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A series of new conjugated metal-free organic dyes (TC1, TC2, TC3, and TC4) comprising triphenylamine
(TPA) moieties as the electron donor and cyanoacetic acid moieties as the electron acceptor/anchoring groups
were designed at the molecular level and developed for the use in dye-sensitized solar cells (DSCs). Quantum
chemical calculations have been performed to gain insight into structural, electronic, and optical properties
of the as-synthesized sensitizers. The time-dependent density functional theory calculations allowed assignment
of the experimental spectroscopic data. It is found that the photovoltaic performance of the DSCs with the
as-synthesized dyes can be improved by enhancing the electron-donor ability and extending the π-conjugated
bridge of the dyes. In particular, the DSCs based on 2-cyano-5-(4-(phenyl(4-vinylphenyl)amino)phenyl) penta-
2,4-dienoic acid dye (TC4) showed an open circuit voltage of 652 mV, a short circuit photocurrent density
of 11.5 mA cm-2, and a fill factor of 0.64, corresponding to an overall light to electricity conversion efficiency
of 4.82% under AM 1.5 irradiation (100 mW cm-2). This result reveals that efficient electron injection from
the excited sensitizer to the conduction band of titania film occurs, owing to the more delocalizing electrons
of the bridge and donor part of the dyes.

Introduction
Dye-sensitized solar cells (DSCs) demonstrated by Grätzel’s

group have attracted considerable interest for the conversion
of sunlight to electricity.1 There are four main factors that affect
the performance of the DSCs: anode,2 cathode,3 electrolyte,4
and photosensitive dyes.5 As a key part of DSCs, the dyes take
the function of light absorption and injection of the photoexcited
electrons to the conduction band of the semiconductor in the
anode. There have been two kinds of dyes, namely, metal-
organic complexes and metal-free organic dyes, that have been
summarized in Uchida’s website.6 Up to now, polypyridyl
ruthenium(II) complex-based dyes7 have exhibited conversion
efficiencies over 10% for solar power to electricity in the
standard DSCs with an I-/I3- solution electrolyte, owing to their
broad metal-to-ligand charge-transfer (MLCT) absorption bands,
chemical stability of photoexcited states, and oxidized form.8
In the meantime, alternative metal-free organic dyes, which
generally possess larger molar extinction coefficients due to
intramolecular π-π* transitions and can be designed more
easily and economically, have shown the conversion efficiencies
up to 8%.9-18 Among the metal-free organic dyes, tripheny-
lamine (TPA) and its derivatives as donor units have displayed
promising properties in the development of photovoltaic
devices.19-21 Theoretical and experimental studies have dem-
onstrated that TPA unit, which suppresses the dye aggregation
for its nonplanar structure, can be used as the sensitizer of
DSCs.22 Recently, a few groups23-26 have reported that DSCs
with various triphenylamine-based dyes have shown the power
conversion efficiencies of 3.5 to 5.8% under AM 1.5 irradiation,
indicating the importance of their further investigation in DSCs.
In this paper, we reported on the design, synthesis, and

characterization of four metal-free organic donor-acceptor

dyes (Scheme 1) that contain donors with triphenylamine or its
derivatives and cyano-acrylic acid acceptors bridged by a
methine fragment. The TPA unit that is connected to the cyano-
acrylic acid by a methine bridge is the basic model (TC1). To
enhance the electron-donor ability of TPA, a vinyl unit was
attached to the adjacent phenyl ring of TC1, leading to the
structure of TC2. Introducing an acceptor moiety of cyano-
acrylic acid to the adjacent phenyl ring of TC1 results in the
structure of TC3. To extend the π-conjugated bridge, a methine
unit was introduced to the bridge of TC2, producing TC4. The
methine bridge takes the function as a photon sink where charge
separation occurs, while the migration in the opposite direction
is facilitated by the presence of donor and acceptor units.
Theoretical calculation shows that electron-rich moiety in the
donor and the bridge has a significant influence on the
photoelectrochemical properties of the dyes. Experimental
studies confirm that larger π-conjugated bridge and richer
electron donor of the dyes are beneficial for the photovoltaic
performance of the DSCs. In particular, TC4 exhibited the
highest overall energy-conversion efficiency of 4.82% with a
short-circuit photocurrent density of 11.5 mA/cm2, an open-
circuit voltage of 652 mV, and a fill factor of 0.64 under
irradiation with 100 mW/cm2 simulated sunlight. The present
results show that the as-synthesized metal-free organic dye
photosensitizers are promising in the development of DSCs.

