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ARTICLE INFO ABSTRACT
Article history: The present review article traces the discoveries that were instrumental to the evolution of DSSCs, tak-
Received 30 August 2010 ing a critical look at the principles of the operation mechanism and insisting on the most important
Accepted 3 November 2010 recent developments in the field. We draw our attention mainly to the dye (photosensitizer); the primary
Available online 12 November 2010 processes that take place inside a solar cell, and which are affected by the dye, are also reviewed along
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photon to current conversion efficiency; Jsc, short-circuit current; Vo, open circuit potential; FF, fill factor; n, overall power conversion efficiency; HTM, hole transport-
ing material; DINHOP, dineohexyl bis-(3,3-dimethyl-butyl)-phosphinic acid; spiro-OMeTAD, 2,2’,7,7'-tetrakis(NN-di-p-methoxyphenilamine)-9,9’-spirobifluorene; LUMO,
lowest unoccupied molecular orbital; DFT, density functional theory; HOMO, highest occupied molecular orbital; TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxy; T, 5-
mercapto-1-methyltetrazole; CE, counter electrode; PEN, polyethylene naphthalate; TDDFT, time-dependent density functional theory; L, ligand; bpy 2, 2’-bipyridine;
dcbpyH,, 2,2'-bipyridine-4,4’-dicarboxylic acid; MS, mass spectrometry; NMR, nuclear magnetic resonance; FTIR, Fourier-transform infrared spectroscopy; UV-visible,
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with some of the most significant recent information found in literature that one should keep in mind
before designing a novel ruthenium sensitizer. Specific emphasis is given in trying to answer vital ques-

Dyes tions like defining the optimum number of ~-COOH anchoring groups and protons that an efficient dye

Photosensitizers
Ruthenium
TiO,

should carry, the correct choice of preparing either a homoleptic or a heteroleptic complex, as well as
which counterions are the most suitable. Phenomena such as the role of the adsorption geometry, electri-
cal fields at the double layer, dye-redox couple interaction and recombination effects are also analyzed, in

order to show how these factors influence the photoelectrochemical characteristics of the cell. Next, the
contributions from our group in the direction of designing, synthesizing, characterizing and evaluating
novel ruthenium(II)-based complexes, utilized as photosensitizers in DSSCs, are thoroughly discussed.
Two types of Ru(ll) complexes are examined: one family mimicking the standard N719 dye, bearing
bidentate ligands, and another, carrying tridendate ligands, resembling the “black dye”.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The increasing demand for energy along with fossil fuels deple-
tion and concerns over global environment preservation render
the development of non-polluting renewable power resources an
extremely important need [1,2]. Photovoltaic technology is one of
the most promising strategies aiming to deal with this problem
by harvesting sunlight, thus attaining clean and affordable solar
electricity [3,4]. Solid-state photovoltaic cells, based on inorganic
semiconductors, have proven to achieve this goal; however, their
relatively high production cost and, to a lesser degree, the use
of toxic chemicals, imposes limitations on their mass utilization
[5,6]. Dye-sensitized solar cells (DSSCs) constitute an appealing
alternative to the conventional solid-state cells due to their rel-
atively low production cost, possibility of working indoors and
under subdued light conditions, invariant efficiency to the oper-
ating temperature, potential transparency and flexibility [7-17].
DSSCs are based on nanocrystalline metal oxide semiconductors
sensitized by molecular dyes (photosensitizers) [18,19]. The pres-
ence of the dye assures efficient capture of visible light and creation
of photoelectrons that are injected directly into the semiconductor;
in this case, charge separation is promoted as the electrons and
the holes simultaneously reside in different chemical substances
(semiconductor and dye, respectively). The above mechanism is
totally different in the case of a classical photovoltaic cell; the
operation of the latter is based on excitation of electrons from
the valence band into the conduction band, while both pro-
cesses of charge separation and transport take place inside the
semiconductor.

The DSSC device (Fig. 1) is basically comprised of two fac-
ing electrodes: a transparent photoanode, consisting of a thin
nanoparticulate film (7-20 wm) of a mesoporous large band gap
semiconductor, modified with a monolayer of dye molecules,
which are chemically grafted on the semiconductor’s surface
via functional groups such as -COOH and -PO(OH),, and a Pt
counter electrode, both deposited on conductive glass substrates.
An appropriate medium containing the redox couple (usually
I=/I37) is placed between the two electrodes to transfer the
charges.

The photoelectrochemical cycle in DSSCs begins when a dye
molecule undergoes transition into its excited state, following
absorption of a visible photon (Fig. 2). The photoexcited dye sub-
sequently injects an electron into the conduction band of the
semiconductor, i.e. undergoes oxidation; actually, the electron is
channeled into the ligand having the lowest 7*-acceptor orbitals
and electron injection into the conduction band of the semicon-
ductor takes place from there. Ideally, the photoinjected electron
percolates through the nanoparticle network, following a random
walk, and gets collected at the back-contact, while the oxidized
dye is regenerated to its ground state by taking an electron from
the redox couple present in the electrolyte. The collected electrons
travel through the external circuit, performing electrical work,

Pt TCO

Fig. 1. DSSC operating principles: white circles represent the TiO, nanoparti-
cles; brown dots represent the dye molecules; TCO = transparent conductive oxide;
red = reducing agent; ox = oxidizing agent.

and eventually reach the counter electrode where they reduce
the electron mediator species regenerating the reducing agent and
completing the circuit. The device maximum voltage (Vmax) that
can be generated equals the difference between the semiconduc-
tor Fermi level and the electron mediator species’ (i.e. 1= /I3~ ) redox
potential. Overall, the device results in the conversion of photons
to electrons, while no chemical species are consumed nor trans-
formed.

To evaluate the performance of a DSSC one has to determine: (i)
the incident photon to current conversion efficiency (IPCE), repre-
senting the ratio of the collected electrons divided by the incident
photons (usually expressed as a function of the excitation wave-
length, thus forming the action spectrum); (ii) the short-circuit
photocurrent (Js¢), which is the photocurrent density per square
centimeter obtained when the solar cell is short-circuited; (iii)
the open circuit potential (Vo¢), corresponding to the cell poten-
tial when no current flows; (iv) the fill factor (FF), defined as the
ratio of the maximum electrical power produced by the solar cell
divided by the open circuit potential and the short-circuit current;
and (v) the overall power conversion efficiency (), representing
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Fig. 2. DSSC energy level diagrams: red =reducing agent; ox=oxidizing agent;
D/D*/D*=dye in the ground, oxidized, and excited state, respectively; VB =valence
band (semiconductor); CB=conduction band (semiconductor); LUMO =lowest
unoccupied molecular orbital (dye); HOMO = highest occupied molecular orbital
(dye); dotted arrows represent loss mechanisms.

the ratio of the output electrical power of the cell and the flux of
the incident light.

Taking into account that cell performance is dictated by the
interdependence between the different cell components, in the fol-
lowing sections we briefly summarize the current state of the art
concerning each element separately. This will help the reader to
better follow the recent developments concerning the “heart” of
the device, the dye, which is the main subject of this review article.

1.1. Photoanode

As reported above, the photoanode consists of the semiconduc-
tor, deposited on top of a conductive substrate, sensitized by a
molecular dye. In the following section, we will draw our attention
only to the semiconductor part, since a detailed analysis concerning
the dye follows in Sections 1.4 and 2.

