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a b s t r a c t

A series of coumarin dyes containing a low-band-gap chromophore of ethylenedioxythiophene (EDOT),
which comprises a coumarin moiety as the electron donor and a cyanoacrylic acid moiety as electron
acceptor in DepeA chromophores, were developed for use in dye-sensitised solar cells (DSSCs). These
coumarin dyes have been used to fabricate DSSCs using I�/I3� liquid electrolytes and their device
performances were compared with that of NKX-2677 as a standard dye. Even though HKK-CM2 and
HKK-CM3 have more extended aromatic units than HKK-CM1, the degree of p-conjugation in HKK-CM2
and HKK-CM3 is less efficient than that of HKK-CM1, due to the relatively larger torsion angle between
the plane of the donor and that of the acceptor. It is also in a good agreement with Density Functional
Theory (DFT) calculations. As a result, a solar cell based on HKK-CM1 sensitiser shows better photovoltaic
performance with JSC of 14.2 mA cm�2, VOC of 0.60 V, and a fill factor of 0.70, corresponding to an overall
conversion efficiency h of 6.07% under the standard AM 1.5 irradiation, than HKK-CM2 and HKK-CM3-
based solar cells.

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

Dye-sensitised solar cells (DSSCs) based on mesoporous nano-
crystalline TiO2 films have attracted significant attention due to
their low cost and high sunlight-to-electric power-conversion
efficiencies of 10e11% [1e4]. In these cells, the sensitiser is one of
the key components for high power-conversion efficiency, and the
Ru(II) complex is the most efficient heterogeneous charge-transfer
sensitiser that is widely used in the nanocrystalline TiO2-based
DSSC [5e9]. However, the main drawback of the Ru(II) complex
sensitiser is expensive ruthenium metal and requires careful
synthesis and tricky purification steps [10].

In recent years, much interest in metal-free organic dyes as an
alternative to noble metal complexes has increased due to many
advantages, such as diversity of molecular structures, high molar
extinction coefficient, simple synthesis as well as low cost and
environmental issues. Metal-free organic dyes such as triarylamine
dyes [11e16], hemicyanine dyes [17,18], thiophene-based dyes [19],
indoline dyes [20e26], heteropolycyclic dyes [27], porphyrin dyes
: þ82 41 867 5396.
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[28e31], and phthalocyanine [32] dyes, have been developed, and
solar-to-electric power-conversion efficiencies have been sharply
increasing reaching ca. 10% [3,33,34]. Although remarkable prog-
ress has been made in the organic dyes as sensitisers for DSSCs, it is
still needed to optimise their chemical structures for further
improvement in performances.

Among the metal-free organic dyes studied in DSSCs, coumarin-
based dyes are stuff for TiO2 kind of promising sensitisers because
of their good photoresponse in the visible region, good long-term
stability under one sun soaking [35], and appropriate lowest
unoccupied molecular orbital (LUMO) levels matching the
conduction band of TiO2. NKX-2677 dye has been used successfully
as a photosensitiser in DSSC, and obtained maximum h value of up
to 7.4% [36]. Though low-band-gap chromophore-based polymers
[37e42] have been widely employed in photovoltaic applications,
coumarin dyes containing low-band-gap chromophore as struc-
tural motifs have not been exploited for DSSCs. Here, we report
coumarin dyes containing a low-band-gap chromophore, so-called,
3,4-ethylenedioxythiophene (EDOT) substituted coumarin deriva-
tives, in which an electron-rich EDOT unit is connected to a donor
group in order to destabilise the energy of the highest occupied
molecular orbital (HOMO) in DepeA chromophores [34,43].
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2. Experimental

2.1. Materials

All reactions were carried out under a nitrogen atmosphere.
Solvents were distilled from appropriate reagents. All reagents
were purchased from Aldrich. 9-(5-bromothiophen-2-yl)-
1,1,6,6-tetramethyl-2,3,5,6-tetrahydro-1H,4H,11-oxa-3a-azabenzo
[de]anthracen-10-one [36], 2-tri-butylstannyl-3,4-ethyl-enediox-
ythiophene [44], 2-tributylstanyl-5-dioxolanylthiophene [45] were
synthesised by following the same procedures as described
previously.

