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Dye-sensitized solar cells (DSSCs) based on organic dyes ad-
sorbed on nanocrystalline TiO2 electrodes have received con-
siderable attention because of their high incident solar light-
to-electricity conversion efficiency and low cost of pro-
duction. A number of organic dyes have so far been devel-
oped, and the relationship between their chemical structures
and the photovoltaic performances of DSSCs based on the
dyes has been examined. To create high-performance
DSSCs, it is important to develop effective organic dye sensi-

1. Introduction

The ever increasing consumption of fossil fuels, causing
global warming and environmental pollution, has led to a
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tizers, which should be optimized for the chemical structures
to possess good light-harvesting features, to provide good
electron communication between the dyes and a TiO2 elec-
trode, and to control the molecular arrangements on the TiO2

electrode. The aim of this microreview is to highlight the de-
sign and synthesis of organic dyes for DSSCs based on recent
work of organic chemists.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

greater focus on renewable energy sources and sustainable
development. Among several new energy technologies, solar
cells utilizing the sun as an energy source are the most
promising. Traditional solar cells based on silicon have rea-
sonable energy conversion efficiencies of ca. 15%.[1] How-
ever, they require high-purity silicon and skilled manufac-
turing techniques, which result in high costs, so their wide-
spread use in our lives has been limited.

On the other hand, dye-sensitized solar cells (DSSCs)
based on dye sensitizers adsorbed on nanocrystalline TiO2
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electrodes have received considerable attention because of
their high incident solar light-to-electricity conversion effi-
ciency, colourful and decorative natures and low cost of
production[2–15] since Grätzel and co-workers reported
good solar cell performances for DSSCs based on a Ru
complex dye in 1991.[16] The most efficient Ru-sensitizers
are cis-dithiocyanobis(4,4�-dicarboxy-2,2�-bipyridine)ruthe-
nium(II) {[Ru(dcbpy)2(NCS)2], N3, Figure 1}[17] and tri-
thiocyanato-4,4�,4��-tricarboxy-2,2�:6�,2��-terpyridineruthe-
nium(II) {[Ru(tcterpy)(NCS)3], black dye},[18] owing to
their intense and wide-range absorption of visible light. Un-
der standard air mass (AM) 1.5 simulated sunlight
(100 mWcm–2), an N3 dye-sensitized solar cell gave a power
conversion efficiency (η) of up to 10% with a short-circuit
photocurrent density (Jsc) of 18.2 mAcm–2, an open-circuit
photovoltage (Voc) of 720 mV and a fill factor (ff) of 0.73.
The incident photon-to-current conversion efficiency
(IPCE) is over 80% in the visible region.

Figure 1. Examples of Ru-polypyridyl complexes used as photosen-
sitizers for DSSCs.

As well as Ru-sensitizers, organic dyes have recently been
stimulating intensive research efforts because of their ad-
vantages as photosensitizers for DSSCs: 1) they can be pre-
pared and purified easily at lower cost, 2) they have higher
molar absorption coefficients than the Ru complexes, so or-
ganic dyes have efficient light-harvesting capabilities over
the wide spectral region of sunlight, 3) the wide variety of
the structures and their facile modification provides poten-
tial for molecular design, with the introduction of substitu-
ents onto the chromophore skeletons allowing for easy con-
trol not only of their photophysical and electrochemical
properties but also of their stereochemical structures, and
4) there are no concerns about resource limitations, because
organic dyes do not contain rare metals such as ruthenium
and platinum. Many organic dyes exhibiting relatively high
DSSC performances have so far been designed and devel-
oped. They include coumarin dyes,[19–23] polyene dyes,[24–32]

hemicyanine dyes,[33–37] thiophene-based dyes,[38–47] ind-
oline dyes,[48,49] heteropolycyclic dyes,[50–52] xanthene
dyes,[53–57] perylene dyes,[58–62] porphyrin dyes,[63–76] mero-
cyanine dyes,[77,78] catechol dyes,[79–81] polymeric dyes,[82–88]

squaraine dyes,[89–94] cyanine dyes[95–98] and phthalocyanine
dyes.[99–105] Under standard air mass (AM) 1.5 simulated
sunlight (100 mWcm–2), the DSSC based on indoline dye
D205 (Figure 2) has shown a power conversion efficiency
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(η) of up to 9.5%, with a short-circuit photocurrent density
(Jsc) of 18.7 mAcm–2, an open-circuit photovoltage (Voc) of
710 mV and a fill factor (ff) of 0.71. The incident photon-
to-current conversion efficiency (IPCE) in the visible is over
80%.[49] The performances of organic-dye-based DSSCs re-
main inferior to those of DSSCs based on the Ru com-
plexes, however, because of some disadvantages as photo-
sensitizers: 1) they have relatively narrow absorption bands
in the visible, which cause poorer light-harvesting in sun-
light, 2) they are liable to enter into π-stacked aggregation
on the TiO2 surface, which leads to reductions in the yields
of electron injection from the dyes to the conduction band
(CB) of TiO2, owing to intermolecular energy transfer, and
3) the stabilities of organic dyes are generally lower than
those of Ru complexes, which may be attributable to the
formation of unstable radicals under strong light irradia-
tion.[43,78] Therefore, to overcome the above disadvantages
as photosensitizers for DSSCs, it is necessary to design and
synthesize new and efficient organic photosensitizers with
effective chromophores and substituents for the perform-
ance of DSSCs, to be made possible by exquisite molecular
designs and synthetic strategies developed by organic chem-
ists.

Figure 2. Examples of organic dyes used as photosensitizers for
DSSCs.

2. Operational Principle of DSSCs

A schematic representation of the construction and the
operational principle of a typical DSSC is shown in Fig-
ure 3. The DSSC is composed of a photo-anode and a pho-
toinert counter electrode (cathode) sandwiching a redox
mediator. It consists of five materials: 1) a fluorine-doped
SnO2 (FTO) glass substrate, 2) a nanocrystalline TiO2 thin
film as a semiconductor, 3) a dye sensitizer, 4) an electrolyte
(redox mediator), and 5) a platinum-coated glass substrate.
The photo-anode is made of the dye-adsorbed TiO2 elec-
trode; a nanocrystalline TiO2 was applied onto the FTO
glass substrate and the obtained 5–10 µm thick TiO2 sub-
strate was then immersed into a solution of dye for a period
sufficient for the dye to adsorb on the TiO2 surface. The
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Figure 3. A schematic representation of the construction and the operational principle of DSSCs.

redox mediator is a solution containing an I3
–/I– couple.

The Pt-coated glass plate serves as the photoinert cathode.
The generation of photocurrents in the DSSC occurs

through the following processes [Equations (1) to
(4)].[2–4,6–8,15,16] To begin with, the dye sensitizer absorbs a
photon (sunlight) to generate the photoexcited state of the
dye (S*) [Equation (1)]. Next, the photoexcited dye (S*) in-
jects an electron into the conduction band (CB, –0.5 V vs.
NHE) of TiO2 [Equation (2)]. The resultant oxidized dye is
subsequently reduced back to its original neutral state by
electron donation from the I– ions in redox mediator; this
process is usually called dye regeneration or rereduction
[Equation (3)]. The injected electrons move through the net-
work of interconnected TiO2 nanoparticles to arrive at the
transparent conducting oxide (FTO) and then through the
external circuit to the counter electrode (Pt-coated glass).
The I– ion is regenerated by the reduction of triiodide ion
I3

– at the counter electrode through the donation of elec-
trons from the external circuit [Equation (4)] and then the
circuit is completed. During this electron flow cycle, how-
ever, there are undesirable side processes: the electrons in-
jected into the CB of the TiO2 electrode may recombine
either with oxidized dye [recombination, Equation (5)], or
with I3

– at the TiO2 surface [dark current, Equation (6)],
resulting in lowering of the photovoltaic performances of
DSSCs. The recombination process [Equation (5)] is almost
always in competition with the rereduction of the oxidized
dyes by I– [Equation (3)]. Consequently, the processes of
electron injection and regeneration [Equations (2) and (3)]
must be kinetically more favourable than those of the re-
combination and dark current [Equations (5) and (6)] in or-
der to generate greater photocurrents and photovoltages.

S (on TiO2) + hυ � S* (1)

S* (on TiO2) � S+ (on TiO2) + e– (TiO2) (2)

2S+ (on TiO2) + 3I– � 2S (on TiO2) + I3
– (3)

I3
– + 2e– (Pt) � 3I– (4)
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S+ (on TiO2) + e– (TiO2) � S (on TiO2) (5)

I3
– + 2e– (TiO2) � 3I– (6)

2.1. Photovoltaic Parameters that Characterize the
Performances of DSSCs

The performances of DSSCs are characterized mainly by
six parameters: incident photon-to-current conversion effi-
ciency (IPCE), photocurrent/voltage curve (J/V curve),
open-circuit voltage (Voc), short-circuit photocurrent den-
sity (Jsc), fill factor (ff), and solar energy-to-electricity con-
version yield (η). These photovoltaic parameters are ex-
plained below.

2.1.1. Incident Photon-to-Current Conversion Efficiency
(IPCE)

The IPCE is defined as the number of electrons flowing
through the external circuit divided by the number of inci-
dent photons and can be represented by Equation (7).

IPCE (%) =
1240 (eVnm) Jph (mAcm–2)

λ (nm) I (mWcm–2)
(7)

where Jph is the short-circuit photocurrent density gener-
ated by monochromatic light, and λ and I are the wave-
length and the intensity of the monochromatic light, respec-
tively. A plot of IPCE versus excitation wavelength is
termed an IPCE spectrum or a photocurrent action spec-
trum. The IPCE spectrum is very useful for the evaluation
of a new dye sensitizer for DSSCs. A typical IPCE spectrum
is shown in Figure 4.

Figure 4. Typical IPCE spectrum of DSSC.
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On the other hand, IPCE can also be expressed as the

product of light harvesting efficiency [LHE(λ)] for photons
of wavelength λ, the quantum yield of electron injection
(Φinj) from the excited dye sensitizer to the conduction band
of the TiO2 electrode, and the efficiency of collection of the
injected electron (Φcoll) at the FTO glass [Equation (8)].

IPCE(λ) = LHE(λ)ΦinjΦcoll (8)

IPCE is therefore directly related to the absorption prop-
erties of the dye, the amount of adsorbed dyes on the TiO2

surface (or LHE), the quantum yield of electron injection
from the excited dye to the CB of the TiO2, and the effi-
ciency of collection of electrons in the external circuit. The
maximum IPCEs for DSSCs lie in the 80–85% range; they
do not reach 100% experimentally because of reflection and
absorption losses (10–15%) due to the FTO glass.

2.1.2. Photocurrent//Voltage Curve (J/V curve)

Measurement of the J/V curve is an easy and useful
method for the evaluation of the photovoltaic performance
of a DSSC. A typical J/V curve is depicted in Figure 5. The
performances of DSSCs are universally represented by the
following four key factors: 1) open-circuit photovoltage
(Voc), 2) short-circuit photocurrent density (Jsc), 3) fill fac-
tor (ff), and 4) solar energy-to-electricity conversion yield
(η).

Figure 5. Typical J/V curve of a DSSC.

(1) Open-Circuit Photovoltage (Voc)

The Voc is the difference in electrical potential between
two terminals of a cell under illumination when the circuit
is open (no current flow). The maximum Voc of a DSSC
corresponds to the difference between the energy level of
the CB [exactly the Fermi level (Ef); –0.5 to –0.4 V vs. NHE]
of TiO2 and the redox potential (0.4 V vs. NHE) of the
electrolyte (I3

–/I–): generally 0.8 to 0.9 V. However, the ac-
tual Voc is lower than the theoretical value because of the
recombination of injected electrons with dye cations [re-
combination, Equation (5)] and with I3

– ions in the electro-
lyte [Equation (6), dark current]. In particular, the dark cur-
rent is a primary factor leading to lower Voc. On the other
hand, the shift of the CB level of TiO2 is dependent on the
molecular dipole at the dye/TiO2 interface. A shift of the
CB towards the vacuum level (i.e., a negative shift of the
Fermi level of TiO2) by the increased dipole at the dye/TiO2

interface results in a higher Voc. Therefore, the Voc value is
strongly dependent both on the dark current and on the
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Fermi level of TiO2. To obtain high Voc values for DSSCs,
4-tert-butylpyridine (TBP) is generally added to the electro-
lyte: TBP adsorbed on the TiO2 surface induces a negative
shift of the CB level of TiO2 and suppression of charge
recombination (dark current) between injected electrons
and I3

– ions on the TiO2 surface, resulting in an improved
Voc value.