The semiconductor plays a very important role in the solar cell,
acting as a substrate for dye adsorption and a sink for the trans-
port of the photogenerated electrons. The ideal nanostructured
semiconductor should have a mesoporous morphology, giving a
high specific surface area along with a network free of recom-
bination sites. Usually, a highly efficient photoelectrode consists
of the following structure: first, a compact TiO, underlayer is
deposited by spray-pyrolysis on the conductive substrate to pre-
vent short-circuits at the back contact/electrolyte interface [20].
Then, a transparent porous film (8-12 pwm thick), consisted of inter-
connected spherical particles in the size range of 15-30nm, is
deposited atop of the first film by screen-printing [21]. Light scat-
tering at long range wavelengths and, consequently, enhanced light

harvesting and improved photovoltaic performances are obtained
by introducing large TiO, particles on top of the active film [22].
Similar effects with the scattering particles could be realized by
the use of hollow titania spheres attaining efficiencies as high as
10.3% [23]. Finally, a post-treatment of the composite films with
TiCly, via chemical bath deposition, ensures the creation of a very
thin layer of TiO, around the particles, increasing electron injec-
tion and diminishing recombination with the electrolyte [24]. In
order to further optimize charge transport and promote vectorial
electron diffusion, more ordered TiO, nanostructures have been
also employed; these include nanorods [25], wires [26] and tubes
[27]. The latter self-assembled nanostructures could be also easily
formed on flexible, non-fragile and lightweight substrates, such a
Ti metal foil, using electrochemical anodization [28]. In this way,
high efficiencies of more than 7.5% could be obtained despite the
back-side illumination of the DSSCs [29,30].

1.2. Electrolyte

In DSSCs, the electrolyte regenerates the dye, following elec-
tron injection, and is responsible for charge transport between the
photoanode and the counter electrode. The most highly efficient
DSSCs utilize the iodide/triiodide (I-/I3~) redox couple as electron
mediator species, dissolved in an organic electrolyte (e.g. acetoni-
trile). Due to the fact that these kinds of solvents are volatile,
two alternatives have been employed in order to increase the
stability in the performance of the DSSC: (i) the use of solvent-
free ionic liquid based electrolytes, such as an eutectic melt of
3-alkylimidazolium-based salts, attaining efficiencies of 8.2% [31],
and (ii) the application of solid electrolytes with the use of organic
polymers and/or inorganic fillers [32] with the highest efficiency
attained (7.7%) by a chemically cross-linked polymer gel elec-
trolyte with a dendritic structure [33]. In order to minimize voltage
losses, due to the Nernst potential of the iodine-based redox
couple, and impede photocurrent leakage due to light absorp-
tion by triiodide ions, other redox couples have been also used;
these include the Co?*/Co3* (4.2% [34]), TEMPO/TEMPO* (5.4%
[35], where TEMPO is the organic radical 2,2,6,6-tetramethyl-1-
piperidinyloxy) and the T, /T~ (6.4% [36], where T~ represents the
5-mercapto-1-methyltetrazole ion and T, stands for its dimer).
Finally, a completely solid-state type of cell has been also prepared
by substituting the above redox electrolytes with a thin film of
an inorganic (e.g. Cul, [37]) or organic semiconductor presenting
good p-type conductivity. In the latter case, the efficiencies attained
using the classical spiro-OMeTAD compound were very promising,
reaching values of more than 4.5%.

1.3. Counter electrode

The counter electrode (CE) has the function to transfer elec-
trons arriving from the external circuit to the electrolyte in
order to regenerate the redox couple; therefore, an effective CE
should primarily possess an excellent catalytic activity for the
reduction of triiodide ions. The most commonly used material
is platinum, deposited on the conductive substrate by various
methods like spin-coating, screen-printing, sputtering, etc. [38].
In order to reduce the cost of the CE and prevent the corrosion
of platinum by the iodide solution, other inexpensive, mainly car-
bonaceous, materials have been also used; these include carbon
black (9.1% [39]) and multi-walled carbon nanotubes (7.7%, [40]).
Hybrid materials have been also employed, combining polymeric
and carbonaceous materials such as polystyrenesulfonate doped
poly(3,4-ethylenedioxythiophene) with graphene (4.5% [41]) and
polyaniline with carbon black (7.4% [42]). Very recently, a novel
counter electrode was fabricated by the electrodeposition of CoS
nanoparticles on flexible indium tin oxide/polyethylene naphtha-
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N3:R=CO,H

1 (black dye)

Fig. 3. Molecular structures of ruthenium(Il) dyes N3, N719 and black dye (1)
[45-48].

late (PEN) films, superseding Pt as an efficient electrocatalyst for
triiodide reduction [43].

1.4. Sensitizer (dye)

The efficiency of a DSSC largely depends on the charge gen-
eration step and, therefore, the sensitizer utilized. Some of the
requirements that an efficient sensitizer has to fulfill include
[8-15]: (i) a broad and strong absorption, preferably extending
from the visible to the near-infrared; (ii) minimal deactivation
of its excited state through the emission of light or heat; (iii) a
firm, irreversible adsorption (chemisorption) to the semiconduc-
tor’s surface and a strong electronic coupling between its excited
state and the semiconductor conduction band; (iv) chemical sta-
bility in the ground as well as in the excited and oxidized states,
so that the resulting DSSCs will be stable over many years of expo-
sure to sunlight; (v) a reduction potential sufficiently higher (by
~150-200 mV [44]) than the semiconductor conduction band edge
in order to bring about an effective electron injection; and (vi) an
oxidation potential sufficiently lower (by ~200-300 mV [44]) than
the redox potential of the electron mediator species, so that it can
be regenerated rapidly. As expected, another issue concerning dyes
is their cost. Ruthenium, for instance, which is currently the most
commonly utilized metal in metal-containing dyes for DSSCs, is a
rare metal with arelatively high price. Despite the fact that the con-
tribution of the sensitizer to the total cell cost is limited, as efficient
light harvesting requires a monolayer of sensitizer molecules, sta-
ble long-living ruthenium-based dyes are always highly desirable.
Efficient, ruthenium-free sensitizers could also lead to such a cost
decrease (vide infra).

A variety of transition-metal complexes and organic dyes has
been successfully employed as sensitizers in DSSCs thus far; how-
ever, in terms of photovoltaic performance and long-term stability,
Ru(II) polypyridyl complexes comprise the most successful family
of DSSCs sensitizers. The first high-performance Ru(Il) sensitizer
was reported in 1993 by Gratzel and co-workers (N3 and N719,
Fig. 3) [45,46]. N3 and N719, affording DSSCs with overall power
conversion efficiencies of 10.0% and 11.2% respectively, harvest

visible light very efficiently with their absorption threshold being
at about 800 nm. Equally importantly, both N3 and N719, which
essentially differ only in their protonation state, afford a nearly
quantitative conversion of incident photons into electric current
over a large spectral range. The remarkably improved efficiency
of N719, when compared to the tetra-protonated parent dye N3,
was mainly attributed to the increased cell voltage. In 1997, the
same research group published the synthesis and evaluation of a
terpyridyl analogue of N3 and N719, i.e. “black dye” (1, Fig. 3), with
a reported overall power conversion efficiency of 10.4% [47,48].
Black dye, a “panchromatic ruthenium(Il) sensitizer”, sensitizes
nanocrystalline TiO, cells very efficiently over the whole visible
range, extending into the near infrared region up to 920 nm, afford-
ing IPCE values that are over 80% over a large spectral range. It is
also worth mentioning that the absorption and emission maxima
of black dye show a bathochromic shift with decreasing pH, while
it exhibits pH-dependent excited state lifetimes. Even though the
surface coverage and the extinction coefficient of black dye are
lower that the values for N3, the spectral response of black dye
in the red and near infrared region is enhanced, with respect to
N3, resulting in higher short circuit photocurrents. Finally, it has
to be noted that by raising the haze of TiO, electrodes in the near
infrared wavelength region, in black dye-sensitized DSSCs, a con-
version efficiency of 11.1% may be achieved [49].