Experiments and Calculations

Materials and Reagents. Potassium tert-butoxide, Triton
X-100, and cyanoacetic acid were purchased from Fluka and
Acros in analytical grade. All other solvents and chemicals used
in this work were reagent grade (Tianjin Chemical Factory,
China) and used without further purification. Tetrabutylammo-
nium perchlorate (TBAP) and 1,2-dimethyl-3-propylimidazo-
lium iodide (DMPImI) were synthesized and purified according
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to the literature.27,28 Transparent conducting oxide glass sub-
strates (F-doped SnO2 over layer with sheet resistance of 10
Ω/sq, Nippon Sheet Glass, Hyogo, Japan) were washed under
supersonication for 15 min with Triton X-100, ethanol, and
acetone, respectively. Commercial TiO2 (P25, a mixture of 30%
rutile and 70% anatase, Degussa AG, Germany) was used for
the preparation of the nanocrystalline films.
Spectorscopic Measurements. 1H nuclear magnetic reso-

nance (NMR) spectra of the as-prepared dyes were carried out
with a Varian Mercury Vx300 spectrometer at 300 MHz with
the chemical shifts against tetramethylsilane (TMS). Electro-
spray ionization mass spectrometry (ESI-MS) spectra were
measured with a LCQ AD (Thermofinnigan, USA) mass
spectrometer. The absorption spectra of the dyes in solution and
adsorbed on TiO2 films were measured with a Jasco-550 UV/
vis spectrophotometer. The fluorescence spectra of the dyes in
methanol solution were observed on a Cary Eclipse fluorescence
spectrophotometer at ambient temperature. Samples were con-
tained in 1-cm path-length quartz cells.
Synthetic Procedure of TC1-TC4. TC1, TC2, TC3, and

TC4 dyes were synthesized by well-known reactions such as
Wittig reaction, Vilsmeier-Haack formylation reaction, and
Knoevenagel reaction. The starting triphenylamine (TPA) was
synthesized from phenylamine and iodobenzene in a nitrogen
atmosphere (Cu catalyst, 115 °C, 3.5 h).29 4-(Diphenylamino)-
benzaldehyde and 4,4′-(phenylazanediyl)dibenzaldehyde were
prepared by treating TPA with different equivalent of POCl3 in
DMF, according to literature procedures.30 The detailed synthetic
procedures of TC1, TC2, TC3, and TC4 were described as
following.
2-Cyano-3-(4-(diphenylamino)phenyl)acrylic Acid (TC1).

4-(Diphenylamino)benzaldehyde (273 mg, 1mmol) and 2-cy-
anoacetic acid (128 mg, 1.5 mmol) were added to 15 mL of
glacial acetic acid and refluxed for 3 h in the presence of 150
mg of ammonium acetate. After cooling to room temperature,
the mixture was poured into ice water. The precipitate was
filtered, washed by distilled water, dried under vacuum, and
purified by column chromatography (acetate/ethanol), resulting
in yellow powder of TC1 (230 mg, 67.6%). 1H NMR (300 MHz,