(2) Short-Circuit Photocurrent Density (Jsc)

Jsc is the photocurrent per unit area (mAcm–2) when a
DSSC under irradiation is short-circuited. Voc corresponds
to the difference between the Fermi level (Ef) of the electron
in TiO2 and the redox potential of the electrolyte (I3

–/I–),
whereas Jsc is related to the interaction between TiO2 and
the dye sensitizer, as well as the absorption coefficient of
the dye sensitizer. A high Jsc value is thus associated with
the following characteristics: 1) intense light absorption
capabilities of dyes over the wide region of sunlight, 2) high
electron injection efficiencies from photoexcited dyes to the
CB of the TiO2 [Equation (2)], efficient rereduction of the
oxidized dye by I– [Equation (3)]. The enhancement of elec-
tron injection related to higher Jsc results in higher IPCEs.
Jsc strongly depends on the photophysical and electrochem-
ical properties of the dye sensitizers. To obtain new and
efficient organic sensitizers for DSSCs, novel molecular de-
signs not only featuring intense sunlight-harvesting proper-
ties, but also capable of strong interactions between dye sen-
sitizers and TiO2 surfaces are necessary.

(3) Fill Factor (ff)

The ff of a solar cell is defined as the maximum power
output (JmpVmp) divided by the product of Jsc and Voc, and
is also an important parameter for DSSCs [Equation (9)].

ff = (JmpVmp)/(JscVoc) (9)

The ff is determined from the J/V curve and is an indica-
tion of how much of the area of the rectangle for JscVoc is
filled by that described by JmpVmp (Figure 5).

(4) Solar Energy-to-Electricity Conversion Yield (η)

The η value of a DSSC is defined as the ratio of the
maximum output electrical power of the DSSC to the en-
ergy of incident sunlight (I0). The η value is therefore deter-
mined [Equation (10)] by Voc, Jsc, ff and I0 (generally
100 mWcm–2).

η (%) =
Jsc (mAcm–2) Voc (V) ff

I0 (mWcm–2)
(10)

Consequently, to obtain a high η value, optimization of
the values of Jsc and Voc of the cell is essential. To date, η
values have been improved gradually through molecular de-
sign of dye sensitizers. The design and synthesis of more
efficient organic dyes for DSSCs, in which the interactions
between neighboring dyes on the TiO2 surface, between dye
and TiO2, between dye and electrolyte, and between TiO2

and electrolyte are considered, as well as the photoabsorp-
tion abilities of the dye sensitizer, remain necessary.
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3. Molecular Design of Organic Dyes for
DSSCs

On the basis of the accumulated knowledge of organic
dyes so far synthesized for DSSCs, the indispensable
requirements in the molecular design of organic dyes for
DSSCs are as follows:[20,31,40]

1) The organic dye must have at least one anchoring
group (e.g., –COOH, –SO3H, –PO3H2, –OH) for adsorp-
tion onto the TiO2 surface. In particular, a carboxy group
can form an ester linkage with the TiO2 surface to provide
a strongly bound dye and good electron communication be-
tween them.

2) To achieve efficient electron injection from the excited
dye to the CB of the TiO2, the energy level of the lowest
unoccupied molecular orbital (LUMO) of the dye must be
higher (more negative) than the conduction band (CB) of
the TiO2 electrode. On the other hand, to achieve efficient
regeneration of the oxidized state by electron transfer from
I3

–/I– redox couple in the electrolyte, the energy level of the
highest occupied molecular orbital (HOMO) of the dye
must be lower (more positive) than the I3

–/I– redox poten-
tial (Figure 3).

3) To give high light-harvesting efficiency, the organic
dye must have high molar absorption coefficients over the
wide region of sunlight, to provide a large photocurrent.

4) To achieve a durable DSSC, the organic dye must have
chemical stability in its photoexcited state and in the redox
reactions throughout the reaction cycle.

5) Dye aggregation on the TiO2 surface, leading to low
conversion efficiency of the DSSC, should be avoided. In
particular, donor–acceptor π-conjugated dyes are liable to
undergo π-stacked aggregation on the TiO2 surface, which
leads to reduction in electron-injection yield from the dyes
to the CB of the TiO2 owing to intermolecular energy trans-
fer.

6) Recombination of injected electrons with the dye and
dark current [Equations (5) and (6)] should be suppressed.
Efficient charge separation – wide spatial separation be-
tween the moieties of positive charge density on the exited
dye and the TiO2 surface – leads to retardation of the re-
combination.

According to the above requirements and the several re-
ports of organic dyes so far used in DSSCs, require-
ments 1)–3) should be fulfilled by photophysical and elec-
trochemical modifications of the dye structures through the
introduction of electron-donating and electron-accepting
groups onto the chromophore skeleton and by expansion
of π conjugation. Requirements 4)–6), on the other hand,
should be fulfilled through the introduction of sterically
hindered substituents (bulky groups) such as long alkyl
chains and aromatic units onto the chromophore skeleton.
In summary, to obtain further new and efficient organic dye
sensitizers for DSSCs, novel molecular designs capable of
controlling not only the photophysical and electrochemical
properties of the dyes themselves but also the molecular
orientation and arrangement of dyes on the TiO2 surface –
such as π-stacked aggregation of dyes and interaction be-
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tween dye sensitizers and TiO2 surface – are necessary. The
next sections illustrate the many organic dyes so far devel-
oped for DSSCs.

3.1. Donor–Acceptor π-Conjugated (D-π-A) Dyes

A large number of organic dyes have been developed,
and the relationships between their chemical structures and
the photovoltaic performances of DSSCs based on these
dyes have been examined. In particular, donor–acceptor π-
conjugated (D-π-A) dyes possessing both electron-donating
(D) and electron-accepting (A) groups linked by π-conju-
gated bridges (D-π-A structures, as shown in Figure 6), dis-
playing broad and intense absorption spectral features,
would be expected to be one of the most promising classes
of organic sensitizers.[13] Most of the D-π-A dyes have di-
alkylamine or diphenylamine moieties as electron donors
and carboxylic acid, cyanoacrylic acid or rhodanine-3-ace-
tic acid moieties as electron acceptors, and also as anchor-
ing groups for attachment on TiO2 surfaces. Carboxy
groups can form ester linkages with TiO2 surfaces to pro-
vide strongly bound dyes and good electron communica-
tion.

Figure 6. Schematic representation of a D-π-A organic dye sensi-
tizer.

The photoabsorption properties of a D-π-A dye are asso-
ciated with intramolecular charge transfer (ICT) excitation
from the donor to the acceptor moiety of the dye, resulting
in efficient electron transfer through the acceptor moiety
(carboxy group) from the excited dye into the TiO2 conduc-
tion band. The charge transfer or separation between the
electron donor and acceptor moieties in the excited dye may
facilitate rapid electron injection from the dye molecule into
the CB of the TiO2, so that it would be expected to separate
the cationic charge effectively from the TiO2 surface and to
restrict recombination between the photoelectron (the in-
jected electron) and the oxidized dye sensitizer efficiently.
As a noteworthy structural feature of D-π-A dyes, the
HOMOs of D-π-A dyes are in many cases delocalized over
the π-conjugated systems in configurations centring on ami-
nophenyl units (donor parts), while the LUMOs are delo-
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calized over cyanoacrylic units (acceptor and anchor parts).
The photoinduced electron transfer from D-π-A dyes to
TiO2 electrodes can thus efficiently occur by ICT with re-
spect to HOMO-to-LUMO transition. The cations formed
after the electron injection are also a good match to the
redox potential of the I3

–/I– electrolyte. The expansion of π
conjugation in the dye structures and the introduction of
electron-donating and -accepting substituents into the chro-
mophore skeletons can shift the levels of the HOMOs and
LUMOs, allowing tuning of the photophysical and electro-
chemical properties of the dyes. In the D-π-A structure con-
cept, increasing the electron-donating and electron-ac-
cepting abilities of donors and acceptors, respectively, de-
creases the energy gaps between the HOMO and LUMO,
thus resulting in red-shifting of the absorption peaks. The
absorption spectra of organic dyes could therefore be red-
shifted by expansion of the π conjugation in the dyes and
introduction of electron-donating and -accepting substitu-
ents into the dye skeletons; such substituents can shift the
levels of the HOMOs and LUMOs of the dyes. Red-shifting
the absorption spectra is not the only important consider-
ation in the design of efficient organic dye photosensitizers;
the potential levels of the HOMOs and LUMOs must be
matched to the CB level of the TiO2 electrode and to the
redox potential of the I–/I3

– electrolyte.
Unfortunately, these D-π-A dyes are liable to experience

π-stacked aggregation between dye molecules on TiO2 sur-
faces, which tends to reduce electron-injection yields from
the dyes to the CB of TiO2, owing to intermolecular energy
transfer between dyes. To prevent aggregation of dye mole-
cules on TiO2 surfaces, deoxycholic acid (DCA) has been
generally used in a number of research works. In addition,
the introduction of sterically hindered substituents (bulky
groups) such as long alkyl chains and aromatic units into
dye structures should efficiently suppress aggregation, due
to disturbance of the π–π stacking.

In summary, the photophysical, electrochemical and re-
lated ICT properties of a D-π-A dye strongly depend on the
electron-donating ability of D and the electron-accepting
ability of A, as well as on the electronic characteristics of
the π bridge. They should be strategically tuneable through
chemical modification on each component (D, A or π
bridge) to suit the requirements for efficient DSSCs.
Furthermore, to prevent aggregation of dye molecules on
the TiO2 surface, the introduction of effective substituents
on a suitable part of the dye skeleton is necessary. In the
next subsections, the molecular designs and syntheses of
some already developed D-π-A dyes for DSSCs are used to
illustrate how one might hit on new ideas for designing
more efficient D-π-A dye sensitizers.

3.1.1. Coumarin Dyes

Coumarin dyes are one of the most promising classes of
dye sensitizers out of the D-π-A dyes so far employed for
DSSCs, and have been studied systematically by Hara and
Arakawa (Figure 7).[19–23] Based on the concept of the do-
nor–acceptor π-conjugated structure, a series of new cou-
marin dye sensitizers possessing different numbers of thio-

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 2903–29342908

phene and/or methine units as π-conjugation bridge be-
tween a coumarin skeleton containing an amino group as
the donor component and a cyanoacrylic acid as the ac-
ceptor component have been designed and synthesized. The
synthetic routes to the coumarin dye sensitizers NKX-2311
and NKX-2677 are shown in Scheme 1.[19,20] For the synthe-
sis of NKX-2311, aldehyde 3 was prepared from 1 through
a Wittig reaction[106] and a subsequent Vilsmeier–Haack re-
action.[107] NKX-2311 was then synthesized by Knoevenagel
condensation[108] of the aldehyde 3 with cyanoacetic acid in
the presence of piperidine. For the synthesis of NKX-2677,
compound 7 was prepared from 6 and thiophene-2-boronic
acid in the presence of Pd(PPh3)4 and K2CO3 (Suzuki cou-
pling),[109] and NKX-2677 was then synthesized in two steps
by a procedure similar to that used in the case of NKX-
2311.

Figure 7. Molecular structures of coumarin dye sensitizers.

The absorption spectra of these new coumarin dyes are
significantly red-shifted in the visible, relative to the spec-
trum of the typical coumarin dye C343 (Table 1). Introduc-
tion of a methine unit (–CH=CH–) connecting both the
cyano (–CN) and carboxy (–COOH) groups into the cou-
marin skeleton expanded the π conjugation in the dye and
thus resulted in a wide absorption in the visible region:

1) The absorption maximum was gradually red-shifted
by increasing the number of methine units from one to
three (NKX-2388, 2311, 2586). This result suggests that the
red shift in the absorption arising from the lengthening of
the methine component can be attributed to negative shifts
in the oxidation potentials (i.e., negative shift in the
HOMOs).

2) Introducing of a cyano group shifted the reduction po-
tential of the dye in the positive direction (i.e., a positive
shift in the LUMO), because of the strong electron-ac-
cepting ability of the cyano group. This suggests that the
red shift in the absorption spectrum of NKX-2388 relative
to that for NKX-2398 is caused by a positive shift in the
reduction potential.[19]

3) The introduction of one more CN group into the mo-
lecular skeleton decreases the gap between the HOMO and
the LUMO. Introduction of a further cyano group into the
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Scheme 1. Synthesis of coumarin dye sensitizers NKX-2311 and NKX-2677.

Table 1. Absorption peaks of coumarin dyes and the photovoltaic
performances of DSSCs based on them.

Dye λmax
abs [nm] Jsc [mAcm–2] Voc [V] ff η (%)

C343 442[a] 4.1 0.41 0.56 0.9
NKX-2311 504[a] 15.2 0.55 0.62 5.2
NKX-2388 493[a] 12.9 0.50 0.64 4.1
NKX-2398 451[a] 11.1 0.51 0.60 3.4
NKX-2586 506[a] 15.1 0.47 0.50 3.5
NKX-2593 510[b] 14.7 0.67 0.73 7.2
NKX-2677 511[c] 14.3 0.73 0.74 7.7
NKX-2753 492[b] 16.1 0.60 0.69 6.7
NKX-2807 566[b] 14.3 0.51 0.73 5.3

[a] In methanol. [b] In ethanol. [c] tBuOH/acetonitrile (50:50).