Since 1997, a series of modifications of these early Ru(Il) com-
plexes have, among others, led to sensitizers with amphiphilic
properties and/or extended conjugation, achieving power conver-
sion efficiencies up to 12.3% [50-68]. In 2006, for example, Wu and
co-workers reported the synthesis of Ru(Il) dye CYC-B1 depicted
in Fig. 4, with the aim of achieving a high absorption coefficient
of the main MLCT band [50]. CYC-B1, bearing a highly conjugated
ligand substituted with alkyl bithiophene groups, was evaluated
in DSSCs achieving an overall power conversion efficiency of 8.5%.
This power conversion efficiency was 10% higher than that of
N3 (n=7.7%) under the same cell fabrication and measuring pro-
cedures. One year later, the same research group published the
synthesis of the structurally related complexes SJW-E1 and CYC-
B3 (Fig. 4), to further explore the effect of the thiophene moieties
[51]. SJW-E1 and CYC-B3 afforded DSSCs with conversion efficien-
cies of 9.0% and 7.4% respectively, whereas N3 under the same
conditions gave 1 =8.4%. Also note that the 12.3% efficiency record
reported for DSSCs has been reached with Ru(Il) sensitizer Z991,
the mono(tetra butylammonium) salt of CYC-B1 (vide supra), by
using the phosphinate amphiphile DINHOP (dineohexyl bis-(3,3-
dimethyl-butyl)-phosphinic acid) as co-adsorbent [57].

Gratzel, Zakeeruddin, Wang, Wu and co-workers have recently
developed heteroleptic Ru(Il) sensitizers C101 [53], C104 [54],
C106 [62], C107 [64], and CYC-B11 [59] (Fig. 4) giving DSSCs
with power conversion efficiencies of 11.3%, 10.5%, 11.4%, 10.7%,
and 11.5% respectively. As shown in Fig. 4, these very successful
sensitizers encompass spectator ligands that combine extended
m-conjugated systems, seeking to enhance the optical absorptiv-
ity of the sensitized TiO, films, along with long hydrophobic alkyl
chains, aiming at increased tolerance against water attack [69]
and, therefore, improved long-term stability. The DSSC devices that
utilize the above amphiphilic dyes display extraordinary stabil-
ity under both thermal stress and exposure with light, making
these cells viable for practical, outdoor use applications. In par-
ticular, DSSCs sensitized with C101, by utilizing either a low
volatility 3-methoxypropionitrile electrolyte or a solvent-free ionic
liquid electrolyte, showing >9.0% and ~7.4% conversion efficien-
cies respectively, retain over 95% of their initial performance after
1000 h full sunlight exposure at 60°C [53]. Likewise, DSSCs using
CYC-B11 and a low-volatility electrolyte (Z946) show good perfor-
mance and stability under prolonged light exposure at 60 °C, albeit
with a lower, 7.9% overall conversion efficiency (compared to 11.5%
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Fig. 4. Molecular structures of heteroleptic ruthenium(Il) dyes CYC-B1, CYC-B3, CYC-B11, SJW-E1, C101, C104, C106 and C107 [50,51,53,54,59,62,64].

with the volatile acetonitrile-based electrolyte Z946) [59]. When a
solid state hole transporting material (HTM) was employed instead
(spiro-OMeTAD) the corresponding cells, using CYC-B11, displayed
an efficiency of 4.7%.

In another work, aiming at Ru(ll) sensitizers characterized by
enhanced molar extinction coefficients, by using ligands with
extended mr-conjugation, and directionality in the excited state,
by appropriately tuning the lowest unoccupied molecular orbital
(LUMO) level of the ligand, Nazeeruddin et al. reported the syn-
thesis and photoelectrochemical characterization of dye N945
shown in Fig. 5 [52]. N945-sensitized DSSCs, characterized by
a very efficient light harvesting over a large area of the visi-
ble spectrum, showed an energy conversion efficiency of 10.8%
surpassing N719. More recently, Yum et al. published the synthe-
sis of Ru(ll) sensitizer IJ-1 (Fig. 5), a donor-acceptor ruthenium

complex bearing a ditolylamine phenyl-ethenyl-2,2’-bipyridine
ligand as the secondary electron donor moiety [60]. IJ-1 sensitizes
nanocrystalline TiO, cells very efficiently, affording a conversion
efficiency of 10.3%. On a different note, Grdtzel and co-workers
engineered a thiocyanate-free cyclometalated Ru(Il) complex (2,
Fig. 5), which is also a robust panchromatic sensitizer in DSSCs
[61]. More specifically, solar cells employing a liquid-based elec-
trolyte and 2 as the sensitizer give overall conversion efficiencies
of 10.1%. Density functional theory (DFT) calculations showed
that while the highest occupied molecular orbital (HOMO) of 2 is
located mostly on ruthenium and the cyclometalated ligand, the
LUMO is on the 4-carboxylic acid-4’-carboxylate-2,2’-bipyridine
ligand.

Porphyrins, a group of highly conjugated heterocyclic macrocy-
cles, many of which occur in nature, is another class of sensitizers
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Fig. 5. Molecular structures of ruthenium(II) sensitizers IJ-1, N945 and 2 [52,60,61].

successfully utilized in DSSCs [70-76]. Dye 3 (Fig. 6), the most
efficient porphyrin-based sensitizer utilized in DSSCs to date, was
reported in 2007 by Officer and co-workers [73]. The four aryl sub-
stituents in dark-green 3 act as electron donors, while the malonic
acid group as an acceptor. The overall conversion efficiencies of
dye 3 in liquid-junction and solid state (using spiro-MeOTAD as
HTM) DSSCs were 7.1% and 3.6% respectively. Porphyrins YD2 [76]
and YD12 [75], shown in Fig. 6, have been more recently synthe-
sized by Yieh, Diau and co-workers. Both YD2 and YD12 bear an
electron-donating diarylamine moiety with long alkyl chains at a
meso-position. When used in DSSCs, YD2 affords a power conver-
sion efficiency of 6.6%. The conversion efficiency of YD12, on the
other hand, is 6.7% surpassing N719 (n=6.1%) under the same cell
fabrication and measuring procedures. Besides porphyrins, a vari-
ety of other compounds such as phthalocyanines [77-81] and Mg
chlorophyls [82,83], as well as Fe [84-86], Cu [87] Os [88,89], Ir
[90,91] and Pt sensitizers [92,93] have been also used in DSSCs,
though not always very efficiently.

