
otential is similar to that of JK-2 [25], thus it can be assigned to
he oxidation of the same triphenylamino unit. Based on previous
esults on the electrochemical behaviors of bithiophene derivatives
12], the second oxidation of JK-160 and JK-161 is likely due to the
ithiophene linker unit. The oxidation potentials of the three sen-
itizers are decreased in the order JK-162 > JK-160 > JK-161. The
rend is expected on the basis of the strong electron donating char-
cter of the employed EDOT unit in JK-161 that destabilize HOMO
rbital. The reduction potential of each dye was calculated using
he oxidation potential and the E0-0 energy, the latter of which was
etermined from the intersection of the absorption and emission
pectra. The excited-state oxidation potentials (E∗

ox) of the dyes (JK-
60; −1.28 V; JK-161: −1.34 V; JK-162: −1.33 V vs NHE) are much

ore negative than the conduction band potential of the TiO2 at
0.5 V vs NHE. Therefore, the introduction of EDOT unit in the
ridged group does not have a big influence on the LUMO level
summarized in Table 1).
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ig. 4. Cyclic voltammogram of JK-160 (solid line), JK-161 (dash line) measured in
HF solution containing 0.1 M (n-C4H9)4NPF6 using a glassy carbon as a working and
Pt counter electrode at a scan rate of 50 mV s−1.
coefficient; Eox: oxidation potential; E0-0: voltage of intersection point between
photovoltage; FF: fill factor; �: total power conversion efficiency.

3.4. Theoretical calculations of electronic properties

We performed the molecular orbital calculation of five sensi-
tizers to gain insight into the photophysical properties using both
DFT for the ground-state geometries and TD-DFT for the excited-
state energies and properties. Fig. 5 presents the electron density
plots of the frontier molecular orbital of five sensitizers. The calcula-
tion illustrates that the HOMO of five sensitizers is delocalized over
the �-conjugated system through the fused phenyl amino group.
The LUMO is delocalized over the cyanoacrylic unit with a sizable
population on the next thiophene derivative. As light excitation
should be associated with vectorial electron flow from the HOMO
to the LUMO for efficient electron transfer, the examination of
HOMO–LUMO of five sensitizers indicates that HOMO–LUMO exci-
tation moved the electron distribution from the fused phenyl amino
unit to the cyanoacrylic acid group. Therefore, the photo-induced
electron transfer from the dyes to TiO2 electrode can be efficiently
occurred by the HOMO–LUMO transition. Excited-state TD-DFT cal-
culated that the lowest transition of JK-160 at 442 nm (f = 1.089) is
mainly characterized by a mixture of HOMO-1 → LUMO (66%) and
HOMO → LUMO + 1 excitation (23%), JK-161 at 444 nm (f = 0.932) is
HOMO-1 → LUMO (87%) and HOMO → LUMO + 1 excitation (15%),
and JK-162 at 398 nm (f = 1.101) is HOMO-1 → LUMO (64%) and
HOMO → LUMO + 1 excitation (28%), affording a charge flow from
the amino core (HOMO) to the anchoring unit (LUMO) (Table 2).

3.5. Photovoltaic performance

The photocurrent action spectra of the five sensitizers are pre-
sented in the inset of Fig. 6(b). The incident-photon-to-current
conversion (IPCE) of JK-164 exceeds 70% in a broad spectral range
from 400 to 618 nm, reaching its maximum of 80% at 468 nm. The
onset wavelengths of IPCE spectra for the devices based on JK-160,
JK-162, JK-163, and JK-164 are 760 nm. However, the spectrum of
JK-161 tails off toward 805 nm, contributing to the broad spectral
light harvesting. The IPCE spectrum of JK-161 is significantly red-
shifted by 45 nm relative to that of other four sensitizers, which
is consistent with its absorption spectrum. The J–V curve for the
devices based on five sensitizers is presented in Fig. 6(a). The JK-
161 sensitized cell gave a short circuit photocurrent density (Jsc)
of 15.83 mA cm−2, an open circuit voltage (Voc) of 0.68 V, and a fill
factor (ff) of 0.66, corresponding to an overall conversion efficiency
(�) of 7.06%. Under the same condition, the JK-160 sensitized cell
gave Jsc of 13.53 mA cm−2, Voc of 0.74 V, and ff of 0.73, correspond-
ing to � of 7.37%. A large Jsc of JK-161 relative to JK-160 and JK-162
can be related to the delocalization over an entire conjugated sys-

tem and its broad UV spectrum of JK-161. The Voc and ff of JK-161
are much lower than for JK-160 cell, although its Jsc is increased,
resulting in a reduced efficiency. This is likely due to a high series
resistance, which suggests that thinner donor layer is necessary for
good device performance.
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Fig. 5. The molecular structures and the frontier molecular orbitals of the HOMO and LUMO calculated with B3LYP/3-21G* of JK-160, JK-161, JK-162, JK-163, and JK-164.
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3.7. Laser-induced transient photocurrent and photovoltage

T
T

isible-light soaking (AM 1.5 G, 100 mW cm−2) at 60 ◦C. A 420 nm cut-off filter was
laced on the cell surface during illumination. Ionic liquid electrolyte 2: 0.2 M iodine,
.5 M NMBI, 0.1 M GuNCS in PMII/EMINCS (13:7).