π conjugation bridge (NKX-2807)[21] positively shifts the
LUMO relative to that of a dye containing one cyano group
(e.g., NKX-2593), and thus red-shifts the maximum absorp-
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tion band, allowing harvesting of more photons for photo-
electric conversion in the long-wavelength region; one more
electron acceptor enhances the electron-accepting ability of
electron acceptors and lowers the LUMO, thus reducing the
gap between HOMO and LUMO. On the other hand, in
the case of NKX-2593, the thiophene modification of the
coumarin dyes markedly improved the performance of cou-
marin-based DSSCs; the introduction of π-conjugated ring
moieties such as thiophene into the methine backbone of
NKX-2311 simultaneously expands the π conjugation sys-
tem and improves the stability of the dye molecule relative
to dyes that have a long methine chain unit, although the
introduction of thiophene moieties did not affect the ab-
sorption properties of the dye in solution.[20]

The photovoltaic performances of the DSSCs based on
these coumarin dyes are summarized in Table 1. A DSSC
based on NKX-2677 shows an η value of 7.7% with Jsc of
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14.3 mAcm–2, Voc of 730 mV and ff of 0.74. The IPCE is
close to 80% in the visible region.

However, these coumarin dyes are liable to experience π-
stacked aggregation between dye units on TiO2 surfaces; in
particular, the strong π-electron interaction in coumarin
dyes containing three methine units (NKX-2586) leads to
dye aggregation. Although π-stacked aggregation between
dye units on the TiO2 surface is advantageous to light har-
vesting, because of the broad feature it produces in the UV/
Vis absorption spectrum, π-stacked aggregates usually lead
to inefficient electron injection because of intermolecular
energy transfer between the dyes, thus resulting in low
power conversion efficiency and low IPCE. Deoxycholic
acid (DCA) has been used to prevent aggregation of dye
molecules on TiO2 surfaces in a number of research works.
Although coadsorption of coumarin dyes with DCA has
proved able to prevent aggregation and hence to improve
the photovoltaic performance by means of improving both
photocurrent and photovoltage, the significantly decreased
dye adsorption unavoidably limits the photovoltaic per-
formance. To reduce intermolecular interaction or dye ag-
gregation while keeping the adsorbed dye amount, the new
coumarin dye NKX-2753, with a side ring linked to the al-
kene chain (Figure 7), was designed and synthesized.[22] The
side ring linked to the alkene chain proved to be as effective
as DCA in preventing dye aggregation. For this reason,
DCA is not needed to coadsorb with NKX-2753 on the
TiO2 surface, ensuring a high surface concentration of dye
and efficient photon-to-electron conversion.

3.1.2. Polyene Dyes

Polyene dyes containing an amino moiety as the donor
part and a methine (–CH=CH–) unit connecting to a cya-
noacrylic acid moiety as the acceptor part, which have the
simplest D-π-A molecular structures, are also one of the
most promising classes of dye sensitizers and have been
studied systematically by many researchers.[24–32] Extension
of the methine unit induces a bathochromic shift in the ab-
sorption spectrum due to the expansion of the π conjuga-
tion system. The introduction of further amino (anilino)
groups also induces bathochromic shifts in the absorption
spectra, due to the increasing donation from the amino
moieties. The efficient polyene dye photosensitizers NKX-
2553, 2554 and 2569 (Figure 8) were designed and synthe-
sized by Hara and co-workers.[24] NKX-2553 was prepared
simply through a Knoevenagel condensation between 4-di-
methylaminocinnamaldehyde and cyanoacetic acid in ace-
tonitrile in the presence of piperidine. NKX-2554 and NKX-
2569 were synthesized from the corresponding aldehyde in-
termediates and cyanoacetic acid by a procedure similar to
that used for NKX-2553. Expansion of the methine compo-
nent in the aldehyde intermediate was carried out through
a Vilsmeier–Haack reaction. The absorption maximum of
NKX-2553, containing one dimethylamino moiety, is at
454 nm whereas that of NKX-2554 (λmax

abs = 465 nm) is
slightly red-shifted through the introduction of a further
dimethylamino moiety into NKX-2553. Moreover, after ex-
pansion of the methine unit of NKX-2554, the absorption
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spectrum of NKX-2569 (λmax
abs = 501 nm) is red-shifted rela-

tive to that of NKX-2554. These results demonstrated that
the introduction of a dimethylamino moiety and expansion
of the methine component contribute to red-shifting of the
absorption spectra of the dyes. A DSSC based on NKX-
2569 shows an η value of 6.8% with Jsc of 12.9 mAcm–2,
Voc of 710 mV and ff of 0.74. The onset of the IPCE spec-
trum reached 820 nm. The η values of NKX-2553 and NKX-
2554 are 5.5 and 5.4%, respectively.

Figure 8. Molecular structures of polyene dye sensitizers NKX, D,
TPC and TPR.

As mentioned above, one of the approaches to extension
of the absorption regions of the dyes is to introduce a meth-
ine component in order to increase the π conjugation. How-
ever, such extended π conjugation with a methine chain
often results in instability of the organic dyes, due not only
to rotation, but also to cis/trans isomerization about the
central methine bond (–CH=CH–). Moreover, expansion of
π conjugation chains by introduction of methine units
causes π-stacked aggregation through the formation of π–π
interactions between dye units. A successful approach based
on incorporation of a π conjugation system such as a thio-
phene or phenylene unit into the dye skeleton has recently
been introduced; this not only increases the molar extinc-
tion coefficient of the organic sensitizer but also increases
the stability. Moreover, the introduction of thiophene or
phenylene units also led to broadening of the absorption
spectra and gave red shifts. Sun and co-workers have sys-
tematically studied efficient DSSCs based on the polyene
D, TPC and TPR dye classes (Figure 8), constructed with
diphenylaniline moieties as both electron-donating and
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bulky substituents, cyanoacrylic acid or rhodanine-3-acetic
acid as both electron-accepting and anchoring groups, and
thiophene or phenylene units incorporated into polyene
chains.[25,26]

For the preparation of D5, the three-step synthesis of the
dye involves well-known reactions and gives a moderate
yield (Scheme 2). The thiophene moiety was coupled to 4-
(diphenylamino)benzaldehyde (9) in a Wittig reaction, fol-
lowed by formylation of the thiophene functionality and,
finally, condensation of the aldehyde 11 with cyanoacetic
acid in a Knoevenagel condensation in the presence of pip-
eridine.

Scheme 2. Synthesis of polyene dye sensitizer D5.

The IPCEs of a series of D-type dyes are above 80%,
and D5-sensitized solar cells yield Jsc values of
12.00�0.2 mAcm–2, Voc values of 688�10 mV, and ff val-
ues of 0.72�0.02, corresponding to η of 5.94% under stan-
dard AM 1.5 sunlight. On the other hand, on comparison
of the absorption maxima of TPR dyes (λmax

abs = 464–
480 nm) with those of TPC dyes (λmax

abs = 438–500 nm), the
introduction of rhodanine-3-acetic acid as electron acceptor
contributed to the bathochromic shift of the absorption
spectra because of the stronger electron-withdrawing ability
of rhodanine-3-acetic acid relative to the cyanoacrylic acid
unit. In general, however, TPC dyes show higher IPCE, Jsc,
Voc and η values than the corresponding TPR dyes. The J/
V curves in the dark for the DSSCs based on TPC1 and
TPR1 indicate that recombination reactions between the in-
jected electrons in the TiO2 and the I3

– ion in the electrolyte
occur more easily in DSSCs based on TPR dyes than in
DSSCs based on TP1 dyes. From density functional theory
(DFT) calculations, the LUMOs of TPC dyes containing
cyanoacrylic acid anchor groups have much better orbital
overlap with the TiO2 conduction band than those of TPR
dyes containing rhodanine-3-acetic acid units. Therefore, it
seems that the rhodanine-3-acetic acid unit is not a suitable
constructional moiety, although it increases the light-har-
vesting capability. The results therefore show that the TPC
dyes with cyanoacrylic acid units give faster and more effec-
tive electron injection from their LUMOs to the CB of the
TiO2 than the TPC dyes with rhodanine-3-acetic acid units.
Moreover, measurements by valence level spectroscopy, X-
ray absorption spectroscopy and resonant photoemission
spectroscopy for dye D5 adsorbed on a TiO2 surface reveal
a dominating molecular surface configuration in which the
dye molecules are bonded to the surface with the cyano
moiety close to the TiO2 substrate and the triphenylamino

Eur. J. Org. Chem. 2009, 2903–2934 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 2911

moiety pointing out from the surface. These results imply
that the performances of DSSCs based on these dyes
should, in addition to the energetics, also depend on the
orientations, binding and sizes of the dyes on the TiO2 sur-
face. The IPCEs of these sensitizers are above 80%, and
TPC-sensitized solar cells yield Jsc values of
13.90�0.2 mAcm–2, Voc values of 740�10 mV, and ff val-
ues of 0.70�0.02, corresponding to η values of 7.20% un-
der standard AM 1.5 sunlight. The photovoltaic perform-
ances of DSSCs based on the polyene dye classes D, TPC
and TPR are summarized in Table 2.

Table 2. Absorption peaks of a series of D, TPC and TPR polyene
dyes in THF and the photovoltaic performances of DSSCs based
on them.

Dye λmax
abs [nm] Jsc [mAcm–2] Voc [V] ff η (%)

TPC1 438[a] 9.7 0.76 0.72 5.3
TPC2 441[a] 9.4 0.67 0.69 4.4
TPC3 444[a] 8.1 0.70 0.68 3.9
TPC4 425[a] 8.1 0.63 0.68 3.5
TPC5 500[a] 1.3 0.48 0.70 0.4
TPR1 468[a] 7.8 0.59 0.71 3.3
TPR2 478[a] 3.0 0.53 0.73 1.1
TPR3 480[a] 3.4 0.53 0.72 1.3
TPR4 464[a] 3.1 0.52 0.73 1.2
D5 441[b] 12.0 0.69 0.72 5.9
D7 441[b] 11.0 0.70 0.71 5.4
D9 462[b] 14.0 0.69 0.71 6.9
D11 458[b] 13.5 0.74 0.70 7.0

[a] In CH2Cl2. [b] In ethanol.

On the other hand, Ko and co-workers have reported
new polyene dye sensitizers (JK-57, JK-58 and JK-59, Fig-
ure 9) containing bis-dimethylfluorenyl amino groups as
electron donors and cyanoacrylic acid units as electron ac-
ceptors bridged by phenylenevinylene units.[27] The absorp-

Figure 9. Molecular structures of polyene dye sensitizers JK and
DYE12–14.
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tion maxima shows red shifts in the order JK-59 (λmax

abs =
375 nm) � JK-58 (λmax

abs = 373 nm) � JK-57 (λmax
abs =

369 nm) due to the enlargement of the π conjugation sys-
tems by the phenylenevinylene components. The power con-
version efficiency was quite sensitive to the conjugation
lengths of the bridged phenylenevinylene groups. Under
AM 1.5 solar conditions, the JK-57-sensitized cell gave a Jsc

value of 10.50 mAcm–2, a Voc of 690 mV, and a ff of 0.73,

Scheme 3. Synthesis of polyene dye sensitizers DYE23–27.
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corresponding to an η value of 5.34%. On the other hand,
η values of 6.89% were obtained for JK-58-sensitized cells
and 7.02% for JK-59-sensitized cells (for JK-58: Jsc =
13.26 mAcm–2, Voc = 700 mV, ff = 0.71; for JK-59: Jsc =
14.26 mAcm–2, Voc = 700 mV, ff = 0.70). The Jsc enhance-
ment of JK-58 and JK-59 relative to JK-57 can be related
to the expansion of the π-conjugated system of the dyes.
Moreover, Ko et al. reported that the polyene dyes JK-41
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(η = 7.69%), JK-42 (η = 6.23%) and JK-43 (η = 5.42%),
containing thiophene rings, are also efficient sensitizers for
DSSCs.[28]