As mentioned earlier, ruthenium-based dyes are rather expen-
sive. This is not only because ruthenium is a rare metal, but
also originates from the fact that the purification of the corre-
sponding complexes is generally challenging. As a result, organic
dyes, amongst others (vide supra), are lately stimulating intensive
research efforts [94-109]. The most important advantages of using
organic dyes as sensitizers in DSSCs include their easily tunable
physicochemical properties, through suitable molecular design and
well established synthetic procedures, along with their ease of
purification and high molar absorption coefficients. On the other
hand, organic dyes also have weaknesses such as their relatively
sharp absorption bands in the visible region, leading to unsatis-

factory light harvesting in the entire visible spectrum, along with
questionable photostability.

Fig. 7 illustrates four of the most efficient organic dyes used in
DSSCs thus far. The synthesis of TA-St-CA, for example, was pub-
lished in 2007 by Park, Kim, and co-workers [96]. Although the
dye TA-St-CA is based on a very simple donor-m-acceptor molec-
ular design, it affords DSSCs with conversion efficiencies of 9.1%
(benchmark N719 gives 10.1% under the same conditions). Three
years later, the same research groups published the synthesis of
TA-DM-CA [103], by slightly modifying TA-St-CA (Fig. 7). The two
methoxy groups in TA-DM-CA were introduced at the vinylene
phenylene moiety in order to both enhance the electron-donating
character of the w-conjugated skeleton of the dye and increase its
absorption wavelength. DSSCs sensitized with TA-DM-CA afford
an overall conversion efficiency of 9.7%. Wang and co-workers
have also recently published the synthesis and evaluation of dyes
C217 [101] and C219 [106] shown in Fig. 7. C217, employing a
lipophilic dihexyloxy-substituted triphenylamine electron donor, a
cyanoacrylic electron acceptor, and a binary w-conjugated spacer,
yields overall conversion efficiencies of 9.8% and 8.1% in volatile
acetonitrile electrolyte and solvent-free ionic liquid electrolyte
DSSCs, respectively. Amphiphilic C219, the most efficient organic
sensitizer utilized in DSSCs thus far, gives an overall conversion
efficiency of 10.3% in volatile electrolyte DSSCs. Furthermore, in
solvent-free ionic liquid cells, and under a low-light intensity, C219
affords an efficiency of 8.9%, a characteristic that makes it a potent
dye for indoor applications.

Apart from seeking for more efficient dyes, one can also enhance
the stability and performance of DSSCs by utilizing surface co-
adsorbents [54,78,110-119]. In brief, co-adsorbing the sensitizer
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with an amphiphilic compound, on the semiconductor, apart from
increasing the sensitizer’s tolerance against water attack, leads to
a more compact dye-amphiphile monolayer than the adsorption of
the dye alone would. This “insulating layer” is not only blocking the
recombination process, by shielding the corresponding centers, but
can also affect the semiconductor’s conduction band edge position
with respect to the redox energy level of the electrolyte influencing
directly the obtained V.

2. Dye effects

As discussed above, for an efficient sensitizer some require-
ments should be fulfilled like tight adsorption on the semiconduc-
tor surface, strong absorption of white light, quantitative and quick
injection of electrons into the semiconductor conduction band and
rapid regeneration by the redox couple. Bearing these issues in
mind, scientists have thus far designed and synthesized hundreds
of ruthenium complexes. However, throughout all the years, and
despite the intensive efforts of the scientific community to opti-
mize the dye, this has not been proven feasible yet (or at least
the improvement was not as significant as expected, in relation
to champion dyes N719 and black dye). It is only lately that we
managed to concede the complexity of the studied system and rec-
ognize the difficulties of designing the perfect dye. Thus, we now
acknowledge that the dye does not behave as simply as we have
thought of in the beginning and, unfortunately, that many more
other key issues have to be controlled in order to achieve the opti-
mum efficiency. In the following, we will draw our attention on
all the primary processes taking place inside a solar cell, which are
affected by the dye, and we will review some of the most significant
and recent information found in the literature that one should keep
in mind before setting out to prepare a novel ruthenium complex.

The dye adsorption on the semiconductor surface presupposes
that the sensitizer possesses carboxylic (or phosphonate) groups
as anchoring moieties. The case of the benchmark N719 dye needs
particular attention and focus, in order to fully understand the
effectiveness of a sensitizer in a DSSC. Thus, in this work, several
open issues and remaining questions will be considered, follow-
ing critical review and detailed analysis; e.g.: how many —~COOH
groups should a good dye have, and how many protons should these
groups carry? Should a complex be homoleptic or heteroleptic?
Which counterion is the optimum? What is the role of the adsorp-
tion geometry? What about dye/redox couple interaction? How all
these issues influence the electrical characteristics of the cell (Vi
and Jsc)?

2.1. Adsorption mode

Very recently, a DFT calculation study suggested that the
homoleptic N719 dye (bearing two equivalent bipyridine ligands
each functionalized with two carboxylic groups, Fig. 3), adsorbs
onto the TiO, surface by exploiting three carboxylic groups, lead-
ing to high open-circuit potentials when employed in DSSC devices
[120]. This turns out to be due to a number of factors, including the
increased charge donation from the three anchoring carboxylates
to the TiO, and, possibly, the formation of a more compactdye layer.
Moreover, the adsorption via three anchoring sites should provide
additional stability toward dye desorption, a highly desirable requi-
site for practical DSSC applications and long-term device durability.
On the contrary, heteroleptic sensitizers, devised in a way that one
of the two bipyridines is specifically functionalized, which neces-
sarily adsorb via carboxylic groups residing on the same bipyridine
ligand, give rise to a decrease the open-circuit potential. This is
because of the different sensitizer adsorption mode onto TiO, com-
pared to homoleptic sensitizers, despite the fact that the chemical

functionalization of one bipyridine has little effect on the electronic
properties of the second bipyridine [121].

2.2. Dye dipole moment

The sensitizer’s dipole moment has a remarkable influence on
the open circuit potential and, ultimately, on the efficiency of DSSCs.
For instance, dipolar fields of different magnitude and orientation
have been found for homoleptic sensitizers (like N3 or N719), which
explains their larger open circuit potentials and overall better per-
formance with respect to heteroleptic sensitizers with anchoring
groups residing on two different bipyridines [121]. In the latter
ones, their adsorption geometry induces a substantial downshift
of the TiO, conduction band energy, ultimately causing reduced
photovoltages [122]. In order to increase V¢, by moving the CB of
the semiconductor towards higher energy levels, the dye dipole
moment should point outwards from the layer surface [123].

2.3. Number of protons

Another significant parameter in a dye’s structure is the num-
ber of protons it carries on its molecule; the anchoring groups of
the sensitizer that contain protons upon adsorption transfers most
of its protons to the TiO, surface, charging it positively, in a way
that a lot of processes are severely affected [124]. For instance,
the surface-bound protons induce a strong localization of unoc-
cupied TiO, states in the neighbourhood of the proton positions,
these states acting as funnels for the photoexcited electrons. On
the other hand, the electric field associated with the surface dipole
generated in this fashion enhances the adsorption of the ruthe-
nium complex and assists electron injection from the excited state
of the sensitizer into the titania conduction band, favoring higher
photocurrents [120]. The strong coupling between dye and TiO,
computed upon TiO, protonation suggests that an adiabatic injec-
tion mechanism, in which the same electronic state changes its
localization from the dye to the TiO, [125] might be responsible for
the high rates of electron injection observed experimentally for Ru-
polypyridyl dyes on TiO,. For Ru dyes containing no protons, on the
other hand, a nonadiabatic electron injection mechanism, in which
the photoexcited electron tunnels from the dye to the TiO, con-
duction band, seems most likely, due to the lack of strong coupling
between the dye and TiO, [126].