2.2. Measurement

The 1H NMR spectra were recorded at room temperature with
Varian Oxford 300 spectrometers and chemical shifts were repor-
ted in ppm units with tetramethylsilane as an internal standard. FT-
IR spectra were measured as KBr pellets on a Perkin Elmer Spec-
trometer. UVevisible absorption spectra were obtained in THF on
a Shimadzu UV-2401PC spectrophotometer. Cyclic voltammetry
was carried out with a Versa STAT3 (AMETEK). A three-electrode
system was used and consisted of a reference electrode (Ag/AgCl),
aworking electrode, and a platinumwire electrode. Redox potential
of dyes on TiO2 was measured in CH3CN with 0.1 M TBAPF6 with
a scan rate between 50 mV s�1.

2.3. Density functional theory (DFT)/time-dependent
DFT (TDDFT) calculations

The ground state geometries of the dyes have been optimised,
in gas phase, by DFT employing the B3LYP [46] functional and a 6-
31G* basis set; only the protonated species have been considered.
The vertical excitation energies in THF have been calculated by
TDDFT at MPW1K [47]/6-31G* level, including the solvation
effects by the Conductor-like Polarisable Continuum Model
(CPCM) [48]. All the calculations were carried out with GAUSSIAN
03 [49].

2.4. Synthesis

2.4.1. Preparation of 5-((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiophene (3)

A mixture of compound 1 (4.00 g, 8.73 mmol), compound 2
(4.90 g,11.4mmol) and Pd(PPh3)4 (0.80 g, 0.69mmol) was heated in
dry THF 250 mL at 80 �C for 20 h under an inert N2 atmosphere.
After concentration, the residue was dissolved in CH2Cl2. The
organic phase was washed twice with a saturated solution of
NaHCO3 and then with water. After drying over MgSO4 and evap-
orating the solvent, the product was purified by chromatography on
silica gel (CH2Cl2ehexane 2:1) to give compound 3 as an orange
solid. Yield was 59%. 1H NMR (300 MHz, CDCl3) d (TMS, ppm): 1.31
(6H, s),1.56 (6H, s), 1.76e1.83 (4H,m), 3.22e3.33 (4H, m), 4.25e4.34
(4H, m), 6.22 (1H, s), 7.14 (1H, s), 7.19 (1H, d), 7.61 (1H, d), 7.81
(1H, s).

2.4.2. Preparation of 5-((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiophene carbaldehyde (4)

Compound 3 (0.42 g, 0.81 mmol) was dissolved in 10 mL of DMF
and then phosphorus oxychloride (0.21 g, 1.37 mmol) was added
into the solution, which was then kept at room temperature for
1.5 h. The resulting solution was added to water. After neutralisa-
tionwith 25% (wt/wt) NaOH solution, the solutionwas kept at 50 �C
for 0.5 h. The mixture was extracted with chloroform and then
washed with aqueous saturated NaCl solution and then dried over
MgSO4. After filtration and evaporation of the solvent, the resulting
precipitate was recrystallised from DMF. Yield was 59%. 1H NMR
(300 MHz, CDCl3) d (TMS, ppm): 1.32 (6H, s), 1.58 (6H, s), 1.75e1.84
(4H, m), 3.25e3.33 (4H, m), 4.43 (4H, s), 7.16 (1H, s), 7.41 (1H, d),
7.60 (1H, d), 7.88 (1H, s), 9.89 (1H, s).

2.4.3. Preparation of 5-((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiophene-5-yl) acrylic acid
(HKK-CM1)

An acetonitrile solution (15 mL) of compound 4 (0.25 g,
0.46 mmol) and cyanoacetic acid (0.07 g, 0.82 mmol) was refluxed
at 120 �C in the presence of piperidine (0.04 mL) for 6 h. After
cooling the solution, the product was purified by chromatography
on silica gel (CH2Cl2eMeOH 5:1). Yield was 69%. 1H NMR (DMSO-
d6) d (TMS, ppm): 1.27 (6H, s), 1.48 (6H, s), 1.70e1.76 (4H, m),
3.27e3.33 (4H, m), 4.53 (4H, s), 7.40 (1H, s), 7.44 (1H, d), 7.66 (1H,
d), 8.07 (1H, s), 8.38 (1H, s). UVevis (THF, nm): lmax (log 3) 532
(52,700). PL (THF, nm): lmax 666. FAB-mass: Calcd. for
C33H30N2O6S2, 614.15; found, 614.00.