Other new polyene-type dyes – fluorene-conjugated dye
sensitizers DYE23–27 (Scheme 3) containing conjugation
bridges composed of alternating thiophene and fluorene
units, diphenylamine as donor and cyanoacrylic acid as ac-
ceptor – were reported by Ho and Lin.[29] The dyes were
constructed by the stepwise synthetic route illustrated in
Scheme 3. From the compound 16, the diarylamine-substi-
tuted fluorenylthiophene derivatives 17–19 were obtained
by C–N coupling reactions involving Hartwig’s catalyst[110]

and the corresponding diarylamines. Thiophenaldehydes
20–22 were obtained by formylation of their corresponding
thiophene derivatives 17–19. The aldehydes 20–22 were then
converted into DYE23–27 by treatment with cyanoacetic
acid in acetic acid in the presence of ammonium acetate.
For the synthesis of DYE26 and DYE27, the stannylene pre-
cursor 17�, prepared by treatment of the lithium derivative
of 17 with tributyltin chloride in THF, was used in a Stille
coupling[111] with 16 to produce the bis(thienylfluorene)-
conjugated analogue of 17. This was then converted into
the aldehyde, which on treatment with cyanoacetic acid pro-
duced DYE26. One more similar stepwise sequence starting
with the bis(thienylfluorene)-conjugated analogue of 17 was
executed to obtain the third-generation DYE27. A DSSC
based on DYE23 shows an η value of 5.23% with Jsc of
12.9 mAcm–2, Voc of 710 mV and ff of 0.74. The η values
for DYE24–27 are 2.86, 3.35, 3.89 and 3.80%, respectively.
Recently, a series of ladder-type pentaphenylene-based dye
sensitizers DYE12–14 (η = 2.3, 1.8, and 1.1%, respectively)
with long spacer bridged donor and acceptors and bulky
alkylphenyl groups have also been reported by Müllen (Fig-
ure 9).[30]

3.1.3. Hemicyanine Dyes

Efficient hemicyanine dye sensitizers for DSSCs reported
so far are D-π-A-type cationic dyes with p-dialkylami-
nophenyl groups as donor components, cationic moieties
such as benzo- and naphthothiazolium, pyridinium, and
indolium salts as strong acceptor parts, and methine
(–CH=CH–) units as π conjugation bridges between the do-
nor and acceptor parts (Figure 10).[33–37]

In 2000, Huang and co-workers reported the pyridinium
hemicyanine dye sensitizers QS and LQS, containing sulfo-
nate (-SO3

–) anchoring groups. The overall yields were ap-
proximately doubled when the long alkyl chain was re-
placed by the methyl group. DSSCs with LQS displayed a
broad feature with 33.8% of maximum IPCE and gave η
values of about 2%.[33] In addition, Huang and co-workers
designed and synthesized a series of new benzothiazolium
hamicyanine dye sensitizers (HC1–HC5) containing sulfo-
nate (-SO3

–), carboxy (-COOH) or hydroxy groups as an-
choring components and a naphthothiazolium hemicyanine
(HC6) with both sulfonate and hydroxy groups.[34] These
dyes exhibit absorption maxima at around 550 nm in solu-
tion. It was found that the IPCE spectra and the η values
for DSSCs based on these hemicyanine sensitizers depended
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Figure 10. Molecular structures of hemicyanine dye sensitizers.

strongly on the type of anchoring group and decrease in
the order: carboxy and hydroxy � carboxy � sulfonate and
hydroxy, indicating the importance of anchoring groups for
the photovoltaic performances of DSSCs. The highest con-
version efficiency of 5.2% and IPCE of 74% were obtained
for DSSCs based on HC-1 under AM 1.5 solar conditions.
The η values of HC2–HC5 are 3.5, 4.4, 3.1, 2.0 and 2.6%,
respectively. On the other hand, four indolium hemicyanine
dyes (BIDC1–4) containing carboxy groups were synthe-
sized. Interestingly, BIDC2 (or BIDC4), bearing two car-
boxy groups, shows about two (or three) times more ad-
sorption and a broader absorption spectrum on TiO2 film
than BIDC1 (or BIDC3).[35] Consequently, of the four he-
micyanine dyes, BIDC4 generated the highest η value of
4.9%. The η values of BIDC1–3 are 4.0, 4.6 and 4.4%,
respectively.

3.1.4. Thiophene-Based Dyes

Thiophene- or oligothiophene-based dyes are also prom-
ising candidates as dye sensitizers in DSSCs because of their
high chemical and environmental stabilities, as well as their
strong photoabsorption properties and electronic tunabil-
ity.[38–47] DSSCs based on some oligothiophene-based dye
sensitizers (Figure 11) have been reported by Otsubo and
Harima’s group (4T-, 8T-, and 12T-COOH) and by Zhai
and co-workers (PTDA).[38,39] The DSSCs based on 8T-
COOH and PTDA gave the η values of 1.3 and 3.3%,
respectively. However, these oligothiophenes are liable to
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experience dye aggregation through strong intermolecular
π–π interactions, which is disadvantageous to photocurrent
generation.

Figure 11. Molecular structures of oligothiophene-based dye sensi-
tizers.

On the other hand, Koumura and Hara have recently
designed and synthesized the new oligothiophene-based
dyes MK-1 and MK-2 (Scheme 4), with carbazole moieties
as donors, alkyl-functionalized oligothiophenes as π conju-
gation linkages and cyanoacrylic acid units as both ac-
ceptor and anchoring groups, based on the concept of the
interface engineering of a dye-adsorbed TiO2 surface, which
can be controlled by the structural modification of the dye
molecule to diminish charge recombination between the in-
jected electrons and the dye cation and I3

– ions and the
aggregation of dye molecules. The synthetic routes to MK-
1 and MK-2 are shown in Scheme 4.[40] The noteworthy fea-
ture of the dye structure is the presence of n-hexyl substitu-
ents on the oligothiophene linkages, preventing the ap-
proach of acceptors (i.e., dye cations and I3

– ions) to the
TiO2 surface and also suppressing the aggregation of dye
molecules through steric hindrance. High performances of
DSSCs with MK-1 and MK-2 were thus achieved. A DSSC
based on MK-2 shows an η value of 7.7% with Jsc of
14.0 mAcm–2, Voc of 740 mV, and ff of 0.74. The IPCE is
close in the visible region to 80%.

On the other hand, Ko and co-workers designed and syn-
thesized the novel thiophene-based sensitizers JK-45 and
JK-46 (Figure 12), consisting of: 1) a dimethylfluorenyl-
amino moiety that not only acts as electron donor but also
ensures greater resistance to degradation when exposed to
light and/or high temperatures, 2) conducting thiophene
units with aliphatic chains that enhance the interface and
the water-tolerance in the electrolytes (I3

–/I–), and 3) a cya-
noacrylic acid moiety, which acts as acceptor and anchoring
group.[41] The visible absorption spectra of JK-45 and JK-
46 each exhibit two maxima, at around 430 nm (ε =
34800 and 29200 dm3 mol–1 cm–1 for JK-45 and JK-46,
respectively) and 370 nm (ε = 60200 and 35000 dm3 mol–1

cm–1 for JK-45 and JK-46, respectively), which are attrib-
uted to the π–π* transitions in the conjugated molecules.
The LUMOs of JK-45 and JK-46 are much more negative
than the CB of the TiO2 (–0.5 V vs. NHE), thus providing a
thermodynamic driving force for efficient electron injection.
Molecular orbital (MO) calculations reveal that the HOMO
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of JK-46 is localized over the fluorenylamino unit through
benzo[b]thiophene and that the LUMO is localized over the
cyanoacrylic unit through thiophene. This result indicates
that HOMO to LUMO excitation moves the electron distri-
bution from the bis(9.9-dimethylfluoren-2-yl)amino unit to
the cyanoacrylic acid moiety, thus allowing efficient photo-
induced electron transfer from the excited dye to the TiO2

electrode. Moreover, JK-70 and JK-71, with long alkyl
chains on their dimethylfluorenylamino moieties, exhibited
not only high photoconversion efficiency but also excellent
stability under light soaking at 60 °C.[42] These results sug-
gested that successful molecular design for DSSCs is
achieved through the incorporation of long alkyl units into
the dye skeleton, not only increasing the photoconversion
efficiency but also exhibiting excellent stability under long-
term light soaking. The photovoltaic performances of the
DSSCs based on a series of JK dyes are summarized in
Table 3.[43] As other thiophene-based dye sensitizers, LJ1,
with triphenylamine and cyanoacrylic acid components
bridged by 3,4-ethylenedioxythiophene (EDOT), and the
oligothiophene-based dye T1, with diarylamine compo-
nents at its 2- and 3-sites and a cyanoacrylic acid unit, exhi-
bit high conversion efficiencies (η = 7.3 and 6.0% for LJ1
and T1, respectively).[44,45]

On the other hand, with the goal of eliminating the dye
desorption from the TiO2 surface during long-term opera-
tion, Gratzel and co-workers designed and synthesized the
novel organic sensitizer C203 containing a fused dithieno-
thiophene unit and possessing a high molar extinction coef-
ficient (ε = 44.8�103 dm3 mol–1 cm–1) at 525 nm.[46] This
sensitizer was synthesized in three steps as depicted in
Scheme 5. Suzuki coupling between 37 and (dithieno[3,2-
b;2�,3�-d]thiophen-2-yl)boronic acid produced 38, which
was converted into its corresponding carbaldehyde 39
through a Vilsmeier–Haack reaction. The aldehyde 39 was
condensed with cyanoacetic acid in a Knoevenagel conden-
sation in the presence of piperidine to afford the target com-
pound C203. The Jsc, Voc and ff values under an irradiance
of AM 1.5G full sunlight are 14.33 mAcm–2, 734 mV and
0.76, respectively, yielding an η value of 8.0%.

3.1.5. Indoline Dyes

Indoline dye sensitizers, first reported in 2003 by Horiu-
chi and Uchida, are at present the most efficient organic
sensitizers.[48] The designed novel indoline dye sensitizers
DYE40–45 (Figure 13) each consist of three important
parts: 1) introduction of the rhodanine ring as the electron
acceptor at the end of the dye structure contributed to the
red shift in the absorption spectrum, the absorption maxi-
mum gradually being red-shifted with increasing numbers
of rodanine rings from one to three, 2) the indoline moiety
is a moderate electron donor, which is compatible with the
rhodanine ring, and 3) the introduction of aromatic units
on the indoline skeleton expanded the π conjugation in the
dye and thus resulted in red-shifting of the absorption
maximum and enhancement of the molar absorption coeffi-
cients. In fact, DYE41, with a 4-(2,2-diphenylvinyl)phenyl
group, has a red-shifted absorption peak relative to DYE40,
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Scheme 4. Synthesis of thiophene-based dye sensitizers MK-1 and MK-2.

with a 4-methoxyphenyl group, because DYE41 has a more
expanded π conjugation system (DYE40: λmax

abs = 483 nm, ε
= 43300 dm3 mol–1 cm–1, DYE41: λmax

abs = 491 nm, ε =
55800 dm3 mol–1 cm–1). On the other hand, DYE45 has a
slightly red-shifted absorption spectra peak relative to
DYE42–44 (λmax

abs = 526–532 nm), because DYE45 has three
rhodanine rings.
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Furthermore, Grätzel and co-workers reported that the
introduction of sterically hindered substituents such as n-
octyl groups onto the rhodanine ring and the 4-(2,2-di-
phenylvinyl)phenyl group was effective in preventing dye
aggregation and charge recombination (dark current) be-
tween I3

– and injected electrons in the TiO2 electrodes: the
photovoltaic performance of the D205 dye, containing an
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Figure 12. Molecular structures of thiophene-based dye sensitizers JK-2, JK-45, 46, 70, and 71 and of LJ1 and T1.

Table 3. Absorption peaks of a series of thiophene-based JK dyes
in THF and the photovoltaic performances of DSSCs based on
them.

Dye λmax
abs [nm] Jsc [mAcm–2] Voc [V] ff η (%)

JK-2 364, 452 14.5 0.70 0.74 7.6
JK-45 369, 430 16.1 0.64 0.72 7.4
JK-46 372, 430 17.5 0.66 0.74 8.6
JK-70 367, 448 15.3 0.73 0.74 8.3
JK-71 368, 447 15.4 0.74 0.74 8.4

n-octyl group, is higher than that of DYE42, containing an
ethyl group, so the improved values of Voc and Jsc for D205
can be attributed to the extension of the alkyl chain on

Scheme 5. Synthesis of thiophene-based dye sensitizer C203.
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the terminal rhodanine moiety from ethyl to octyl.[49] The
synthetic route to D205 is shown in Scheme 6. The photo-
voltaic performances of the DSSCs based on these indoline
dyes are summarized in Table 4. A DSSC based on D205
shows an η value of 9.5% with Jsc of 18.6 mAcm–2, Voc of
720 mV and ff of 0.72. The IPCE in the visible region is
close to 80%. In addition to high efficiencies of DSSCs,
indoline dyes have been shown by the reversible redox peaks
in their cyclic voltammograms (CVs) to be highly stable to
photoredox processes. Stability of the redox characteristics
of a dye sensitizer is very important because one of the
reasons for degradation of the performance is destruction
of the dye through the formation of unstable radicals on
light irradiation.
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Figure 13. Molecular structures of indoline dye sensitizers DYE40–
45.

Scheme 6. Synthesis of indoline dye sensitizer D205.