DMSO-d6) δ (ppm): 8.00 (s, 1H), 7.88 (d, 2H), 7.42 (t, 4H),
7.25-7.18 (m, 6H), 6.90 (d, 2H). ESI-MS: m/z 339 ([M -
H]-).
2-Cyano-3-(4-(phenyl(4-vinylphenyl)amino)phenyl)acryl-

ic Acid (TC2). Same as TC1 but 4-(phenyl(4-vinylphenyl)-
amino)benzaldehyde (300 mg, 1 mmol) instead of 4-(dipheny-
lamino) benzaldehyde was used, resulting in yellow powder (240
mg, 65.6%). 1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.93
(s, 1H), 7.78 (d, 2H), 7.35 (t, 4H), 7.15-7.04 (m, 6H), 6.92 (t,
1H), 6.71 (dd, 1H), 5.80 (d, 1H), 5.25 (d, 1H). ESI-MS: m/z
365 ([M - H]-).
3,3′-(4,4′-(Phenylazanediyl)bis(4,1-phenylene))bis(2-cy-

anoacrylic Acid) (TC3). Same as TC1 but 4,4′-(phenyla-
zanediyl)dibenzaldehyde (301 mg, 1mmol) instead of 4-(diphe-
nylamino) benzaldehyde and 2-cyanoacetic acid (256 mg, 3.0
mmol) was used. The isolated dark-yellow powder (305 mg,
70.1%) is TC3, showing 1H NMR (300 MHz, DMSO-d6) δ
(ppm): 8.05 (s, 2H), 7.95 (d, 4H), 7.46 (t, 2H), 7.29 (t, 1H),
7.24 (d, 2H), 7.14 (d, 4H). ESI-MS: m/z 434 ([M - H]-).
2-Cyano-5-(4-(phenyl(4-vinylphenyl)amino)phenyl)penta-

2,4-dienoic Acid (TC4). Same as TC1 but 3-(4-(phenyl(4-
vinylphenyl)amino)phenyl)acrylaldehyde (326 mg, 1 mmol)
instead of 4-(diphenylamino) benzaldehyde was used. The
isolated red powder (284 mg, 72.4%) is TC4, revealing 1H NMR
(300 MHz, DMSO-d6) δ (ppm): 7.78 (d, 1H), 7.50 (d, 2H),
7.44 (d, 2H), 7.35 (t, 2H), 7.29 (d, 1H), 7.18-6.99 (m, 7H),
6.91 (t, 1H), 6.70 (dd, 1H), 5.77 (d, 1H), 5.23 (d, 1H). ESI-
MS: m/z 391 ([M-H]-).
Electrochemical Measurements. The oxidation potentials

of the dyes in acetonitrile/acetic acid were measured in a normal
one-compartment cell with a glassy carbon working electrode,
a Pt wire counter electrode, and a Ag/Ag+ reference electrode
in an acetonitrile solution including 0.01 M AgNO3 and 0.1 M
TBAP. The potential of the reference electrode is 0.351 V vs a
normal hydrogen electrode (NHE) and calibrated with ferrocene.
The measurements were performed with a PARSTAT 2273
electrochemical analyzer. The supporting electrolyte was 0.1

SCHEME 1: Molecular Structures and Synthesis of the Triphenylamine-Based TC1, TC2, TC3, and TC4 Dyesa

a The difference between TC1 and TC2-TC4 has been marked by color drawings.
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M TBAP in dry acetonitrile/acetic acid (7/1, v/v), which was
purged with argon (99.999%) and stirred for 15 min prior to
the scan.
Computation Methods. The geometrical and electronic

properties of the compounds (TC1-TC4) were performed with
the Gaussian 03 program package.31 The calculation was
optimized by means of the B3LYP (Becke three parameters
hybrid functional with Lee-Yang-Perdew correlation func-
tionals) with the Pople 6-31G(d,p) atomic basis set.32 The
excitation transitions of TC4 were calculated using time-
dependent density functional theory (TD-DFT) calculations with
B3LYP/6-31g(d,p). Molecular orbitals were visualized using
Gaussview.