2.4.4. Preparation of 5-((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-5-bromo-3,4-ethylenedioxythiophene (5)

Compound 3 (1.74 g, 3.35 mmol) was dissolved in 20 mL of DMF
and then 13 mL of DMF solution including N-bromosuccinimide
(0.18 g, 3.43 mmol) was added to the solution, which was then kept
for 12 h. Ethanol (60 mL) and water (10 mL) were added and
a precipitate of compound 6 was formed. Yield was 56%. 1H NMR
(300 MHz, CDCl3) d (TMS, ppm): 1.31 (6H, s), 1.57 (6H, s), 1.74e1.83
(4H, m), 3.22e3.30 (4H, m), 4.25e4.34 (4H, m), 7.11 (1H, s), 7.13(1H,
d), 7.61 (1H, d), 7.81 (1H, s).

2.4.5. Preparation of 5-((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiopheneyl-5- benzaldehyde
(6)

Compound 5 (0.57 g, 0.94 mmol), 4-fomyl phenyl boronic acid
(0.17 g, 1.13 mmol), Pd (PPh3)4 (0.07 g, 0.06 mmol), Na2CO3 (0.40 g,
3.77 mmol) in H2O were dissolved in 40 mL of solvent (THF and
toluene, 1:1) and then kept at 80 �C for 8 h under an inert N2
atmosphere. The mixture was extracted with chloroform and then
washed with aqueous saturated NaCl solution and then dried over
dehydrated MgSO4. After filtration and evaporation of the solvent,
the resulting precipitate was recrystallised from DMF. Yield was
88%. 1H NMR (300 MHz, CDCl3) d (TMS, ppm): 1.32 (6H, s), 1.58 (6H,
s), 1.77e1.82 (4H, m), 3.24e3.31 (4H, m), 4.43 (4H, s), 7.15 (1H, s),
7.26 (1H, d), 7.61 (1H, d), 7.84e7.90 (5H, m), 9.96 (1H, s).

2.4.6. Preparation of 5-(((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiophene-5-yl)-benzyl-4-yl)
acrylic acid (HKK-CM2)

An acetonitrile solution (15 mL) of compound 6 (0.51 g,
0.82mmol) and cyanoacetic acid (0.11 g,1.29mmol) was refluxed at
120 �C in the presence of piperidine (0.07 mL) for 6 h. After cooling
the solution, the product was purified by chromatography on silica
gel (CH2Cl2eMeOH 5:1). Yield was 69%. 1H NMR (DMSO-d6) d (TMS,
ppm): 1.27 (6H, s), 1.58 (6H, s), 1.70e1.78 (4H, m), 3.26e3.33 (4H,
m), 4.43 (4H, s), 7.33 (1H, d), 7.42 (1H, s), 7.64 (1H, d), 7.83 (2H, d),
8.03 (2H, d), 8.22 (1H, s), 8.32 (1H, s). UVevis (THF, nm): lmax (log 3)
509 (67,200). PL (THF, nm): lmax 597. FAB-mass: Calcd. for
C39H34N2O6S2, 690.19; found, 690.00.
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2.4.7. Preparation of 5-((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiopheneyl-5-
thiophenylaldehyde (8)

A mixture of compound 5 (0.54 g, 0.91 mmol), compound 7
(0.60 g, 1.35 mmol) and Pd(PPh3)4 (0.08 g, 0.07 mmol) was heated
in dry THF 100 mL at 80 �C for 24 h under an inert N2 atmosphere.
After concentration, the residue was dissolved in CH2Cl2. The
organic phase was washed twice with a saturated solution of
NaHCO3 and then with water. After drying over MgSO4 and evap-
orating the solvent, the product was suspended in glacial acetic acid
(25 mL) and heated at 50 �C for 5 h. The mixture was cooled and
added to ice water. The resulting orange precipitate formed was
filtered and washed with water and methanol. The compound 10
was recrystallised from DMF. Yield was 52%. 1H NMR (300 MHz,
CDCl3) d (TMS, ppm): 1.32 (6H, s), 1.58 (6H, s), 1.77e1.82 (4H, m),
3.24e3.32 (4H, m), 4.43 (4H, s), 7.15 (1H, s), 7.23e7.28 (2H, m),
7.60e7.67 (2H, m), 7.84 (1H, s), 9.84 (1H, s).