Table 4. Photovoltaic performances of DSSCs based on indoline
dyes.

Dye Jsc [mAcm–2] Voc [V] ff η (%)

DYE40 14.8 0.59 0.59 5.1
DYE41 17.8 0.60 0.57 6.1
DYE42 18.8 0.65 0.54 6.5
DYE43 17.5 0.58 0.54 5.5
DYE44 17.4 0.63 0.51 5.6
DYE45 19.6 0.57 0.53 5.9
D205 18.6 0.72 0.72 9.5

3.1.6. Heteropolycyclic Dyes

As mentioned above, many donor–acceptor π-conjugated
(D-π-A) dyes have a carboxy group acting not only as an-
choring group for attachment on the TiO2 surface but also
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as the electron acceptor. A number of researches have sug-
gested that a carboxy group can form an ester linkage with
a TiO2 surface to provide a strongly bound dye and good
electron communication between them. However, develop-
ment of new donor–acceptor π-conjugated dyes for DSSCs
is limited because for these reasons a carboxy group is re-
quired to combine with the π conjugation system or elec-
tron-accepting moiety of a dye. To obtain new and efficient
D-π-A dyes for DSSCs, a novel molecular design principle,
such as the establishment of a strong interaction between
the electron-accepting moiety of the sensitizer and the TiO2

surface is necessary. A series of novel donor–acceptor π-
conjugated benzofuro[2,3-c]oxazolo[4,5-a]carbazole-type
fluorescent dyes OH1–4 (Figure 14) with carboxy groups at
different positions on a chromophore skeleton have recently
been designed as D-π-A dye sensitizers to meet the above
requirements and have been synthesized by Ooyama and
Harima.[50]

In dye OH1, a carboxy group acts not only as the an-
choring group for attachment on the TiO2 surface but also
as the electron acceptor. For OH2, OH3 and OH4, on the
other hand, a carboxy group acts as an anchoring group,
but the electron acceptor is not a carboxy group but a cy-

ano group. The absorption (λmax
abs = 415–430 nm, ε = 21500–

26000 dm3 mol–1 cm–1) and fluorescence spectra (λmax
fl =

525–540 nm, Φ = 0.97–0.99) and the cyclic voltammograms
of the fluorescent dyes resemble one another very closely,
showing that the position of the carboxy group has a negli-
gible influence on the photophysical and electrochemical
properties of these dyes. MO calculations showed that the
absorption bands of the dyes were mainly attributable to
the transitions from HOMO to LUMO, with the HOMOs
mostly being localized on the 3-dibutylamino-benzo-
furo[2,3-c]oxazolo[4,5-a]carbazole components for all dyes,
and LUMOs mostly being localized on the carboxyphenyl
moiety for OH1 and the cyanophenyl moieties for OH2,
OH3 and OH4, revealing strong intramolecular charge
transfer from the 3-(dialkylamino)benzofuro[2,3-c]ox-
azolo[4,5-a]carbazole moieties to the carboxylphenyl or cy-
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Figure 14. Molecular structures of heteropolycyclic fluorescent dye
sensitizers OH1–10.

anophenyl moieties on photoexcitation for all dyes. When
these dyes are used in dye-sensitized solar cells, however,
their photovoltaic performances are very different. The
photovoltaic performance of OH2, with a non-conjugated
linkage between carboxy group and chromophore, is similar
to that of OH1 and better than those of OH3 and OH4.
From the results of the MO calculations and the photovol-
taic performances, for OH1 electrons will be injected from
dye to TiO2 through the carboxy group. On the other hand,
from the molecular structure of OH2 it was suggested that
the phenylcyano group, acting as an electron acceptor, is
located in close proximity to the TiO2 surface through inter-
actions such as intermolecular hydrogen bonding between
the cyano nitrogen of the dye and the hydroxy proton of the
TiO2 surface. Consequently, dye OH2 can efficiently inject
electrons from the phenylcyano group to the conduction
band of the TiO2 electrode through the intermolecular hy-
drogen bonding (Figure 15). On the other hand, they pre-
sume that free rotation of the butyl group in OH3 and rigid
linkages with the TiO2 surface in OH4 prevent the phen-
ylcyano moiety of the dye from being in close proximity to
the TiO2 surface. In order to provide further confirmation
for this view, the dyes OH5–7 (Figure 14) with different
lengths of nonconjugated alkyl chains containing carboxy
groups at their end positions were designed and synthe-
sized.[51] It was found that in spite of the lengths of the
alkyl chains, because of their flexibilities the cyano groups
on the dyes were located in close proximity to the TiO2

surface, so good electron communication between the dyes
and the TiO2 surface was established. It was concluded that
a carboxy group in a donor–acceptor π-conjugated sensi-
tizer is necessary not as the electron-acceptor, but only as
an anchoring group for attachment on the TiO2 surface.
Therefore, it was suggested that the most important element
for the development of new and efficient donor–acceptor π-
conjugated sensitizers for DSSCs is to design dye molecules
capable of strong interaction between the electron-acceptor
moiety of the sensitizer and the TiO2 surface.

Furthermore, it has been demonstrated that donor–ac-
ceptor π-conjugated fluorescent dyes exhibiting solid-state
fluorescence can be a class of potential sensitizers for
DSSCs. In general, D-π-A fluorescent dyes in the solid state
undergo fluorescence quenching through molecular aggre-
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Figure 15. Plausible configurations of OH1 and OH2 on TiO2 sur-
face. Light blue, green, blue, and red balls correspond to hydrogen,
carbon, nitrogen and oxygen atoms, respectively.

gation. The introduction of bulky substituents on the flu-
orophore skeleton and the construction of nonplanar struc-
tures with sterically hindered substituents are known to be
very useful methods for solving the problem of fluorescence
quenching by aggregation. Donor–acceptor π-conjugated
benzofuro[2,3-c]oxazolo[4,5-a]carbazole-type fluorescent
dyes (OH1, OH8–10, Figure 14) designed around this con-
cept, with substituents (R = H, butyl, benzyl, and 5-nonyl)
on the carbazole ring nitrogen, were synthesized as sensitiz-
ers in DSSCs.[52] The solid-state fluorescence properties of
these dyes were changed through the introduction of bulky
substituents in the dye skeletons. The fluorescent dyes OH9
(R = benzyl) and OH10 (R = 5-nonyl) with bulky substitu-
ents exhibited strong solid-state fluorescence properties.
This result showed that the bulky groups reduced the π–π
interaction between the dyes and prevented the fluorescence
quenching in the molecular aggregation state. The photo-
voltaic parameters of DSSCs based on these dyes were mea-
sured, and it was found that the OH10 exhibited 100% effi-
ciency for absorbed photon-to-current conversion, demon-
strating that the bulky 5-nonyl group in OH10 can ef-
ficiently prevent intermolecular energy transfer between the
dyes in molecular aggregation states. DSSCs based on the
benzofuro[2,3-c]oxazolo[4,5-a]carbazole-type fluorescent
dyes OH1–10 showed η values of 1.0–1.5%.

3.2. Xanthene Dyes

Xanthene dyes such as mercurochrome, eosin Y, fluores-
cein, Rose Bengal and rhodamine 6G are commercially
available at low cost and were employed as sensitizers in
early DSSCs.[53–56] However, the photovoltaic performances
of DSSCs based on the xanthene dyes are low because of
their narrow absorption bands and instabilities. The η val-
ues of DSSCs based on eosin Y and mercurochrome (Fig-
ure 16) are 1.3% and 1.4%, respectively.[53,54] Yanagida and
Fukuzumi reported that a DSSC based on the fluorescein
derivative DPAX, made up of an electron donor (diphenyl-
anthracene) unit and an acceptor unit (difluoroxanthene),
had an η value of 0.85%.[55] Recently, a new class of chalco-
genoxanthylium dyes (1-E, 2-E, 4-Se) for applications in
DSSCs has been reported by Detty and Watson. The H-
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Aaggregated dyes on TiO2 surfaces exhibited increased
light-harvesting efficiencies and IPCE values. The IPCEs of
the dyes 1-E ranged from 70% to 84%.[56]

Figure 16. Molecular structures of xanthene dye sensitizers.

Figure 17. Molecular structures of perylene dye sensitizers.
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3.3. Perylene Dyes

Perylene dyes (Figure 17) have received much attention
as interesting sensitizers for DSSCs thanks to their out-
standing chemical, thermal and photochemical stabilities
and their high molar absorption coefficients in the long-
wavelength region (at around 600 nm). In the early stages
of DSSC work based on perylenedicarboxylic acid anhy-
dride and its derivatives, Ferrere and Gregg obtained the
following results:[58] 1) the introduction of amino group at
the 9-position led to a red-shift of the absorption maxima
and improvement in photoconversion efficiency, due to the
electron-donating effect of amino substitution, and 2) per-
ylene dicarboxylic acid anhydride shows a blue-shifted ab-
sorption when adsorbed onto TiO2. This effect is attributed
to the ring-opening of the anhydride group on the perylene
to form two carboxylates, which provides strong chemical
interactions with the TiO2 surface and effective electronic
coupling. The dicarboxylic acid anhydride moiety is thus
the best anchoring group for this type of sensitizers. A
DSSC based on P2 showed an η value of 1.9%.
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Novel perylenedicarboxylic acid anhydrides (ID17, ID22,

ID28, ID34 and ID35, Figure 17) with ICT character due
to substituents of different donor strengths (diphenylamino,
p-diphenylaminophenyl and p-(dimethylamino)phenylethyn-
yl) were synthesized by Edvinsson and co-workers.[59] For
ID22, ID28, ID34 and ID35, with the stronger donors rela-
tive to ID17, they obtained shifts of both the LUMOs and
the HOMOs to more negative potentials, together with in-
creases in the charge separations in the excited dyes. On
going from ID17 � ID22 � ID28, a monotonic decrease
in the absorption coefficients and a red-shift in the onsets
of absorption were observed, because of increasing donor
strength. By comparing ID34 (λmax

abs = 599 nm, ε =
32000 dm3 mol–1 cm–1) and ID28 (λmax

abs = 605 nm, ε =
21000 dm3 mol–1 cm–1) they showed that the introduction of
phenoxy substituents in the bay position of the perylene
core led to the improvement of the absorption coefficient.
From the experimental studies and time-dependent density
functional theory (TD-DFT) calculations they concluded
that the ICT character increased in the order ID34/ID28 �
ID22 � ID35 � ID17. The η value increased in the order
ID34/ID28 (3.2%/3.9%) � ID22 (2.4%) � ID35 (2.0%) �
ID17 (1.4%), following the trend of the ICT values above.
The same trend was also observed in the Jsc values (8.0 /
10.4, 7.5, 6.1 and 7.3 mAcm–2 for ID34/ID28, ID22, ID35
and ID17, respectively). The photocurrents were improved
remarkably with increasing ICT character of the dyes. They
inferred that these donors act in two ways: i) generally rais-
ing the LUMO energy levels, thus providing more efficient
injection of electrons into the CB of the TiO2, and ii) suc-
cessively improving the intramolecular charge separation in
the dye, promoting more effective electron injection into
TiO2 in competition with prevention of the undesired re-
combination of electrons from the TiO2 with the oxidized
dye.

More recently, Nazeeruddin and co-workers have re-
ported the highly efficient novel perylene sensitizer DYE53
(λmax

abs = 506 nm when adsorbed on TiO2, Scheme 7) with
two thiophenol groups, which yields 87% IPCE and an η
value of 6.8% with Jsc = 12.60�0.20 mAcm–2, Voc =
728�15 mV and ff = 0.74�0.01 under standard AM 1.5
solar conditions.[60] As shown in Scheme 7, a high yield of
DYE53 is prepared in four steps.

On the other hand, several solar cells sensitized with per-
ylene imides have been reported, but the η values remain
low in comparison with those obtained with other organic
dyes.[61] The origin of the low performance is not only the
poor electron-donating abilities of the perylene dyes, which
makes it difficult to inject electrons from the excited per-
ylene dyes into the CB of the TiO2 electrode efficiently, but
also the aggregation of dyes on the TiO2 surface. The novel
perylene imide derivative iPr-PMI (Figure 18), with a
strongly electron-donating moiety, bulky substituents and
an acid anhydride as a strong coupling group for dye-sensi-
tized solar cells, has been designed and synthesized, and an
η value of 2.6% was reported by Imahori and co-workers
in 2007.[62] The following points were considered in the mo-
lecular design. 1) Multiple strongly electron-donating sub-
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Scheme 7. Synthesis of perylene dye sensitizer DYE53.

stituents (i.e., two pyrrolidines) at the perylene core con-
siderably shift the first oxidation potential in the negative
direction, so efficient electron injection from the excited sin-
glet state into the CB of the TiO2 electrode is to be ex-
pected, leading to high photocurrent generation; further-
more, such substitution should vary the light-harvesting
capability in the red-to-NIR region). 2) The degree of dye
aggregation on the TiO2 electrode can be modulated by the
substituents (i.e., 2,6-diisopropylphenyl and cyclohexyl
groups) at one imide end. It should be noted that the elec-
tronic structures of the perylene π-systems are not affected
by the substituents at the imide nitrogen because the fron-
tier orbitals of these compounds have nodes at the imide
nitrogen and the anhydride oxygen atoms. 3) The natures of
the anchoring groups (i.e., acid anhydride and carboxylic
acid) and the electronic coupling between the perylene core
and the TiO2 surface should greatly affect the cell perform-
ance.