Preparation of Dye-Adsorbed TiO2 Films. The TiO2 paste,
which consists of 16.2% P25 and 4.5% ethyl cellulose in
terpineol, was printed on a conducting glass using a screen
printing technique. The film was dried in air at 100 °C for 15
min followed by another 15 min at 150 °C. Then the film was
calcined at 350 °C for 10 min. Finally the film was treated at
450 °C for 30 min under oxygen atmosphere. After cooling to
room temperature, the electrodes were impregnated in 0.05 M
titanium tetrachloride aqueous solution, washed with distilled
water and recalcined at 450 °C for 30 min. The surface of the
TiO2 electrode was measured by a Microtek scanner with the
image integration of 600 dpi resolution. The three-dimension
(3D) surface image of the TiO2 electrode was obtained by a
Wyko NT1100 Optical Profiler (Veeco Metrology Group),33
which was based on white-light scanning interferometry specific
feature. As shown in Figure 1a, the porous and rough surface
of the film with a peak-to-peak roughness of 14700 nm and a
rms roughness of 1290 nm benefits the adsorption of the dyes,
which results in the amount of the adsorbed dye around 10-7
mol per square centimeter discussed below. The thickness of
the resulting films, measured by a Dektek 6M Stylus Profiler,
was ca. 15 µm, which was further confirmed by the cross section
analysis of scanning electron microscopy (SEM) image of the
film (Figure 1b) using a Philips XL-30 microscope.34
The TiO2 electrodes were immersed into a dry methanol

solution of the dye (standard concentration 3 × 10-4 M) and
kept at room temperature for 24 h. The dye-coated electrodes
were rinsed quickly with ethanol, and the photoelectrochemical
measurement was conducted immediately.
Fabrication of Dye-Sensitized Solar Cells. The electro-

chemical cell used for photovoltaic measurements consisted of
a dye-adsorbed TiO2 electrode, a counter electrode, a tape spacer
(42 µm thick for the sealing), and an organic electrolyte. The
electrolyte solution was a mixture of 0.6 M DMPImI, 0.1 M

Figure 1. (a) Three-dimensional surface image and (b) cross-sectional
SEM image of the as-prepared TiO2 film coated on the conducting
glass.

Figure 2. A representative tapping-mode AFM image of Pt counter
electrode.

Figure 3. Normalized absorption spectra of the TC1, TC2, TC3, and
TC4 measured in methanol solution.

TABLE 1: The Fluorescence Emission Properties of
TC1-TC4
dye λmaxa/nm εmaxa/M-1 cm-1 λemb/nm amountc/10-8 mol cm-2

TC1 400 15 800 554 11.9
TC2 403 29 300 542 14.9
TC3 416 18 600 548 9.9
TC4 425 26 900 585 7.1

a ,bAbsorption and emission spectra were measured in methanol
solution. The emission spectra were obtained with the concentration
of 5 × 10-5 M at 293 K. εmax is the extinction coefficient at λmax of
absorption. c Amount of the dyes absorbed on TiO2 film.
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LiI, and 0.05 M I2 in acetonitrile. As a counter electrode, a thin
Pt layer was deposited on a FTO conducting glass by thermal
pyrolysis of 30 mM H2PtCl6 in isopropanol at 390 °C for 10
min.35 The surface of the Pt film was imaged with a multimode
Nano IIIa atomic force microscope (Veeco Metrology Group).
An atomic force microscopy (AFM) height image of the as-
prepared Pt thin film (Figure 2) reveals the homogeneous
distribution of Pt nanoparticles with the character of smaller
particles filled among the bigger particles, which are of great
benefit to catalytic I3- reduction.
Photovoltaic Characterization. Photoelectrochemical per-

formance of the solar cell was measured using a Keithley 2400
digital source meter controlled by a computer.36 A 500-W Xe
lamp served as the light source in combination with a band-
pass filter (400-800 nm) to remove ultraviolet and infrared
radiation and to give 100 mW/cm2 (the equivalent of one sun
at AM1.5) at the surface of the test cell. The incident light
intensity was calibrated by a radiometer. Further calibration was
carried out by using a USB4000 plug-and-play miniature fiber
optic spectrometer (Ocean Optics Inc., USA) to reduce the
mismatch between the simulated and the true solar spectrum.
The action spectra of monochromatic incident photo-to-current
conversion efficiencies (IPCEs) for the solar cells were also
detected with a similar data acquisition system. Light from a
500-W Xe lamp was focused through a monochromator onto