2.4.8. Preparation of 5-(((1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H-11-oxa-3a-azabenzo[de]anthracen-9-yl)-
thiophene-2-yl-)-3,4-ethylenedioxythiophene-5-yl)-thiophene-2-
yl) acrylic acid (HKK-CM3)

An acetonitrile solution (20 mL) of compound 8 (0.30 g,
0.48 mmol) and cyanoacetic acid (0.07 g, 0.76 mmol) was refluxed
at 120 �C in the presence of piperidine (0.05 mL) for 6 h. After
cooling the solution, the product was purified by chromatography
on silica gel (CH2Cl2eMeOH 5:1). Yield was 76%. 1H NMR (DMSO-
d6) d (TMS, ppm): 1.26 (6H, s), 1.49 (6H, s), 1.70e1.77 (4H, m),
3.26e3.32 (4H, m), 4.54 (4H, s), 7.33 (1H, s), 7.37 (1H, d), 7.40 (1H, s),
7.69 (1H, d), 7.88 (1H, d), 8.31 (1H, s), 8.37 (1H, s), 7.33 (1H, d), 7.42
(1H, s), 7.64 (1H, d), 7.83 (2H, d), 8.03 (2H, d), 8.22 (1H, s), 8.32 (1H,
s). UVevis (THF, nm): lmax (log 3) 527 (60,400). PL (THF, nm): lmax
620. FAB-mass: Calcd. for C37H32N2O6S3, 696.14; found,696.00.

2.5. Fabrication and testing of DSSC

FTO glass plates (Pilkington) were cleaned in a detergent solution
using an ultrasonic bath for 1 h, rinsed with water and ethanol. The
FTO glass plates were immersed in an aqueous solution of 40 mM
TiCl4 at 70 �C for 30 min and washed with water and ethanol. The
first TiO2 layer of 8 mm thickness was prepared by screen printing
TiO2 paste (Solaronix, 13 nm anatase), and the second scattering
layer containing 400 nm sized anatase particles was deposited by
screen printing. The TiO2 electrodes were immersed into the dye
solution (0.3 mM in ethanol/THF (1:1) with DCA (10 mM)) and kept
at room temperature overnight. Counter electrodes were prepared
by coating with a drop of H2PtCl6 solution (2 mg of Pt in 1 mL of
ethanol) on an FTO plate. The dye-adsorbed TiO2 electrode and Pt-
counter electrode were assembled into a sealed sandwich-type cell.
A drop of electrolyte was then introduced into the cell, which was
composed of 0.6M 1,2-dimetyl-3-propyl imidazolium iodide, 0.05M
iodine, 0.1 M LiI, and 0.5 M tert-butylpyridine in acetonitrile. It was
introduced into the inter-electrode space from the counter electrode
side through predrilled holes. The drilled holes were sealed with
a microscope cover slide and Surlyn to avoid leakage of the elec-
trolyte solution.

2.6. Photoelectrochemical measurements of DSSC

Photoelectrochemical data were measured using a 1000 W
xenon light source (Oriel, 91193) that was focused to
give1000 W m2, the equivalent of one sun at Air Mass (AM) 1.5, at
the surface of the test cell. The light intensity was adjustedwith a Si
solar cell that was double-checked with an NREL-calibrated Si solar
cell (PV Measurement Inc.). The applied potential and measured
cell current were measured using a Keithley model 2400 digital
source metre. The currentevoltage characteristics of the cell under
these conditionswere determined by biasing the cell externally and
measuring the generated photocurrent. This process was fully
automated using Wavemetrics software.

3. Results and discussion

The synthetic procedures of the coumarin dyes containing EDOT
are depicted in Scheme 1. Coumarin aldehyde derivatives were
synthesized by either a Suzuki or Stille coupling reaction. These
aldehydes, on reaction with cyanoacetic acid in the presence of
piperidine catalyst, produced a series of coumarin dyes of HKK-
CM1-3, presented here.