The η value reported for the iPr-PMI cell (2.6%) is ca.
70% greater than that for the Cy-PMI cell (1.5%), showing
that the larger substituent at the imide nitrogen inhibits the
dye aggregation on the surface of the TiO2, leading to sup-
pression of the unfavourable deactivation of the excited
state of the dye. The η value for the iPr-PMI-sensitized so-
lar cell (2.6%) is remarkably high in comparison with that
(�0.1%) for the TiO2 cell with the similar PMI derivative
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Figure 18. Molecular structures of perylene imide sensitizers iPr-
PMI, Cy-PMI, iPr-PBI and Cy-PBI.

without an electron-donating substituent. It should be em-
phasized here that the η value for the iPr-PMI-sensitized
solar cells is the largest one out of the perylene imide-sensi-
tized solar cells. The excited singlet state of the perylene
imide dye with substituents that are both strongly electron-
donating and bulky can thus inject electrons into the CB of
the TiO2 electrode, resulting in the efficient photocurrent
generation. On the other hand, the η values for the iPr-PBI-
and Cy-PBI-sensitized solar cells (�0.02%) are smaller
than those for the iPr-PMI- and Cy-PMI-sensitized solar
cells. More importantly, comparison of iPr-PMI and iPr-
PBI shows that changing the coupling moiety to the TiO2

electrode yields a remarkable difference in device perform-
ance, despite the fact that both electron-donating and steri-
cally hindering groups are present in both molecules. Such
a large difference may be explained by the difference in the
electronic coupling between the dyes and TiO2. The smaller
electronic coupling between the perylene core and the TiO2

surface through the carboxyphenyl group in the PBI would
be responsible for the slow electron injection from the ex-
cited PBI to the CB of the TiO2 electrode, leading to the
extremely low η values. The coupling group between the
perylene core and the TiO2 electrode is thus of utmost im-
portance in determining dye performance.

3.4. Porphyrin Dyes

Chlorophylls (Chls) and porphyrins have been regarded
as promising candidates for photosensitizers for DSSC due
to their strong Soret (400–450 nm) and moderate Q band
(550–600 nm) absorption properties. As a pioneering work
for DSSCs based on Chl derivatives and related porphyrins,
Grätzel and Kay obtained IPCE values of over 80% and an
η value of 2.6% for a TiO2 electrode sensitized with copper
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mesoporphyrin IX (Figure 19).[63] Most recently, a DSSC
fabricated by Wang and Koyama by use of Chl c2 exhibited
Jsc = 13.7 mAcm–2, Voc = 570 mV and η = 4.6%.[64] On the
other hand, for photovoltaic cells with H2TCPP, Cherian
and Wamser have reported IPCE values of 25–55% and η
of 3%.[65]

However, the η values of porphyrin-sensitized solar cells
are much smaller than those of other organic dye-sensitized
solar cells. Recently, Durrant and co-workers compared the
electron injection and charge recombination properties of
N3, free-base H2TCPP and Zn-TCPP on TiO2.[66] They
showed that these three dyes have almost indistinguishable
electron injection and recombination kinetics, and revealed
that the lower efficiency of porphyrin sensitizers is the result
of the increased probability of exciton annihilation from
close porphyrin proximity, because porphyrins have an in-
herent tendency to aggregate. On the other hand, some re-
searchers assigned the poor performances of porphyrin-sen-
sitized solar cells to their insufficient light-harvesting prop-
erties in the visible range (lack of any absorption band be-
tween 450 and 550 nm) and effects of electronic coupling
between the porphyrin and the TiO2 surface, as well as the
formation of molecular aggregates.[67–69,73–76]

Palomares and co-workers have shown that the presence
of p-hydrophobic alkyl substituents on meso-phenylpor-
phyrins (see FbP2 in Figure 19) not only inhibits the forma-
tion of molecular aggregates but also decreases recombina-
tion between the photo-injected electrons at the TiO2 elec-
trode and the electrolyte (I3

–).[67] On the other hand, the
coordination of metal ions in the porphyrin core can influ-
ence the electron transfer process between the chromophore
and the CB of the TiO2. In addition, the metallation affects
the chemical and physical properties of porphyrins. The ef-
fects of the central metal in methylphenyl-carboxyphen-
ylporphyrin (PM) on photocurrent generation were exam-
ined by Otero and co-workers.[68] They showed that the
photocurrent quantum yield – that is, the charge-injection
yield (Φinj) multiplied by the charge-collection efficiency
(ηc) – increased when the one electron-oxidation potential
(Eox) was increased (i.e., a negative shift in the HOMO),
which was ascribed to the suppression of reverse electron
transfer from TiO2 to the metalloporphyrin sensitizer. In
addition, it was shown by Nazeeruddin et al. that Zn por-
phyrins exhibit much better performance than Cu porphy-
rins. Out of the tetraphenylporphyrin-type compounds, tet-
raxylporphyrinato ZnII ethenyl benzonic acid (ZnTXPSCA)
showed the best performance: Jsc = 9.7 mAcm–2, Voc =
660 mV and η = 4.8%.[69]

The performances of a wide variety of porphyrins were
compared for a review of porphyrin-sensitized solar cells,
and their structural dependence was analyzed by Officer
et al.[70] They showed that the β-pyrrolic-substituted Zn-
porphyrin monoacids (see BetaP in Figure 20)[71] performed
considerably better than all the meso-substituted porphyrin
dyes (see MesoP in Figure 20).[72] The superior performance
of BetaP suggests that the mode of binding is an important
factor in determining the cell performance. They also evalu-
ated the value of the conjugative linkage between the por-
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Figure 19. Molecular structures of porphyrin dye sensitizers.

phyrin and the binding group and demonstrated that the
nature of the carboxylic acid linker to the porphyrin has a
significant influence on the light-harvesting and photovol-
taic properties. The conjugative linkage was responsible for
the improved light-harvesting performance of these β-pyr-
rolic-substituted carboxy-functionalised porphyrins over
the meso-arylcarboxy-functionalised porphyrins. In ad-
dition, it is well known that extension of the porphyrin π-
system by modification of a β-pyrrolic position with an ole-
finic linkage is an effective method for broadening the ab-
sorption window (see R2 of BetaP in Figure 20). Therefore,
for the conjugated linkers at the β-pyrrolic position, the
number of double bonds or the presence of the phenyl moi-
ety caused enhancement and red shifts of the absorption
bands, but made no significant difference in overall cell per-
formance.
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Figure 20. Molecular structures of β- and meso-substituted Zn-por-
phyrin sensitizers.
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Figure 21. Molecular structures of porphyrin dye sensitizers Zn-3, Zn-5, Zn-8, Zn-11, Zn-13 and ZnD1–6.

A series of Zn tetraphenylporphyrins (Zn-3, Zn-5, Zn-8,
Zn-11 and Zn-13) each containing a conjugated peripheral
chain with a carboxy end were synthesized, their absorption
and redox properties were determined, and their perform-
ances as dye sensitizers were examined by Grätzel and co-
workers (Figure 21).[73] The solar cell sensitized with (tet-
raphenylporphyrinato)zinc-cyanoacrylic acid (Zn3) yielded
the following remarkable performance: the maximum IPCE
= 85%, Jsc = 13.5 mAcm–2, Voc = 560 mV, and η = 5.2%.
The η values of Zn5, Zn8, Zn11 and Zn13 were 4.0, 4.0,
2.4 and 3.7%, respectively. More recently, in an attempt to
improve the efficiencies of these dyes further, these workers
designed and synthesized the novel porphyrin sensitizers
ZnD1–6, in which the aryl groups act as electron donors
and the malonic acid binding groups as acceptors.[74] The
photovoltaic performances of the DSSCs based on these
porphyrin sensitizers are summarized in Table 5. All six
porphyrin dyes gave solar cell efficiencies of �5%, but
the best performing dye ZnD2 gave a Jsc of
14.0�0.20 mAcm–2, a Voc of 680�30 mV and an ff value
of 0.74, corresponding to an η of 7.1%. The IPCE in the
visible is over 80%; this is the most efficient porphyrin-sen-
sitized solar cell reported to date. It has therefore been
shown that there is a strong interaction between the por-
phyrin π-system and an olefin-linked electron acceptor sub-
stituted at the β-pyrrolic position of the porphyrin ring, and
that the malonic acid group facilitates stronger binding to
the TiO2 surface with a consequent improvement in the
electronic coupling of the dye.

Recently, Imahori and co-workers reported that elong-
ation of the π-system and lowering of the symmetry, as in
the meso- and β-naphthalene-fused porphyrincarboxylic
acid fused-Zn-1 (Scheme 8), caused red-shifting of absorp-
tion bands (the Soret and Q bands) and gave an η value
improved by 50% relative to the nonfused porphyrin Zn-
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Table 5. Photovoltaic performances of DSSCs based on porphyrin
sensitizers ZnD1–6.

Dye Jsc [mAcm–2] Voc [V] ff η (%)

ZnD1 12.1 0.64 0.66 5.1
ZnD2 14.0 0.68 0.74 7.1
ZnD3 14.8 0.64 0.63 5.8
ZnD4 13.4 0.70 0.68 6.4
ZnD5 13.4 0.65 0.61 5.3
ZnD6 13.3 0.69 0.68 6.1

1.[75] They designed the novel unsymmetrically π-elongated
porphyrin fused-Zn-1 on the basis of the following con-
cepts: 1) the unsymmetrically π-elongated porphyrin would
be expected to collect visible light efficiently, leading to im-
provement of the photovoltaic properties, and 2) in order
to facilitate electron injection from the porphyrin excited
singlet state to the CB of the TiO2 electrode, a carboxy
group is attached to the fused naphthyl moiety in the por-
phyrin ring. Bulky mesityl groups are also introduced at the
three meso positions of the porphyrin ring to reduce the
aggregation of the porphyrin molecules on the TiO2 surface.
The synthetic route to fused-Zn-1 is shown in Scheme 8.
Firstly, 5-[(4-methoxycarbonyl)naphth-1-yl]-10,15,20-tris-
(2,4,6-trimethylphenyl)porphyrin (H2-1) was synthesized by
cross-condensation of mesityldipyrromethane with 4-(meth-
oxycarbonyl)naphthylaldehyde and 2,4,6-trimethylbenzal-
dehyde. NiII-Metallation was carried out by treatment of
H2-1 with Ni(acac)2 to yield Ni-1. Ring-closure was
achieved by treatment of Ni-1 with FeCl3. Subsequent de-
metallation, hydrolysis and ZnII-metallation gave fused-Zn-
1. The porphyrin reference Zn-1 was also prepared from
H2-1. A fused-Zn-1-sensitized solar cell exhibited an η value
of 4.1%, which was an improvement by 50% relative to
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the unfused porphyrin Zn-1-sensitized solar cell (η = 2.8%).
These results clearly show that the elongation of a por-
phyrin π system with low symmetry is a useful tactic for
collecting solar light in the visible and NIR, leading to im-
proved cell performance of porphyrin-sensitized solar cells.

Scheme 8. Synthesis of porphyrin dye sensitizers Zn-1 and fused-
Zn-1.

Moreover, quinoxalino[2,3-β]porphyrinmono- and -di-
carboxylic acids (ZnQMA and ZnQDA, Figure 22) have
been synthesized to evaluate the effects of β,β�-carboxyqui-
noxalino moieties on the optical, electrochemical and pho-
tovoltaic properties of the porphyrins.[76] The ZnQMA-sen-
sitized solar cell displays an η value of 5.2%, whereas the
ZnQDA-sensitized solar cell shows an η value of 4.0%. The
superior performance of the ZnQMA-sensitized solar cell
over the ZnQDA-sensitized one originates both from the
more favourable electron injection and from better charge
collection efficiency.
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Figure 22. Molecular structures of porphyrin dye sensitizers
ZnQMA and ZnQDA.