the photovoltaic cell. The IPCE values were determined at 5
nm intervals according to eq (1)37

where Jsc is the short-circuit photocurrent density for mono-
chromatic irradiation at wavelength λ and Φ is the power of
the incident radiation per unit area. Light intensities were
measured with a USB4000 Plug-and-Play Miniature Fiber Optic
Spectrometer (Ocean Optics Inc., USA).
The solar energy-to-electricity conversion efficiency (η) of

the DSCs is calculated from the short-circuit photocurrent
density (Jsc), the open-circuit photovoltage (Voc), the fill factor
of the cell (ff), and the intensity of the incident light (Pin) with
eq (2)38

Results and Discussion
UV-Vis Absorption and Emission Spectra. Figure 3 shows

the absorption spectra of the as-synthesized dyes in methanol
solution, with two distinct absorptions around 300 and 420 nm.
The absorption band around 300 nm was assigned to a π-π*
transition, while the absorption band with λmax around 420 nm
corresponded to an intramolecular charge transfer (ICT) between
the TPA donor part of the molecule and the acceptor end
group.39 The spectrum of TC2 is quite similar to that of TC1
except for the broader absorption band at the short-wave region
(<350 nm), which can be attributed to the introduction of vinyl
(CH2dCH-) to adjacent phenyl ring. The absorption spectrum
of TC3 (peak at 416 nm) was red-shifted in comparison with
that of TC1 (400 nm) due to the acceptor moiety introduction
of cyano-acrylic acid. Moreover, the spectrum of TC4 (peak at
425 nm) was obviously red-shifted in comparison with that of

Figure 4. Absorption spectra of TiO2 film with different sensitizers.

Figure 5. Schematic representation of the frontier molecular orbitals
of TC1, TC2, TC3, and TC4 in methanol.

Figure 6. The frontier orbital plots of the HOMO-1, HOMO, LUMO,
and LUMO+1 of TC4.

TABLE 2: Calculated TD-DFT Excitation Energies (E),
Oscillator Strengths (f), and Composition in Terms of
Molecular Orbital Contributions and Character, as
Compared to the Maximum Band of Experimental
Absorption (n Is the Ordering Number of the Calculated
Excited State)

n E (eV, nm) f composition character
exptl

(eV, nm)

1 2.34 (530) 1.10 85% HOMOf LUMO CT 2.92 (425)
2 3.40 (365) 0.48 76% HOMO-1f LUMO πf π* 4.09 (303)
3 3.65 (340) 0.18 73% HOMOf LUMO+1 πf π*
4 3.78 (328) 0.22 78% HOMO-2f LUMO πf π*

IPCE % (λ) )
1240 (eV‚nm)

λ (nm)
×
Jsc (mA/cm

2)

φ (mW/cm2)
× 100 (1)

η % )
Jsc (mA/cm

2) × Voc (V) × ff

Pin (mW/cm
2)

× 100 (2)
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TC2 (403 nm) as well as stronger and broader around 300 nm,
which is due to the expansion of π-conjugation systems by
introducing the methine moiety into the π-bridge. Thus, the
introduction of π-conjugated donor as well as acceptor part and
expansion of the methine bridge contributed to a bathochromic
shift in the absorption spectra of the dyes, which are desirable
for harvesting the solar spectrum.
Table 1 summarizes the fluorescence emission properties of

TC1, TC2, TC3, and TC4 in methanol solution. The wavelength
of the emission peak was not strongly affected by modifying
the donor part (554 nm for TC1 and 542 nm for TC2), but the
peak was shifted toward the longer-wavelength region by
expansion of the methine bridge (542 nm for TC2 and 585 nm
for TC4).
Figure 4 shows the absorption spectrum of the four dyes

adsorbed on a transparent TiO2 film. Compared to the spectrum
in methanol solution, a red-shift and broadening of the absorp-
tion peak was observed in all dyes on TiO2 surface, which can
be attributed to the formation of J-type aggregate.40 The
absorption before 370 nm belongs to TiO2 film and transparent
glass. The amount of dyes adsorbed on the TiO2 films was
estimated by desorbing the dye with basic solution, and the
results are summarized in the right column of Table 1.