Surface protonation also affects the conduction band edge, in
line with the strong open-circuit potential variation observed upon
changing the sensitizer’s proton content [120]. More specifically,
the positive shift of the semiconductor’s Fermi level decreases the
gap between the redox couple I~ /I3~ and the Fermi level, resulting
in a lower open-circuit potential. If the sensitizer does not carry
protons, then the Fermi level moves to more negative values, due
to the adsorption of the anionic complex and the cations, thereby
leading to a higher value for the open-circuit potential, whereas
the value of short circuit current is lowered [127]. Therefore, there
should be an optimal degree of protonation for the sensitizer for
which the product of short circuit photocurrent and open circuit
potential, determining the power conversion efficiency of the cell,
is the highest possible [122].

In this context, for a homoleptic dye such as N719, a conduction
band energy down-shift of as much as 0.1eV, when varying the
number of surface protons from one to two, was experimentally
observed [122]. Furthermore, V,, for DSSCs employing heteroleptic
sensitizers is significantly lower compared to that observed using
homoleptic dyes containing the same number of protons [121].
Then, heteroleptic sensitizers should carry a minimum number of
protons in order to obtain the maximum photovoltage.

Moreover, deprotonation of the terminal carboxylic groups
causes a different destabilization of the occupied and unoccu-
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pied orbitals, which ultimately leads to increased HOMO-LUMO
gaps and excitation energies. The fully protonated and fully
deprotonated forms of N719 dye show the smallest and largest,
respectively, HOMO-LUMO gap and first excitation energies. This
effect is related to the increased electron density on the deproto-
nated carboxylic groups which raises the energy of the bipyridine
* orbitals. Therefore, N719 dye represents an optimal choice with
respect to the fully protonated and deprotonated species because
of the good compromise between their light-harvesting capability
and the alignment of its excited states with the TiO, conduction
band edge [46].

2.4. The role of counterions

A further reason for the high open-circuit potential delivered by
N719isrelated to the choice of the appropriate counterions. Indeed,
the bulky tetra butylammonium counterions employed cause a
modest (within 0.01-0.03 eV) energy down-shift of the TiO, con-
duction band due to the fact that they stand far away from the
semiconductor surface. In contrast, smaller counterions, such as
Na*, which can easily access the surface, lead to a larger conduction
band energy down-shift of 0.07 eV [120].

2.5. Electric fields at the TiO»(dye)/electrolyte interface

Although there are no specific directives concerning the exact
way in which the molecular structure of a dye affects its sensi-
tization ability, it is necessary to describe some phenomena that
should be kept in mind when proceeding to the design of a new
sensitizer. It is generally accepted that the surface electric fields
are effectively screened by the large permittivity of TiO, and the
high ionic strength electrolyte present in the mesopores, at least
up to the Helmholtz double layer between the semiconductor and
the electrolyte [128]. It was then found that the dye sometimes
resides in this region [129]. This fact has two implications: first,
the redox potential for a number of sensitizers adsorbed onto
TiO, follows the changes in band edge potentials of the semicon-
ductor. This means that the standard measurement of the redox
potential in solution, using cyclic electrochemical voltammetry, is
under question (changes in redox potentials could then lead to
variations in injection and regeneration rates) [130]. Second, an
electric field (of unique relative orientation) has been found to be
created by excited-state injection from one sensitizer molecule,
which influences the absorption and photoluminescence spectra of
other sensitizer molecules that have not undergone photoinduced
electron injection. Although Meyer et al. proposed that this phe-
nomenon will be negligible for efficient dyes such as N719 [131],
the group of Hagfeldt and Boschloo provided a reliable method to
quantify the effectiveness of the internal charge transfer of dye
molecules under solar cell conditions using electroabsorption spec-
troscopy [132]. In this way, i.e. if accurate determinations of the
samples’ absorbance can be made, it is possible to determine cor-
rectly the magnitude of the variations in dipole moment normal to
the semiconductor surface and, from this, infer the orientation of
the dye.

2.6. Influence of the dye on the recombination dynamics at the
semiconductor surface

Until now, we have not paid special attention to the fate of
the electrons after their injection from the dye into the semi-
conductor. Although, it was initially accepted that dye molecules
block recombination from surface states, decreasing the overall
rate and increasing the V,, some dyes may have an opposite
effect as they increase the rate of electron recombination between
the photoinjected electrons and the oxidized electrolyte, affecting

not only Jsc but also decreasing the V,c by hundreds of millivolts
[133].

The principal question that arises is what are the “problem-
atic” properties of the dye that catalyze the back-reaction. First,
it was confirmed that the recombination dynamics are only weakly
dependent upon the dye oxidation potential. In contrast, variation
of the spatial separation of the dye cation from the electrode surface
resulted in significant variations in recombination dynamics and is
indeed an attractive route to modulate these dynamics [134].

The introduction of electron — donating or — withdrawing groups
to fine tune the photophysical properties of the dye have occasion-
ally opposite effects. For instance, ruthenium complexes bearing
phenanthroline ligands, modified with the introduction of -NH,
or -NO, groups in order to achieve the desired control over the
molecular orbitals (and thus fine tune the molecule’s spectroscopic
and electrochemical properties), enhanced the electron recombi-
nation reaction between the photoinjected electrons at TiO, and
the oxidized redox electrolyte [135]. Certainly, additional studies
are necessary to fully identify the exact molecular structures that
lead to poor device performance by increasing back-reaction with
triiodides.

Furthermore, some dyes may accelerate recombination by pro-
viding a binding site for iodine near the TiO, surface [136]. To
further investigate the above phemonenon, O’Regan et al. made
a modification in the structure of a dye. For instance, a change
from an oxygen atom to a sulfur atom in two equivalent posi-
tions changed the iodine binding, leaving most other properties
relatively unaffected. In this case, a 2-fold increase in the recombi-
nation rate and a 20-30 mV loss in V, was recorded. On this basis,
they concluded that it might be more appropriate to add a larger
number of weaker donors, instead of one strong. Moreover, within
otherwise equivalent dyes, the binding strength correlates with
the increase in recombination and, therefore, we should design
dyes with the option of a lack of strong binding with iodine [136].
Even the standard dyes (e.g. N719) used in DSSCs bind iodine quite
strongly without apparently catalyzing recombination. Thus, the
mechanism for the acceleration of recombination must involve a
combination of the strength of the iodine binding sites, their prox-
imity to the TiO, surface, and probably catalysis of the reduction
by stabilization of an intermediate [137].