Kroeze et al. [61–65] showed that alkyl substitution of dye
mproved the Voc, due to the blocking effect of the charge recom-
ination between I3− and electrons injected in the nanocrystalline
iO2 films. The hexyl substituents on the linker in JK-164 have been
ntroduced to evaluate the effect of substituent on the photovoltaic
arameters. The efficiency, �, of 7.86% in JK-164 was obtained with

sc of 15.32 mA cm−2, Voc of 0.70 V, and ff of 0.74. Under the same
ondition we obtained � of 5.25% for the JK-163 solar cell with Jsc

f 12.45 mA cm−2, Voc of 0.60 V, and ff of 0.70, indicating that � for
he JK-163 solar cell is about 2.6% inferior to that of the JK-164
olar cell. In particular, the open circuit voltage for the DSSCs of
K-164 is higher than that for JK-163 under the same conditions. A
ignificant increase of Voc in JK-164 is closely related to the incor-
oration of hexyl groups substituted at the thienothiophene units
y the suppression of dark current.

.6. Stability of dyes
Fig. 7 shows the photovoltaic performance during long-term
ccelerated aging of JK-163 and JK-164 using an ionic-liquid
lectrolyte composed of 0.2 M I2, 0.5 M N-methyl benzimidazole
NMBI), and 0.1 M guanidinium thiocyanate (GuNCS) in 1-methyl-

able 2
heoretical excited-state TD-DFT calculation of JK-160, 161, and 162.

Sensitizers Wavelength f

JK-160 442 1.089

JK-161 444 0.932

JK-162 398 1.101
Open-circuit voltage (V)

Fig. 8. Electron diffusion coefficients (a) and lifetimes (b) of DSSCs employing dif-
ferent organic dyes.

3-propylimidazolium iodide (PMII)/1-methyl-3-ethylimidazolium
thiocyanate (EMINCS) (13:7). The device of JK-164 showed an
excellent long-term stability. The initial efficiency of 6.22% slightly
decreased to 5.98% during the 1000 h light-soaking test at 60 ◦C.
After 1000 h of light soaking test, the Voc of JK-164 decreased by
34 mV, but the loss was compensated by a slight increase in the
short-circuit current density. On the other hand, the initial effi-
ciency of 4.64% in JK-163 sharply decreased to 3.76% after 1000 h
of light soaking at 60 ◦C. In particular, the enhanced long stability
of JK-164 relative to JK-163 can be related to the substituted hexyl
units on the bridged group by preventing the approach of acceptors
to the TiO2 films, resulting in preventing the dark current.
measurements

Fig. 8 shows the electron diffusion coefficients and lifetimes of
the DSSCs employing different dyes displayed as a function of the

Characters

Occupied orbitals Empty orbitals Contributions (%)

HOMO-1 LUMO 66
HOMO LUMO-1 23

HOMO-1 LUMO 87
HOMO LUMO-1 15

HOMO-1 LUMO 64
HOMO LUMO-1 28
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100 mW cm−2) and at the dark for the cells employing different dyes (i.e. JK-160,
K-161, JK-162, JK-163, and JK-164).

sc and Voc, respectively. No significant differences among the De

alues were seen at the identical short-circuit current conditions
s shown in Fig. 8a. On the other hand, the order of magnitude of the
e values was largely varied with the structure of dyes as shown in
ig. 8b. Especially, JK-163 showed much shorter electron lifetimes
ompared with those of other dyes. However, the introduction of
lkyl chains into thiophen units (i.e. JK-164) could largely enhance
he electron lifetimes by retarding the aggregation among the dye

olecules during the adsorption onto TiO2 surface and the elec-
ron recombination originated from the direct contact between the
lectrons on TiO2 surface and I3− ions in electrolyte.

.8. Electrochemical impedance study

Fig. 9 shows the ac impedance spectra of the DSSCs measured in
he dark. In the dark under forward bias (−0.67 V), the semicircle in
he intermediate frequency regime reflects mainly the recombina-
ion impedance caused by electron loss from the conduction band of
iO2 to I3− ions in the electrolyte. A larger radius of the semicircle in
his intermediate frequency regime implies a lower rate of electron
ecombination at the TiO2/dye/electrolyte interface. In the dark at
0.67 V forward bias, the radius of this semicircle increases in the
rder JK-163 (28.35 �) < JK-162 (102.5 �) < JK-161 (104.8 �) < JK-
64 (119.1 �) < JK-160 (151.2 �), in accord with the trends in the
alues of Voc. These results are in good agreement with the trends
bserved in the overall efficiency.

. Conclusion

In conclusion, we have synthesized five efficient organic sensi-
izers containing a sterically hindered acridine unit. A photovoltaic
erformance is quite sensitive to the bridged group. A solar-cell
evice based on the JK-164 in conjunction with a volatile and an

onic-liquid electrolyte yielded an overall conversion efficiency of
.86% and 6.22%, respectively. Moreover, the JK-164 based device
howed an excellent stability under light soaking at 60 ◦C for 1000 h.

he initial efficiency of 7.86% in JK-164 revealed a slight change to
.45% after 1000 h of light soaking. The open circuit voltage for the
evice of JK-164 is higher than that for JK-163 due to the incorpora-
ion of hexyl groups into the space unit, resulting in the suppression
f dark current. We believe that the molecular design and syn-

[

[
[

obiology A: Chemistry 219 (2011) 122–131

thesis of highly efficient organic sensitizers are possible through
structural modifications, and work on these is now in progress.
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