Molecular Stucture Analysis. Figure 5 shows the schematic
representation of the molecular orbital energies of TC1, TC2,
TC3, and TC4. The electronic structure of the as-synthesized
dyes was calculated in methanol solution that is the solvent used
to record the experimental spectra. Observation of the frontier
orbitals of the dyes except TC3 shows that the HOMO and
LUMO are essentially isolated in energy, with the HOMO-1
below the HOMO and LUMO+1 above the LUMO both over
1.0 eV, respectively. The HOMO of TC3 is also isolated in
energy, with the HOMO-1 lying 1.2 eV below its HOMO and
the LUMO+1 lying 0.4 eV above the corresponding LUMO.
This is owing to the influence of the two cyano-acrylic acid
acceptors. In comparison, TC4 shows the narrowest HOMO-
LUMO gap, which is beneficial for absorbing the long-
wavelength light. Thus, TC4 is further chosen for the theoretical
calculation, and the frontier orbitals of TC4 were depicted in
Figure 6. The HOMO of TC4 is to a large extent delocalized
over the entire molecule, indicating that the binding energy of
the electron in the HOMO is sensitive to a change in the
π-system.41 Simultaneously, the LUMO of TC4 is a π* orbital
delocalized across the cyanoacrylic groups, and the LUMO+1
is a π* orbital that is mainly delocalized over the styryl and
the cyanoacrylic moiety.
To gain insight into the excited states of the dyes, we

performed TD-DFT calculations of the lowest 10 singlet-singlet
excitations of TC4 in methanol. By consideration of energy
range, the four transitions with oscillator strengths (f) above
0.1 are summarized in Table 2. The lowest transition is
calculated to be 2.34 eV, corresponding to a charge-transfer
excitation of the HOMO to the LUMO. The considerable red-
shift of the absorption maximum from theory to experiments is
related to the self-interaction error in TD-DFT arising through
the electron transfer in the extended charge-transfer state.42 The
band experimentally found at 4.09 eV appears to be composed
by three almost overlapping π-π* transitions of different
character, calculated at 3.40, 3.65, and 3.78 eV. The three
calculated transitions are π-π* transition from the HOMO-1
to the LUMO, the HOMO to the LUMO+1, and the HOMO-2
to the LUMO, respectively. The better agreement between the
calculated and experimental absorption energies of the π-π*
features as compared to the CT excitation is related to the

Figure 7. IPCE characteristics for DSCs based on the as-synthesized
dyes. The redox electrolyte was comprised of 0.6 M DMPImI, 0.1 M
LiI, and 0.05 M I2 in acetonitrile.

Figure 8. Current-voltage characteristics for the DSCs based on TC1,
TC2, TC3, and TC4.

TABLE 3: Electrochemical Data of the As-Synthesized
Dyesa

dye E0-0/eV E(S+/S)/V vs NHE E(S+/S*)/V vs NHE Egap/V
TC1 2.77 1.04 -1.73 1.23
TC2 2.80 1.08 -1.72 1.22
TC3 2.68 1.16 -1.52 1.02
TC4 2.53 0.96 -1.57 1.07

a The E0-0 value was estimated from the cross section of absorption
and emission spectra. The redox potentials E(S+/S) was measured on
0.1 M tetrabutylammonium perchlorate in acetonitrile using glassy
carbon as the working electrode, Pt as the counter electrode, and Ag/
Ag+ as the reference electrode, which was calibrated with ferrocene.47
The excited state oxidation potential E(S+/S*) was calculated from
E(S+/S) - E0-0. Egap is the energy gap between the E(S+/S*) of the
dye and the conduction band level of TiO2 (-0.5 V vs NHE).