2.7. Dye/redox couple interaction

In general, the interaction between the dye and the electrolyte
has not been examined in detail, in terms of dye regeneration
or recombination (as described in the previous paragraph). To
study this kind of interactions, new and sophisticated state of the
art analytical tools are necessary. To this end, Resonance micro-
Raman spectrophotoelectrochemistry [138], recently developed in
or group [139], has been proved to be a sensitive experimental
technique offering high spectral and spatial resolution, able to
probe the dye vibrational properties. In addition, interactions of
the individual cell components at the corresponding interfaces and
most importantly the DSSC response under operating conditions
via the application of an external polarization bias can be inves-
tigated. More specifically, in situ micro-Raman measurements on
DSSCs under real photocurrent conditions has permitted the mon-
itoring of the photoelectrode/electrolyte interface, confirming a
strong dependence of the Raman spectra on the applied potential,
thereby providing, for the first time, a direct proof of the dye-redox
couple interactions [140]. In this direction, detailed investigations
by both micro- and macro-Raman spectroscopies on DSSCs, using
various polypyridyl-based Ru(Il) complexes bearing bidendate or
tridendate ligands as well as different functional anchoring groups
(-COOH, -PO3H,) have systematically identified the presence of
new Raman bands in the low wavenumber region. These bands
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are bias dependent and stem from the vibrations of triiodide elec-
trostatically bound to the oxidized form of the dye, providing
spectroscopic evidence for the formation of an intermediate com-
plex at the photoelectrode/electrolyte interface. Although these
results were supported by elemental theoretical simulations [141]
the exact role of this intermediate is not fully understand yet. How-
ever, the experimental evidence leads to the conclusion that the
formation of the new species does not imply the dye destruction
and their presence is sensitive to the effectiveness of each dye used.
Intensive research is now in progress to give more insight into this
type of interaction.

2.8. Towards the design of the perfect dye

Upon summarizing the above observations, a simple question
arises: can we design the perfect dye? De Angelis et al. proposed
that if we manage to conjugate the high V. obtained with the N719
dye (due to specific adsorption geometry) to the high Js. densities
achieved by heteroleptic dyes Z991 [50] (almost 3 times higher
extinction coefficients than that of N719 [17]), breakthrough DSSC
efficiencies exceeding 13% would be obtained [120]. Another idea
would be to replace the thiocyanate donor ligands, because, from a
chemical stability point of view, this is believed to be the weakest
part of the complex. Thus far, however, these efforts have yielded
only limited success, because the conversion efficiency achieved
with complexes that do not contain NCS~ remain well below 10%
[17].

A recent publication from the group of Gratzel, presenting effi-
cient cyclometallated complexes, opens up a new way towards the
synthesis of another family of efficient sensitizers [61]. The higher
absorbance presented by dye 2 (Fig. 5) compared to that of stan-
dard N719 led to significant photocurrents without sacrificing Vo,
attaining overall efficiencies comparable with N719. The absorp-
tion increase was due to a significant red shift in spectral response,
attributed to the fact that the cyclo-metalated ligand is a stronger
donor than the two thiocyanate groups, resulting in a destabiliza-
tion of the Ru(t,g) levels and narrowing the HOMO-LUMO gap of
the sensitizer [17].

A very promising alternative, reported more recently, is
another thiocyanate-free charge-neutral Ru(Il) heteroleptic sensi-
tizer, incorporating a difluoro-phenyl pyridinato ancillary ligand.
In this way, a large light-harvesting capability up to 700 nm was
obtained leading to a high DSSC performance in conversion effi-
ciency (9.5%, while 8.6% was measured for N719 under similar
conditions) [142]. This improved efficiency arises from two main
points: first the presence of thiophene or bithiophene groups
enhance the red response of a complex, probably due to lateral
mr-stacking interactions at the TiO, surface [17]; and second, the
presence of the fluorine atoms that reduce the Lewis basicity of
the pyridyl-pyrazole ligand, possibly by adjusting the Ru(II)/Ru(III)
redox potential at a level where rapid regeneration of the sensi-
tizer by the iodide ion is possible, without the need of the sulphur
atoms of -NCS pointing towards the electrolyte. Simultaneously,
the novel dyes present extremely large potentials (of the order of
810-830mV). Most probably, this also comes from the presence
of fluoride atoms coordinating with Li* ions (from the electrolyte),
impeding the intercalation into the TiO,, that normally decreases
Voc [143].

To this end, it must be highlighted that with the number of
possibilities for dye structures being very large, state of the art the-
oretical calculations should be employed as a guide for the selection
of the most promising candidates for synthesis. For instance, with
a new technique recently developed by Jones and Troisi, it is pos-
sible to predict the rate of injection of a new chromophore in a few
hours using a desktop computer and routine quantum chemistry
packages [144]. Similarly, the recently developed scaled opposite-

spin configuration interaction singles-doubles code, abbreviated as
SOS-CIS(D) [145] appears to offer great accuracy in calculating the
UV-visible spectra for novel sensitizers. Finally, a recent study by
Pastore et al. has pointed out that a proper time-dependent DFT
formulation is capable of providing excitation energies for organic
dyes that are of comparable accuracy to the most sophisticated cor-
related ab initio methods, such as SOS-CIS(D) [146]. In any case, all
above mentioned new methods will hopefully assist the experi-
mentalists in the judicious selection of molecular components to
engineer the best-performing molecular chromophores for future
generation DSSCs [17].

During the last decade, intensive research effort in our group
was spent on the preparation of novel ruthenium(Il) complexes
and their utilization in DSSCs as photosensitizers. We thus have
synthesized, characterized and evaluated more than 20 novel
ruthenium(Il) complexes bearing a series of bi- and tridentate
organic ligands. In the following sections, we present an outline of
our main contributions in this exciting field and thoroughly refer
to the lessons learned from this research activity.

3. Bidentate ruthenium complexes

Two types of Ru(ll) complexes with bidentate ligands (L) are
discussed below. The first category refers to complexes bearing
the classical cis-[Ru(bpy),L]?* moiety (bpy: 2,2’-bipyridine), while
the second to complexes of the formula cis-[Ru(dcbpyH;),L]%*
(dcbpyHs: 2,2'-bipyridine-4,4’-dicarboxylic acid).

3.1. Synthesis and characterization

3.1.1. Complexes of the general formula cis-[Ru(bpy)> )L]**

Cationic Ru(Ill) complexes, of the general formula cis-
[Ru(bpy),(LMIX,  [X=Cl-, n=1,L!=4-carboxy-2-(2'-pyridyl)
quinoline (complex 4); n=2,L%=2,2-pyridine-4,4'-dicarboxylic
acid (complex 6)] and cis-[Ru(bpy),(L')2)]Xy [L'=4-
pyridinecarboxylic acid (complex 8)], were recently reported
(Fig. 8)[147]. These dyes were prepared according to a straightfor-
ward and reproducible synthetic procedure and physicochemically
characterized. Typically, dyes 4, 6 and 8 were isolated as orange
solids by a one-step, high yield procedure, from the direct reac-
tion of cis-[Ru(bpy),Cl;]-2H,0 [148] with the corresponding
ligand L in a refluxing EtOH/H,0 mixture (1/1, v/v) or in water.
Subsequently, the hexafluorophosphate salts 5, 7, and 9 were
prepared by the addition of NH4PFg in an aqueous solution of the
corresponding chloro derivatives. These salts were obtained as
brown solids in moderate yields as air-stable and analytically pure
solids. Complexes 4-9 were characterized by elemental analyses,
mass spectrometry (MS), one- and two-dimensional nuclear
magnetic resonance (NMR) spectroscopy experiments, Fourier-
transform infrared spectroscopy (FTIR) and Raman spectroscopy,
and by ultraviolet-visible (UV-visible) absorption spectroscopy.
Repeated attempts to obtain single crystals suitable for X-ray
crystallography led to microcrystals or powders of the compounds.
Elemental analyses, MS, and NMR data for compounds 4-9 are all
consistent with the structures shown in Fig. 8.