Fig. 1 shows the absorption and emission spectra of coumarin
dyes measured in THF solution and their photophysical properties
are summarised in Table 1. The calculated TDDFT absorption
wavelengths, together with the corresponding oscillator strengths,
are reported in Table 2. The absorption spectrum of the HKK-CM1
dye with the incorporation of an EDOT unit into a bithiophene-
containing coumarin dye ofNKX-2677 to up-lift its HOMO level and
down-shift its LUMO level, shows the maximum absorption of
532 nm (3 ¼ 52,700 M�1 cm�1), which is 18 nm red-shifted in
contrast to NKX-2677. In excellent agreement with experiment,
a small red shift is also predicted by TDDFT with lmax of 519 (HKK-
CM1) and 513 (NKX-2677) nm. Under a similar condition, the HKK-
CM3 dye exhibits the maximum absorption peak at 527 nm
(3 ¼ 60,400 M�1 cm�1). Obviously, with the introduction of the
EDOT, the charge-transfer transition absorption is not only red-
shifted but also its absorption molar extinction coefficient is
enhanced, due to extended p-conjugation. As shown in Table 2, for
HKK-CM3, the first absorption maximum is computed at 543 nm
with a larger oscillator strength (2.202) with respect to those of
HKK-CM1 (1.839) and NKX-2677 (1.857). But, the HKK-CM2 dye
exhibits the maximum absorption peak at 509 nm
(3 ¼ 67,200 M�1 cm�1), which is 5 nm blue-shifted in contrast to
NKX-2677; a comparable shift to shorter wavelengths is also
computed by TDDFT, which locates the first absorption band at
511 nm with an oscillator strength of 2.268. This increase in the
excitation energy of HKK-CM2 can be ascribed to the relatively
larger torsion angle (ca. 9� at B3LYP/6-31G* level) between the
plane of the donor and that of the acceptor, induced by the presence
of the phenyl fragment, ensuring less efficient electronic commu-
nication between the donor and the acceptor. In contrast, the
absorption spectra of coumarin dyes adsorbed on the TiO2 surface
are remarkably broadened relative to the absorption spectra of the
solution state. This might be due to dyeedye and/or dyeeTiO2
interactions [50]. In addition, it should be addressed that a series of
coumarin dyes of HKK-CM1-3 adsorbed on the TiO2 films has
a broader and better absorption band than that of NKX-2677 as
a standard dye.

The electrochemical properties were investigated by cyclic vol-
tammetry (CV) to obtain HOMO and LUMO levels of the present
dyes. The cyclic voltammogram curves were obtained from a three-
electrode cell in 0.1 M TBAPF6 in CH3CN at the scan rate of 50 mV/s,
using a dye-coated TiO2 electrode as a working electrode and Pt
wire counter electrode and Ag/AgCl (saturated KCl) reference
electrode (þ0.197 V vs NHE) and calibrated with ferrocene. All of
themeasured potentials were converted to the NHE scale. The band
gap was estimated from the absorption edges of UVevis spectra
and LUMO energy levels were derived from HOMO energy levels
and the band gap. HOMO values (0.93e1.02 V vs NHE) are more
positive than the I�/I3� redox couple (0.4 V vs NHE). The electron
injection from the excited sensitisers to the conduction band of
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TiO2 should be energetically favourable because of the more
negative LUMO values (�1.13 to �1.24 vs NHE) compared to the
conduction band edge energy level of the TiO2 electrode [51]. As
shown in Fig. 3, HKK-CM1 only exhibits the lifted HOMO level,
since it is well known that an EDOT electron-rich EDOT unit is
Table 1
Optical properties and DSSC performance parameters of coumarin dyes.

Dye labs
a/nm

(3/M�1 cm�1)
Eox

b/V E0e0
c/eV ELUMO

d/V Jsc
(mA cm�2)

Voc

(eV)
FF h

(%)

HKK-CM1 532 (52,700) 0.93 2.06 �1.13 14.2 0.60 0.70 6.07
HKK-CM2 509 (67,200) 0.99 2.23 �1.24 10.5 0.62 0.57 3.73
HKK-CM3 527 (60,400) 1.02 2.15 �1.13 13.3 0.57 0.56 4.37
NKX-2677 514 (59,900) 0.95 2.17 �1.18 16.1 0.64 0.70 7.19

a Absorption and emission spectra were measured in THF.
b Oxidation potentials of dyes on TiO2 were measured in CH3CN with 0.1 M

TBAPF6 with a scan rate of 50 mV s�1 (vs NHE).
c E0e0 was determined from the intersection of absorption and emission spectra

in THF.
d LUMO was calculated by Eox�E0e0.



Fig. 3. Overview of the evaluated energy levels of coumarin dyes determined by cyclic
voltammetry.

Table 2
Computed and experimental maximum absorption wavelengths (lmax) and oscil-
lator strengths in THF for HKK-CM1, HKK-CM2, HKK-CM3 and NKX-2677.

Dye lmax

(nm) (Exp.)
lmax (nm)
(Theor.)

3/M�1 cm�1

(Exp.)
Osc. Strength
(Theor.)