3.5. Merocyanine Dyes

Some merocyanine dyes form J- and H-aggregates on the
surfaces of TiO2 electrodes. The J-aggregates show absorp-
tion shifts to the longer-wavelength region and the H-aggre-
gates show shifts to the shorter-wavelength region, in rela-
tion to the absorption of the monomeric forms.[112] The re-
lationship between dye aggregation on the TiO2 surface and
the photoelectrochemical properties is very interesting.
Kamat and co-workers reported the photophysical proper-
ties and photovoltaic performances of merocyanine 540
(MC540, Figure 23).[77] They demonstrated that the IPCE
for the monomeric form (ca. 40%) is nearly five times
greater than that for the H-aggregate form (ca. 8%), show-
ing that H-aggregates of the merocyanine dye MC540 are
less efficient than its monomer counterpart in sensitizing
TiO2 nanoparticles. In contrast, Arakawa and co-workers
reported on the photoelectrochemical properties of TiO2

electrodes sensitized by a new series of benzothiazole mero-
cyanine dyes (Mc[m,n]) possessing long, straight alkyl
chains (carbon number: m = 2, 5, 10, 18 and 20) and dif-
ferent methylene chain lengths (carbon number: n = 1, 3
and 5) between the carboxy group and the dye chromo-
phore (Figure 23).[78] In those reports, they found that the
benzothiazole merocyanine dyes (Mc[m,n]) formed J-aggre-
gates on TiO2 surfaces and that the J-aggregates of merocy-
anine possessing long alkyl chains showed high photosensi-
tization efficiency. It has been demonstrated that the forma-
tion of J-aggregates is more facile with increasing alkyl
chain length. The J-aggregates of the dyes with long alkyl
chains showed excellent capabilities for sensitization on
TiO2 electrodes. Consequently, the η and IPCE values in-
creased with increasing length of alkyl chain (m) attached
to the benzothiazole ring. In addition, the IPCEs decreased
significantly with increasing methylene length (n) between
the carboxy anchoring group and the dye chromophore. It
was suggested that the photocurrent increased with decreas-
ing distance between the dye chromophore and the TiO2

surface because of efficient charge transfer through this
short distance. Among them, the highest η value of 4.5%
was obtained with Mc[18,1] dye. It was concluded that the
distance between the chromophore and the TiO2 surface



Design and Synthesis of Organic Dyes for Dye-Sensitized Solar Cells

Figure 23. Molecular structures of merocyanine dye sensitizers.

affected the IPCE and that control of configuration and
aggregation of the merocyanine dye is very important in
improving solar cell efficiency.

3.6. Catechol Dyes

The DSSCs can be classified into two types: Type A and
Type B, depending on the electron-injection pathway from
the dye to the CB of the TiO2.[79,80] The pathway for Type A
is photoexcitation of the local band of the adsorbed dye
followed by electron injection from the excited dye to the
CB of the TiO2. This pathway can also be called the “two-
step” electron injection pathway. The dyes are bound to the
surface of TiO2 through carboxylic acid groups; RuII com-
plexes, polyene dyes, coumarin dyes porphyrin dyes, and
other dyes containing carboxylic acid groups have been
known to inject electrons into TiO2 according to the Type A
pathway. The pathway for Type B, on the other hand, is
direct, “one-step” electron injection from the ground state
of the dye to the CB of the TiO2 by photoexcitation of the
dye-to-TiO2 charge-transfer (DTCT) bands. Dyes contain-
ing enediol units have been known to bind to the TiO2 sur-
face through chelation of surface TiIV ions with the enediol
groups, generally giving rise to very strong DTCT bands.
In particular, catechol (Cat) dyes such as dopamine (Dop),
fluorone, numerous natural pigments such as bromopyro-
gallol red (Bpg) and anthocyanins containing catechol moi-

Figure 24. Molecular structures of catechol dye sensitizers.
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eties show strong DTCT bands in the visible region upon
binding to TiO2 (Figure 24).[81] However, dyes that belong
to Type B have been hardly employed as sensitizers for
DSSCs. The most serious problem for dyes of Type B until
recently was that their η values had never exceeded 0.7%,
because the back-electron-transfer rates from electrons in-
jected into TiO2 to the oxidized dye for pathway of Type B
are faster than for the Type A pathway.

In an attempt to overcome this problem and to break
through the η threshold of 0.7%, Yoon and co-workers
found that attachment of electron-donating moieties such
as (pyridin-4-yl)vinyl and (quinolin-4-yl)vinyl to Cat led to
2- and 2.7-fold increases, respectively, in η, driven by large
increases in Jsc. As a result, the overall η values obtained
with Cat–v-P and Cat–v-Q were 1.0% and 1.3%, respec-
tively, breaking the 0.7% barrier for the first time.[80] The
DSSCs based on Cat–v-P and Cat–v-Q clearly demonstrate
that the attachment of a second donor group (pyridine or
quinoline unit) to a primary donor (4-vinylcatechol unit)
leads to a dramatic increase in electron injection efficiency.
Yoon and co-workers proposed that both the consecutive
charge shift from the secondary donor to a primary donor,
leading to the retardation of back electron-transfer rate,
and the red shift of the DTCT band caused by the increase
in the donor strength of the dye through the attachment of
the secondary donor to the primary donor were responsible
for the increase in η.
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Figure 25. Molecular structures of polymeric dye sensitizers.

To improve the efficiency of DSSCs based on Type B cat-
echol dyes further, the effective chemical modification of
the catechol structure to retard back-electron-transfer is
necessary and further study is desirable.

3.7. Polymeric Dyes

Recently, some efforts in the development of new dye
sensitizers for DSSCs have focused on conjugated polymers
such as polypyrrole, polyaniline, poly(p-phenyleneethyn-
ylene) and polythiophenes.[82–86] Conjugated polymers were
reported to have large absorption coefficients and to permit
fine-tuning of the HOMO and LUMO energy levels.
Among them, polythiophenes are promising candidates as
photosensitizers because of their thermal and environmen-
tal stabilities, conductivities, reversible transitions between
redox and neutral states and potential for introduction of
side chains to modify solubility and photophysical and elec-
trochemical properties. A DSSCs based on poly(3-thio-
pheneacetic acid; P3TAA) shows η ≈ 1.6% under
100 mWcm–2 irradiance (Figure 25).[85] Moreover, Yana-
gida et al. reported that the introduction of ionic liquids
into electrolytes drastically enhanced the photovoltaic per-
formances of the polythiophene-sensitized DSSC: η ≈ 2.4%,
with Jsc ≈ 9.76 mAcm–2, Voc ≈ 400 mV, and ff of 0.61.[86]

On the other hand, an anionic conjugated polymer
(PFBT) containing benzothiadiazole and polyfluorene as
sensitizers was synthesized by Liu and Ramakrishna.[87]

The absorption spectrum of PFBT covers the range from
280 to 510 nm, with the absorption maximum at 444 nm.
The PFBT-sensitized solar cell gave a Jsc value of
4.03 mAcm–2, a Voc value of 523 mV and a ff value of 0.66,
yielding an η value of 1.39% at AM1.5 (100 mWcm–2 light
illumination).

More recently, Ohshita and Harima have reported inter-
esting polymer-sensitized solar cells in which the attach-
ment of disilanylene–oligothienylene alternate polymers
(DS5T, DS6T and DSO5T, Figure 25) on TiO2 surfaces is
achieved by photochemical cleavage of the Si–Si bonds fol-
lowed by formation of Ti–O–Si linkages between the poly-
mers and the TiO2 surface. When TiO2 electrodes were
dipped into chloroform solutions containing disilanylene–
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oligothienylene polymers and the solutions were irradiated
(λmax � 400 nm), polymer-bound electrodes that could be
used for dye-sensitized solar cells were obtained.[88] The
IPCE characteristics of DSSCs based on DS5T and DS6T
showed clear sensitizing effects of polymers on the perform-
ance of the DSSCs: the maximum IPCE values for DS5T
and DS6T were 10% at 460 nm and 15% at 490 nm, respec-
tively. Although their photovoltaic performances were poor
(η = 0.11 and 0.12% for DS5T and DS6T, respectively), this
provides a novel method for preparation of polymer-bound
TiO2 electrodes that can be used for DSSCs.

To improve the efficiencies of DSSCs based on polymer
dyes further, development of new polymeric dyes based on
the accumulated molecular design strategy for organic dyes
would be desirable.

3.8. Near-Infrared (NIR) Dyes

The organic dyes described above, such as coumarin
dyes, polyene dyes, indoline dyes, porphyrin dyes and per-
ylene dyes, exhibit relatively high DSSC performances, but
these photosensitizers lack absorption in the red/NIR re-
gions (600–1000 nm). To improve the performances of
DSSCs further, it would be very useful to develop effective
new NIR sensitizers for use in DSSCs, because red/NIR
radiation (600–1000 nm) accounts for about 25% of the so-
lar energy arriving on the Earth’s surface [visible radiation
(350–700 nm) accounts for about 45% of solar energy]. Un-
fortunately, there have until very recently been only a few
reports on NIR sensitizers, such as squarylium dyes, phthal-
ocyanine dyes, and cyanine dyes, with absorption maxima
at around 700 nm, and the design and development of effec-
tive NIR sensitizers are therefore currently a hot topic in
DSSC studies. The next subsections show the photovoltaic
performances of DSSCs based on the squarylium dye,
phthalocyanine dye and cyanine dye NIR sensitizers.

3.8.1. Squaraine Dyes

Squaraine dyes are well known for their intense absorp-
tion in the far-red/NIR, and as a result have been widely
investigated as red/NIR sensitizers.[89–94] However, when
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Figure 26. Molecular structures of squaraine dye sensitizers.

squaraine dyes were used in DSSCs, low IPCEs and η val-
ues were obtained. Squaraine dyes are well known easily to
form H-aggregates (H-aggregates cause the blue shifts of
the absorption bands relative to monomeric forms), which
significantly affect their efficiency in DSSCs. Zhang and co-
workers reported that a DSSC based on the symmetrical
squaraine dye SC1 gave an η value of 3.9% (Figure 26).[89]

Furthermore, they reported four symmetrical squaraine
dyes (SQ1–SQ4, λmax

abs = 643–656 nm in DMSO) in DSSCs;
those based on SQ3 and SQ4 gave η values of 3.2 and
3.4%, respectively.[90] In two reports they showed that the
symmetrical squaraine dyes SC1, SQ3 and SQ4 formed H-
aggregates on TiO2 electrodes, which resulted in increases
in their sensitization efficiencies in DSSCs.

In contrast, Palomares and co-workers directly addressed
the role of the molecular aggregates in electron injection for
a sensitized TiO2 film.[91] The adsorption of a symmetrical
squaraine dye on TiO2 film resulted in a mixed population
of aggregated and monomeric sensitizer dyes. They found
that upon light excitation the electron injection only oc-
curred from the monomers but that the yield remained high
(ca. 95% of electrons are injected into the CB of the TiO2)
despite the presence of H-aggregates on the film. Recently,
Grätzel and co-workers reported the highly efficient sym-
metrical squaraine dye B1 (λmax

abs = 679 nm, when adsorbed
on TiO2, Figure 26) incorporating two carboxylic acid at-
taching groups, which yielded an IPCE of 73% and an η
value of 3.7% with Jsc = 8.6 mAcm–2, Voc = 591 mV and ff
= 0.73 under AM 1.5G irradiation (100 mWcm–2).[92] In
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order to prevent dye aggregation on the TiO2 surface, chen-
odeoxycholic acid (CDCA) was used in the DSSCs based
on B1.

On the other hand, a series of symmetrical (Sq1–4, λmax
abs

= 630–670 nm in solution, Figure 26) and unsymmetrical
(Sq5–7, λmax

abs = 600–630 nm in solution) squaraine dyes (the
molecular structure of Sq3 is the same as that of SQ3) have
been synthesized, and their photovoltaic performances in
DSSCs were evaluated by Das and co-workers. Unsymmet-
rical squaraine dyes exhibited much higher efficiencies as
sensitizers than the symmetrical squaraine dyes.[93] Al-
though the solar cell sensitized with the symmetrical squa-
raine Sq1 gave an η value of 0.06%, the solar cell sensitized
with the unsymmetrical squaraine Sq5 gave an η value of
1.25%. The photovoltaic performances of the DSSCs based
on these squaraine dyes are summarized in Table 6. They
demonstrated that H-aggregation of symmetrical squaraine
dyes on the TiO2 photoelectrode resulted in significant de-
creases in their sensitization efficiencies, whereas efficient
sensitization was observed from both the monomeric and
H-aggregated forms of the unsymmetrical squaraine dyes.
In addition, they suggested that a unidirectional flow of
electrons toward the indoline moieties containing the car-
boxy anchoring groups on excitation of unsymmetrical
squaraines could result in improved charge separation from
the excited states of the symmetrical squaraines. This thus
indicates that directionality of electrons in the excited state
of a dye is one of the essential requirements for the develop-
ment of an efficient squaraine sensitizer.
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Table 6. Photovoltaic performances of DSSCs based on squaraine
dyes Sq1–7.