The FTIR spectra of 4, 6, 8 and 5, 7, 9 are almost identical in the
region of 4000-400 cm~!, apart from the presence of a strong and
broad band corresponding to the characteristic stretching mode
v3(P-F) of the PFg~ anion. The value of this band is between
831cm~! to 868 cm~!, while the deformation mode v4(P-F) was
observed near 557 cm~! [147]. Moreover, in the FTIR spectra of 4-9,
the absorption band assigned to the v(C=0) stretching vibration is
present as a broad and medium intensity absorption band ranging
from 1709 cm~! to 1735 cm~! (Table 1). It also has to be mentioned
that for4 and 7 (Table 1) the position of the v(C=0) absorption band
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Fig. 8. Molecular structures of sensitizers 4-9 [147].

differs significantly from that previously reported in the literature.
Additionally, the v(C=0) stretching vibration upon going from 4
(1735cm~1) to 6 (1728cm!) to 8 (1716cm~!) appears at lower
frequencies, due to the increasing electron density at the Ru(Il)
metal center. In most of the above complexes, the antisymmetric
carboxylate vibration v,5(CO5~) [122] is hard to be observed. For 4
and 6 this vibration is tentatively assigned at 1624 and 1635 cm™!

respectively due to overlap with the bpy stretching vibration bands
[154] at 1601 and 1602 cm~.

The Raman spectra of all complexes in the powder form were
alsorecorded giving well-resolved bands, indicating the high purity
of these substances. The v(C=0) stretching vibration of 6 and 7,
present as a medium intensity absorption band at 1728 cm~! and
1709 cm! respectively, was not detected in the other four com-
plexes described. The Raman spectra of the TiO, photo-electrodes
sensitized with complexes 6 and 7 present significant changes,
compared to the spectra of the pure solids, such as broadening and
frequency shift of the ring stretching modes at 1480, 1545, and
1605cm~1, which is characteristic of the dye chemisorptions to
the titania surface [140,155]. On the other hand, the Raman spectra
of TiO,-grafted complexes 4, 8 and 9 are dominated by the anatase
TiO, bands; thus, the contribution of the dyes to these spectrais rel-
atively weak. The molecular composition of compounds 4-5, 6-7,
and 8-9 was further confirmed by electrospray ionization mass
spectrometry (ESI-MS). For complexes 5, 6 and 7 the molecular ion
peaks [M/2]%* were detected at m/z=332 (5) and m/z=329 (6 and
7) in the corresponding positive mode ESI-MS spectra.

The absorption spectra of complexes 4-5 and 6-7 in ethanol
(10> M), display a metal-to-ligand charge transfer (MLCT) transi-
tion band in the 452 to 454 nm region [156] with molar extinction
coefficients (1.3 x 10*M~1cm~! to 1.7 x 10*M~! cm~') compara-
ble or even higher than that of N719 (1.4 x 104 M~1). However,
the visible spectra of 8-9 is dominated by two distinct and broad
transitions at 459 and 354 nm for 8 and 458 and 351 nm for 9. Fur-
thermore, upon going from4and 5 to 8 and 9, Amax is slightly shifted
toward the red, denoting that, as expected, the absorbance of the
complexes depends on the nature of the carboxyl-bearing ligand.
Interestingly, the hexafluorophospate analogues 5,7 and 9 present
higher extinction coefficients in the MLCT absorption bands, sug-
gesting that they can act as much more efficient light harvesting
molecular antennae (vide infra).

The absorbance spectra of the TiO, films sensitized by dyes
7-9, revealed broad absorption band of rather low intensity.
The corresponding absorption spectra of dyes 4-6 is dominated
by strong and quite broad absorption bands in the visible cen-
tered at about 460 nm. Upon grafting onto the titania surface,
the absorption band of dyes 5, 6 and particularly 7 is clearly
red-shifted in contrast to the blue shift observed in other reported
dyes [157]. This shift to higher wavelengths was attributed to
the electronic coupling between the adsorbed dyes and TiO;
[158]. Note that the red shift of the dye absorption in the visi-
ble favors solar light harvesting. In this respect, it was verified
that the absorption efficiency of the dyes also depended on the
concentration of the dye adsorbed on the TiO, film. Dyes 4, 8
and 9 were less efficiently adsorbed than 5 and 6-7. In fact,
the amount of adsorbed dye on a TiO, film was determined by
desorbing the dye from the TiO, surface into a 0.01 M NaOH aque-

Table 1

V(C=0) absorption bands (cm~") of cis-[Ru(bpy)2)L]** complexes 4-9.
Complexes? V(C=0)° (cm™") V5(CO2~ )P (cm™1) V(C-0)° (cm™1) Reference
cis-[Ru(bpy)2(L)]Cl (4) 1735 1380 1211 [147]
cis-[Ru(bpy)2(L1)]Cl, 1610 - - [149,150]
cis-[Ru(bpy)2(L)](NOs ), 1607 - - [149,150]
cis-[Ru(bpy)2(L")](PFs ), (6) 1714 1395? 1222 [147]
cis-[Ru(bpy)2(L2)]Cls (5) 1728 1397 1221 [147]
cis-[Ru(bpy)2(L2)](PFs )2 (7) 1709 1366 1230 [147]
cis-[(Ru(bpy)2(L?)](PFs )2-1.5H,0 1736 - - [151,152]
cis-[Ru(bpy)2(L?)](PFs)2 1716 - - [151,152]
cis-[Ru(bpy)2(L?)](PFs)2 1734 - - [153]
cis-[Ru(bpy)2(L )2 X2 (8) 1716 - 1228 [147]
cis-[Ru(bpy)2(L')2J(PFs)2 (9) 1715 - - [147]

2 bpy: 2,2'-bipyridine.

b Band positions of the specified molecular vibrations in the corresponding vibrational spectra.
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ous solution. Typical dye uptakes were 3.4 x 107 molcm—2
(4), 22x107molcm2 (5), 23x10"7molcm=2 (6) and
2.4 x 107" molcm~2 (7). Notably, these values are larger than
that of commercial N719 (1.5 x 10~7 molcm~2), which was also
used as a reference. For dyes 8 and 9, the titania film after impreg-
nation into a 0.3 mM ethanol solution of the dye, afforded a very
faint color implying that the amount of the dye adsorbed was
negligible, which is in accord with the Raman spectrum of these
compounds upon grafting to the TiO, films.