TABLE 4: Photovoltaic Performance of DSCs Based on the
As-Synthesized (TC1-TC4) Dyes
dye Voc/mV Jsc/mA cm-2 ff η/%
TC1 596 6.1 0.68 2.47
TC2 609 7.3 0.64 2.86
TC3 656 7.1 0.65 3.01
TC4 652 11.5 0.64 4.82
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localized character of the π-π* excitations, which involve
substantially overlapping orbitals.43
Electrochemical Properties. The formal redox potentials

E(S+/S) of the as-synthesized dyes were obtained by averaging
the anodic and the cathodic peak potentials from cyclic
voltammogram, and the results are summarized in Table 3. The
oxidation potentials ranging from 0.96 to 1.16 V vs NHE are
more positive than the I-/I3- redox couple (∼0.4 V vs NHE),
ensuring that there is enough driving force for the dye
regeneration efficiently through the recapture of the injected
electrons from I- by the dye cation radical. The redox potentials
for TC1 and TC2 are 1.04 and 1.08 V (vs NHE), respectively,
indicating that the introduction of ethenyl to the adjacent phenyl
ring shifted the redox potential of the dyes in a positive direction.
Meanwhile, introducing an electron-withdrawing 2-cyanoacrylic
group (-CHdC(CN)COOH) into the framework of TC1
(producing TC3) resulted in a positive shift of 0.12 V (from
1.04 to 1.16 V). On the other hand, lengthening the methine
unit of TC2 (producing TC4) shifted the redox potential of the
dyes negatively (from 1.08 to 0.96 V).
Meanwhile, neglecting any entropy change during the light

absorption, the excited-state oxidation potential E(S+/S*) can
be extracted from the redox potential of the ground state E(S+/
S) and the zero-zero excitation energy E0-0 according to eq
(3)44

From the data of Table 3, it can be seen that introducing ethenyl
to adjacent phenyl ring of TC1 to form TC2 has little influence
on E(S+/S*). However, either introducing a 2-cyanoacrylic
group into the framework of TC1 to the formation of TC3 or
expending the methine unit of TC2 to TC4 resulted in a positive
shift in E(S+/S*). The excited-state oxidation potentials of the
four as-synthesized dyes (the data in the forth column of Table
3) are notably more negative than the equivalent potential of
the TiO2 conduction band edge (-0.5 V vs NHE), providing
thermodynamic driving force for electron injection (1.02-1.23
V). By assumption that energy gap of 0.2 eV is necessary for
efficient electron injection,45 the present sensitizers could be
very fascinating. In particular, for semiconductor materials that
have Fermi levels more negative than that of titanium dioxide,
an increased gap between the conduction band and the redox
couple of electrolyte results in a higher open-circuit potential
for improving the efficiency of DSCs.

Photovoltaic Performance of DSCs. Figure 7 shows the
action spectra of monochromatic IPCEs for the sandwiched
DSCs. The IPCE value of TC4-based DSC exceeds 70% in a
spectral range from 410 to 490 nm and reaches its maximum
of 84% at 450 nm. By consideration that the scattering and
absorption losses in the transparent conducting-oxide substrate,
the net photon-to-current conversion efficiency exceeds 90%.
The IPCE spectrum of TC4-based DSC is red-shifted by about
35 nm as compared to that of the other dyes, which is consistent
with its absorption spectra on a transparent TiO2 film. An
interpretation of the best IPCE of TC4-based DSC follows. First,
a large conjugated structure of TC4 dye makes electron transition
much easier than that of the other dyes. Second, more delocal-
izing π-electrons on the conjugated donor moiety and the bridge
part can generate more excited electrons under the same light
excitation. This is beneficial for quantum yield of electron
injection from dye molecule to semiconductor film, which is
one of the important factors affecting the IPCE.46 As a result,
the DSC based on TC4 dye shows the best IPCE spectrum.
Figure 8 shows the I-V curves of DSCs based on the as-

synthesized dyes. The detailed parameters (Jsc, Voc, ff, and η)
are summarized in Table 4. The DSC based on TC4 dye shows
a better comprehensive properties with an open circuit voltage
of 652 mV, a short circuit photocurrent density of 11.5 mA
cm-2, and a fill factor of 0.64, corresponding to an overall light
to electricity conversion efficiency of 4.82% under AM 1.5
irradiation (100 mW cm-2). The highest efficiency benefits from
the highest short-circuit photocurrent density, which can be
explained by the best IPCE value.
Mechanism of Photon-to-Current Conversion in the DSCs.