HKK-CM1 532 519 52,700 1.839
HKK-CM2 509 511 67,200 2.268
HKK-CM3 527 543 60,400 2.202
NKX-2677 514 513 59,900 1.857
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connected to donor group in DepeA chromophores and destabi-
lised the energy of the HOMO to be lifted [34,43]. In contrast, it was
surprising that HKK-CM2 and HKK-CM2 exhibit the lowered
HOMO level. To gain more insight of their photophysical behaviour
adsorbed on TiO2 films, theoretical analysis (DFT, B3LYP/6-31G*
level) on the molecular orbitals involved in the transitions was
carried out, and the resulting frontier orbitals are depicted in
further density functional B3LYP/3-21G* calculations performed for
three compounds. Fig. 2 shows the dominant electron density
change for the HOMO-LUMO transition is that the electrons
transfer from the coumarin unit to acrylic acid moiety in DepeA
chromophores.

Fig. 4 shows the incident monochromatic photon-to-current
conversion efficiency (IPCE) of the coumarin dyes sensitised. The
onset wavelengths of the IPCE spectra for DSSCs based on HKK-
CM2 and HKK-CM3 were >800 nm. IPCE values of higher than 70%
were observed in the range of 410e605 nmwith a maximum value
of 78% at 500 nm for the DSSC based on HKK-CM1. The maximum
IPCE value of the DSSC based on HKK-CM2 and HKK-CM3 are
slightly lower than the efficiencies of the DSSCs based onHKK-CM1.
Fig. 2. Plots of the isodensity surfaces (MPW1K/6-31G* in THF) of HOMOs and LUMOs
of HKK-CM1, HKK-CM2 and HKK-CM3.
But, all maximum IPCE values of the DSSC based on the presented
coumarin dyes are lower than that of the DSSCs based on NKX-
2677, even though a series of coumarin dyes of HKK-CM1-3
adsorbed on the TiO2 films has a broader and better absorption
band than that of NKX-2677 as a standard dye (see Fig. 1). The
lower IPCE values of the DSSC based on HKK-CM2 and HKK-CM3
are probably due to extended p-conjugation elongation, which
might lead to decreased electron-injection yield relative to that of
HKK-CM1 dye [36].

The photovoltaic performances of the coumarin DSSCs were
summarised in Table 1. Under the standard global AM 1.5 solar
condition, the HKK-CM1 sensitised cell gave a short circuit photo-
current density (JSC) of 14.2 mA cm�2, open circuit voltage (VOC) of
0.60 V, and a fill factor (FF) of 0.70, corresponding to an overall
conversion efficiency 6.07%. The HKK-CM2 sensitised cell gave a JSC
of 10.5 mA cm�2, VOC of 0.62 V, and FF of 0.57, corresponding to an
overall conversion efficiency h of 3.73% and theHKK-CM3 sensitised
cell gave a JSC of 13.3 mA cm�2, VOC of 0.57 V, and FF of 0.56, cor-
responding to an overall conversion efficiency h of 4.37%. Fig. 5
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Fig. 4. Typical action spectra of incident photon-to-current conversion efficiencies
(IPCE) obtained for nanocrystalline TiO2 solar cells sensitized by coumarin dyes.
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tized with coumarin dyes.
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shows the JeV curves of the coumarin dyes. Among the three dye-
basedDSSCs, theHKK-CM2-based device gives the lowest efficiency
although the dye gave the broadest light harvesting range. The
phenylene unit in HKK-CM2 may also lead to a twisted intra-
molecular charge-transfer geometry of the dye excited state, which
would decrease the excited-state energy and cause a lower effi-
ciency of electron injection as reported previously [52].

4. Conclusions

Coumarin dyes containing low-band-gap chromophore have
been designed and synthesized. Surprisingly, even though HKK-
CM2 and HKK-CM3 have more extended aromatic units than HKK-
CM1, the degree of p-conjugation in HKK-CM2 and HKK-CM3 is
less efficient than that of HKK-CM1, due to the relatively larger
torsion angle between the plane of the donor and that of the
acceptor. As a result, a solar cell based on HKK-CM1 sensitiser
shows better photovoltaic performance with JSC of 14.2 mA cm�2,
VOC of 0.60 V, and FF of 0.70, corresponding to an overall conversion
efficiency h of 6.07% under the standard AM 1.5 irradiation, than
HKK-CM2 andHKK-CM3-based solar cells. The lower IPCE values of
the DSSCs based on HKK-CM2 and HKK-CM3 are probably due to
extended p-conjugation elongation, which might lead to decreased
electron-injection yield relative to that of HKK-CM1 dye.
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