Dye Jsc [mAcm–2] Voc [V] ff η (%)

Sq1 0.34 0.36 0.46 0.06
Sq2 0.32 0.42 0.52 0.07
Sq3 0.40 0.31 0.53 1.04
Sq4 3.52 0.53 0.53 1.25
Sq5 3.94 0.58 0.53 1.43
Sq6 3.78 0.60 0.61 2.08
Sq7 5.92 0.64 0.53 3.98

Recently, Nazeeruddin and co-workers proposed several
basic requirements to guide the molecular engineering of
efficient squaraine sensitizers.[94] 1) The excited-state redox
potential of a dye should match the energy of the CB of the
TiO2 electrode (i.e., the LUMO level of the dye must be
higher than the CB of the TiO2 electrode). 2) Light exci-
tation should be associated with vectorial electron flow
from the light-harvesting moiety (chromophore) of the sen-
sitizer towards the TiO2 surface, providing for efficient elec-
tron transfer from the excited dye to the CB of the TiO2

electrode. 3) Strong conjugation across the chromophore
and anchoring groups is required for good electronic cou-
pling between the LUMO of the dye and the CB of the
TiO2 electrode. In order to satisfy these requirements, they
designed and developed the novel unsymmetrical squaraine
sensitizer DYE57 (Scheme 9), with a carboxylic acid group
directly attached to the chromophore. The synthetic strat-
egy used to obtain DYE57 is shown in Scheme 9. In ethanol
the squaraine DYE57 shows an absorption maximum at
636 nm with high molar extinction coefficient (ε =
158500 dm3 mol–1 cm–1) corresponding to π–π* charge-

Scheme 9. Synthetic route to squaraine dye sensitizer DYE57.
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transfer (CT) transitions. Under standard global AM 1.5
solar conditions, the solar cell sensitized with the unsym-
metrical squaraine DYE57 gave a Jsc value of
10.50�0.20 mAcm–2, a Voc of 603�30 mV and a ff of
0.71�0.03, corresponding to an η value of 4.5%, which is
the highest conversion efficiency so far reported for squa-
raine-based DSSCs. The IPCE was over 85%. They con-
cluded that the high efficiency of DYE57 was attributable
to two particular molecular design features. Firstly, the car-
boxylic acid group is part of the conjugated π-system of the
dye and provides strong electronic coupling to the CB of the
TiO2. Secondly, the asymmetry created by the octyl chain
prevents surface aggregation and limits self-quenching of
the excited state.

As described above, however, there are differences in
these reported results relating to the effects of H-aggrega-
tion on photovoltaic performances. For the design and de-
velopment of more efficient squaraine dyes as photosensi-
tizers, further fundamental study to obtain knowledge of
their photoelectrochemical properties on TiO2 electrodes is
therefore necessary.

3.8.2. Cyanine Dyes

It is well known that cyanine dyes have very high absorp-
tion extinction coefficients (ca. 105 dm3 mol–1 cm–1), with
intense and broad absorption bands in the visible and NIR.
Recently, they have been used as sensitizers in DSSCs and
some progress has been made in this area.[95–98] Cyanine
dyes adsorbed on TiO2 films can form J- or H-aggregates,
which contribute to hypsochromism and bathochromism,
respectively. It was found that J- and H-aggregated forms
of these cyanine dyes sensitized with efficiencies equal to
those of the monomer forms.[95] On the other hand, in order
to find a guiding principle for designing efficient cyanine
dye sensitizers, Arakawa and co-workers systematically in-
vestigated the photoelectrochemical properties of TiO2 elec-
trodes sensitized with the various cyanine dyes Cn-D (n =
0–3), Cn-N (n = 1–3), C1�, C1-D#, C2-Ns and C2-ND with
different anchoring groups (Figure 27).[96] They found that
the distance between the cyanine skeleton and TiO2 surface
significantly influenced the photocurrent efficiency: the
IPCEs of the cyanine dye-sensitized solar cells increased
with decreasing distance between the dye skeletons and the
TiO2 surface, due to efficient charge transfer between them.
The IPCE of C1-D is thus about twice as large as those of
C1-N and C1-D#. In addition, they found that although
the absorption maxima shift to longer wavelength by ca.
100 nm with each increase of one methine unit (n), the in-
creasing lengths of the methine chains in the dyes enhanced
the difficulty of electron transfer from the excited dyes to
the CB of the TiO2, so that the IPCE dramatically de-
creased with increasing numbers of methine units (n). It was
suggested further that the positive shift in the dye potential
(the LUMO level) in the excited state with increasing meth-
ine units (n) was the main reason for the decrease in the
IPCE. Therefore, it was also concluded for cyanine dyes
that the photocurrent is governed by the relationship be-
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Figure 27. Molecular structures of symmetrical cyanine dye sensitizers.

tween the potentials of the excited dye and the CB of the
TiO2 electrode. Out of these, the highest η value was ob-
tained with C1-D.

Cai and co-workers recently synthesized the new sym-
metrical cyanine dyes Cyb3 and A and the unsymmetrical
cyanine dye B as sensitizers for DSSCs (Figure 27). They
found that the aggregates of the cyanine dyes were efficient
in light harvesting, and the DSSCs based on Cyb3, A and
B gave η values of 1.01, 1.3, and 2.9%, respectively.[97] Thus,
for a variety of cyanine dyes, structurally asymmetric ones
exhibit more outstanding performances. Unlike in symmet-
ric cyanine dyes, the shifts in electron density in their un-
symmetrical counterparts occur towards the indole ring
containing the carboxylic acid group used for linking the
molecule to the TiO2 surface. A unidirectional flow of elec-

Scheme 10. Synthetic route to unsymmetrical cyanine dye sensitizers Cy1–3.
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tron distribution can result in favourable charge separation
and electron injection in a DSSC. Accordingly, Tian and
co-workers have more recently synthesized the unsymmetri-
cal cyanine dyes Cy1, Cy2 and Cy3 with different alkyl
chain lengths between the naphthalimide and triazole
groups as sensitizers for DSSCs, and have systematically in-
vestigated the relationship between the photoelectrochem-
ical properties and structures.[98] The synthetic route is
shown in Scheme 10. The absorption peaks of Cy1–Cy3 in
solution are at 550 and 583 nm for Cy1, 408, 550 and
583 nm for Cy2 and 408, 550 and 583 nm for Cy3. Interest-
ingly, these cyanine dyes adsorbed on TiO2 film can form
J- or H-aggregates, which broaden the absorption spectra
to both red and blue sides and which should in turn en-
hance the conversion efficiency of light into electricity. In
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addition, for Cy2 and Cy3, the Jsc and Voc values increased
with increasing alkyl chain length between the naphthalim-
ide and triazole groups; consequently, the η value also in-
creased with increasing alkyl chain length. An increase in
alkyl chain length might be expected to prevent the recom-
bination processes of injected electrons with dye cations and
with I3

– ions in the electrolyte. Of the three cyanine dyes, it
was found that Cy3 generated the highest η value of 4.80%.

3.8.3. Phthalocyanine Dyes

Phthalocyanines (Pcs) are typical NIR dyes in terms of
their intense absorptions in the UV/blue (Soret band) and
the red/NIR (Q band at around 700 nm) spectral regions, as
well as of their electrochemical, photochemical and thermal
stabilities. They are therefore attractive as sensitizer dyes
for DSSCs. Several groups have tested phthalocyanines as
sensitizers for TiO2 electrodes, although until recently they
had all have reported η values around 1%.[99] Grätzel and
co-workers reported a high IPCE of 45% in the NIR for
DSSCs based on a (2,9,16,23-tetracarboxyphthalocyanin-
ato)zinc(II)-sensitized (ZnTcPc-sensitized) TiO2 electrode,
which showed an η value of 1.0% (Figure 28).[100] The low
efficiencies of DSSCs incorporating phthalocyanines ap-
pear to be due to aggregation, lack of directionality in the
excited state and poor electronic coupling between the
phthalocyanine LUMO and the CB of the TiO2. Introduc-
tion of bulky substituents – tert-butyl groups or tyrosine
groups – into the phthalocyanine skeleton serves not only
to minimize the formation of molecular aggregates, but also
to enhance solubility in organic solvents.[101]

Recently, to overcome the drawbacks described above,
Grätzel and Nazeeruddin designed and developed a novel
unsymmetrical phthalocyaninatozinc (PCH001) sensitizer
(Scheme 11) containing three tert-butyl and two carboxylic
acid groups that act as “push” and “pull” groups, respec-
tively, which not only provides efficient electron transfer
from the excited dye to the TiO2 electrode through good
electronic coupling between the LUMO of the dye and the
CB level of the TiO2, but also minimizes the formation of
molecular aggregates.[102] Scheme 11 shows the synthetic
strategy used for the preparation of phthalocyanine sensi-
tizer PCH001. The push-pull character induces directional-
ity in the excited state of the phthalocyaninatozinc. Again,
the purposes of the three tert-butyl groups are to enhance
the solubility, to minimize the aggregation and to tune the
LUMO level of the phthalocyanine to provide directionality
in the excited state. The functions of the two carboxylic acid
groups are to attach the sensitizer on the TiO2 surface and
to provide intimate electronic coupling between the excited
dye and the CB of the TiO2 electrode. A PCH001-sensitized
solar cell gave a Jsc value of 6.50�0.20 mAcm–2, Voc of
635�30 mV and ff of 0.74�0.03, corresponding to an η
value of 3.05% under standard global air mass (AM) 1.5
solar conditions.

The same workers also synthesized the new phthalocyan-
inatozinc sensitizer TT1 (Figure 28).[103] The visible absorp-
tion spectrum of TT1 on TiO2 shows a maximum at
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Figure 28. Molecular structures of phthalocyanine dye sensitizers.

680 nm, which is in good agreement with that of the TT1
in solution and implies a low degree of molecular aggrega-
tion on the TiO2 surface. A DSSC based on TT1 showed
impressive efficiency under simulated solar irradiation con-
ditions (1 sun = 100 mWcm–2 1.5 air mass global) of 3.52%
with Jsc = 7.60�0.20 mAcm–2, Voc = 617�20 mV and ff
= 0.75�0.02. This is the highest efficiency ever reported for
a phthalocyaninatozinc DSSC. The IPCE at the maximum
absorption of the Q band reaches 80%.

On the other hand, Durrant and co-workers reported
that novel Ru- (RuPc1 and RuPc2) and Ti-phthalocyanine
dye (TiPc) sensitizers (Figure 28) with axial ligands have
strong photo-absorption properties in the red region and
that their axial ligands not only anchor the dye to TiO2

surface, but also hinder the formation of aggregates.[104] On
the other hand, Imahori and co-workers reported the syn-
thesis and photovoltaic properties of the novel highly sub-
stituted zinc complex with phthalocyaninecarboxylic acid
ZnPc with eight sterically hindered 4-tert-butylphenyl
groups, which displayed high solubility in common organic
solvents and a reduced tendency towards dye aggrega-
tion.[105]

However, the power conversion efficiencies of phthalocy-
anine-based DSSCs are much lower than those of other or-
ganic dye-based DSSCs. Further studies to elucidate the
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Scheme 11. Synthetic route to phthalocyanine dye sensitizer PCH001.

close relationship between molecular structure and photo-
voltaic properties for the improvement of the performances
of DSSCs based on phthalocyanine sensitizers are still
needed.

4. Conclusions

During the last decade, much effort has been made on
the development of various types of organic dye sensitizers
for DSSCs, and there has been a gradual accumulation of
information about the relationship between the chemical
structures and photovoltaic performances of DSSCs.
DSSCs based on organic dyes have reached η values as high
as 9%, comparable to those of Ru complexes (η = 10–11%).
The η values of DSSCs based on the organic dyes men-
tioned in this microreview are as follows: coumarines (up to
7.7%), polyenes (up to 7.0%), hemicyanines (up to 5.2%),
thiophenes (up to 8.6%), indolines (up to 9.5%), heteropo-
lycyclics (up to 1.5%), xanthenes (up to �1%), perylenes
(up to 6.6%), porphyrins (up to 7.1%), merocyanines (up
to 4.5%), catechols (up to 1.3%), polymers (up to 2.4%),
squaraines (up to 4%), cyanines (up to 4.8%) and phthalo-
cyanines (up to 3.5%). Out of these organic dye sensitizers,
D-π-A dyes possessing broad and intense absorption spec-
tral features in the visible region have exhibited especially
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excellent performances and are regarded as one of the most
promising classes of organic sensitizers. Recently, NIR dye
sensitizers providing good absorption in the red/NIR region
of the solar spectrum have attracted increasing interest.
Therefore, a successful strategy to improve performances of
DSSCs is to develop panchromatic organic sensitizers pos-
sessing broad absorption characteristics extending through-
out the visible and NIR regions. Breakthroughs in novel
molecular design and synthetic strategy would be expected
to be achieved by organic chemists.
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