Figure 9 shows the schematic energy diagram for a DSC based
on TC4 photosensitizer. The HOMO and LUMO levels of the
dye correspond to the formal redox potentials and the formal
excited-state oxidation potential, respectively. The photon-to-
current conversion involves the following primary processes.
First, the dye is excited from the ground state to the excited
state by the absorption of incident photon flux, owing to the
intramolecular π-π* transition. Second, the excited electron
is injected into the conduction band of the TiO2 electrode
immediately before quenching by emission and consequent
formation of the oxidized dye. Third, the injected electrons in
the conduction band of TiO2 are transported toward the Pt
counter electrode through the external load. Fourth, the iodide
is regenerated in turn by the reduction of triiodide at the Pt

Figure 9. Schematic energy diagram for a DSC based on TC4 photosensitizer, I-/I3- redox electrolyte, TiO2 anode, and Pt cathode.

E(S+/S*) ) E(S+/S) - E0-0 (3)
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counter electrode. Finally, the oxidized dyes reduce to the
ground state by accepting electrons from the iodide anion that
is oxidized to triiodide anion. It is thus that the reduction of
both the oxidized dye and the triiodide determines the perfor-
mance of a DSC.

Conclusions
In this paper, we have successfully designed four metal-

free organic dyes (TC1, TC2, TC3, and TC4) that contain donors
with triphenylamine or its derivatives and cyano acrylic acid
acceptors bridged by a methine fragment. The results based on
experiment and computation show that extending the π-system
of donor part and the bridge moieties appropriately can
systematically control the spectral response of the dyes and
further improve the energy conversion efficiency of DSCs. In
particular, a maximum photo-to-electrical energy conversion
efficiency of 4.82% was obtained with the DSC based on TC4
photosensitizer under AM 1.5 irradiation (100 mW cm-2),
revealing that the as-synthesized metal-free organic dyes are
promising in the development of DSCs. Work on dynamics of
electron transport and recombination and the stability of DSCs
based on the as-synthesized dyes are under study.
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P.; Renouard, T.; Zakeeruddin, S. M.; Humphry-Baker, R.; Comte, P.; Liska,
P.; Cevey, L.; Costa, E.; Shklover, V.; Spiccia, L.; Deacon, G. B.; Bignozzi,
C. A.; Grätzel M. J. Am. Chem. Soc. 2001, 123, 1613.

(8) (a) Hoertz, P. G.; Mallouk, T. E. Inorg. Chem. 2005, 44, 6828. (b)
Meyer, G. J. Inorg. Chem. 2005, 44, 6852.

(9) Sayama, K.; Tsukagoshi, S.; Hara, K.; Ohga, Y.; Shinpou, A.; Abe,
Y.; Suga, S.; Arakawa, H. J. Phys. Chem. B 2002, 106, 1363.
(10) Wang, Z. S.; Li, F. Y.; Huang, C. H.; Wang, L.; Wei, M.; Jin, L.

P.; Li, N. Q. J. Phys. Chem. B 2000, 104, 9676.
(11) Ehret, A.; Stuhl, L.; Spitler, M. T. J. Phys. Chem. B 2001, 105,

9960.
(12) Hara, K.; Sato, T.; Katoh, R.; Furube, A.; Ohga, Y.; Shinpo, A.;

Suga, S.; Sayama, K.; Sugihara, H.; Arakawa, H. J. Phys. Chem. B 2003,
107, 597.
(13) Ferrere, S.; Gregg, B. A. New J. Chem. 2002, 26, 1155.
(14) Ito, S.; Zakeeruddin, S. M.; Humphry-Baker, R.; Liska, P.; Charvet,

R.; Comte, P.; Nazeeruddin, M. K.; Péchy, P.; Takata, M.; Miura, H.;
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Baker, R.; Grätzel, M. J. Am. Chem. Soc. 2005, 127, 5706.
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