3.1.2. Complexes of the formula cis-[Ru(dchpyH, ),L[?**

As a continuation of the above reported class of com-
pounds we have more recently focused on the corresponding
cis-[Ru(dcbpyH,),L]?>* complexes [159]. The latter were pre-
pared from cis-[Ru(dcbpyH;),Cl;] after removal of the halide
ligands with AgNO3; and subsequent addition of a stoichio-
metric amount of the corresponding ligand L (L!=4-carboxy-
2-(2'-pyridyl)quinoline, L* =2-(2’-pyridyl)quinoxaline). Thus, the
cationic complexes of the formulae cis-[Ru(dcbpyH,),(L4)](NO3);
and cis-[Ru(dcbpyH; )>(L1)[(NO3), (10 and 11 respectively, Fig. 9)
were isolated in a pure form as red-brown microcrystalline solids,
after repeated crystallizations of the mother liquor. The homolep-
tic complex [Ru(dcbpyHs; )3]Cl, was also isolated as a side product
from both reactions. The new sensitizers were fully characterized in
terms of their spectroscopical, optical and electrochemical proper-
ties.In the FTIR spectra of 10 and 11, the v(C=0) stretching vibration
appears at 1719 and 1718 cm™! respectively, while the antisym-
metric stretching mode (v3) of the nitrate ion is present as a very
strong and intense broad band at 1385cm1.

The absorption spectra of complexes 10-11 and of the N719
dye were recorded in MeOH (10-> M). Complex 10 displays an
intense and composite band in the visible region at 491 and 448 nm
(e=1.1x10% and 1.4 x 10*M~! cm1), attributed to the metal-to-
ligand charge transfer transition bands (MLCT). On the other hand,
the visible spectrum of 11 shows a broad band at 466 nm with a
molar absorption coefficient of 1.6 x 10* M~ cm~!. Two distinct
shoulders at 369 and 351 nm and an absorption band at 307 nm
are assigned to intraligand w-m* charge-transfer transitions local-
ized on the dcbpyH; and the L! ligands. From 10 to 11 there is
a characteristic hypsochromic shift (25nm, 0.13eV, 1100cm™1),
attributed to the presence of the electron-withdrawing ~COOH
group on the coordination sphere of the incoming 4-carboxy-
2-(2'-pyridyl)quinoline ligand, as opposed to the nitrogen atom
contained in the 2-(2'-pyridyl)quinoxaline ligand [160]. Finally,
detailed analysis showed that both dyes present no emission at
ambient temperature in methanol solutions. The same result was
also confirmed with degassed solvents.

Fig. 9. Molecular structures of ruthenium(Il) dyes 10 and 11 [159].

3.2. Photoelectrochemical studies

The above described Ru(Il) complexes were used to sensitize
TiO, photoelectrodes of optimum structure; then, sandwich-type
DSSCs were assembled using a PMII-ionic liquid based electrolyte
(purchased from Dyesol) and illuminated by a solar simulator pro-
viding a power density of 100 mW cm~2 (1 sun, AM 1.5). The cell
parameters, including the overall photovoltaic efficiency, are sum-
marized in Table 2. The two newly synthesized dyes (4 and 5)
attained extremely poor efficiencies of the order of 0.01-0.03%,
probably due to the single carboxyl group attached on the modified
quinoline ligand, obstructing a strong bonding on the semiconduc-
tor’s surface and thus a good electronic coupling with the density
of states in TiO, [157]. On the other hand, dyes bearing two (non-
chelating) isonicotinic acids as ligands, i.e. carrying two carboxyl
groups (instead of one), did not improve much the efficiencies;
dye 8 gave only 0.01% while the dye having PFg~ as the counter
ion (9) attained a higher efficiency of 0.4%, attributed to the bet-

Table 2

Electronic spectroscopic data of dyes bearing bidendate ligands and performance parameters of TiO,-based DSSCs sensitized by the same dyes.
Ru-photosensitizer £2 (104 dm3 mol~! cm™!) (Amax® (nm)) Jsc€ (mAcm~2) Vocd (mV) FF® n" (%)

1.3 (452) 0.08 391 0.48 0.01

5 1.3 (454) 0.12 432 0.54 0.03
6 1.3 (454) 3.89 585 0.55 13
7 1.7 (454) 3.07 571 0.58 1.0
8 0.7 (354), 0.5 (459) 0.06 258 0.38 0.01
9 1.7 (351), 1.0 (458) 1.04 559 0.59 0.4
10 1.4 (448),1.1 (491) 0.38 390 0.59 0.1
11 1.6 (466) 4.00 569 0.69 1.6
N719 1.4(383),1.4(527) 15.11 755 0.64 7.3

2 Molar absorption coefficient.

b Wavelength of maximum absorption.
¢ Short-circuit current.

d Open circuit potential.

e Fill factor.

f Overall power conversion efficiency.
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ter stabilization of the complex due to the greater size of PFg~ (in
comparison with the small chloro anion).

However, sensitizers bearing a dicarboxy-bipirydine ligand gave
higher efficiencies, attaining n values over 1.0%; especially dye 7
attained an efficiency of 1.3% with a short circuit photocurrent den-
sity (Jsc) of 3.89 mA cm~2, an open circuit potential (Vo) of 585 mV
and a fill factor (FF) of 0.55. Under similar experimental conditions,
dye 7 gave 1.0%. As seen in the previous section, the absorbance of
these two dyes was higher (broader spectrum in combination with
a higher absorption coefficient [147]) than that found for the other
dyes (4, 5, 8 and 9), implying a stronger adsorption of these com-
plexes on TiO, due to the chelating nature of the bipyridine ligand
carrying two protons. The molecular structure of these complexes
also favored their energetic position, as the interface energy dia-
grams have previously shown that the excited states of dyes 6 and 7
match well the lower bound of the semiconductor conduction band,
thus minimizing energy losses during the electron transfer process
[147]. This better matching plays a crucial role, making electron
injection to TiO, more favorable.

Certainly, the two optimum dyes present significantly lower
efficiencies than those gained by the standard N719 dye (n=7.3%,
Table 2), despite their similarity in molecular structure, probably
due to the absence of the thiocyanate (-NCS) ligands, which sta-
bilize the t; molecular orbitals, lowering the dye energy levels
and causing an important red shift to the corresponding MLCT
absorption bands. Studies are in progress with the aim of fur-
ther improving the sensitizing properties of the dye-sensitized
solar cells based on the aforementioned dyes containing the cis-
[Ru(bpy);]%* core.

Two other Ru(ll) complexes (10 and 11) bearing the modi-
fied quinoline ligand in conjunction with two bicarboxy-bipirydine
ligands (complex 11 bears a carboxy-(pyridyl)quinoline ligand)
were also prepared and used for the fabrication of DSSCs. Despite
the fact that the dye uptake was similar for the two new com-
plexes, being analogous to the coverage measured for N719 dye
(these results will be published in due course), the short cir-
cuit photocurrent density (less than 0.5mA cm~2) of complex 10
was significantly lower (about ten times) than the Js. of dye 11
(4mAcm~2), probably due to the formation of dye agglomer-
ates that cannot contribute to sufficient electron injection to the
conduction band of the semiconductor. Accordingly, the overall
efficiency of complex 10 was very low (1 =0.1%), while in the case
of complex 11 an overall energy conversion efficiency of 1.6% was
obtained. Furthermore, the V, of the 11-cell (being 569 mV) was
more than 200 mV larger than that of the dye 10 (Vo =390 mV),
implying less recombination or a positive shift of the conduc-
tion band edge of the TiO, caused by the protons that dissociate
from the carboxyl groups of the ruthenium dyes grafted on titania
[157]. This is in accordance to previously reported studies for Ru(II)
phenanothroline complexes [161] and for the cis-[Ru(bpy),(L2)]?,
cis-[Ru(bpy),(dcbpyH;)]?* [147] and Ru(bpp)(dcbpyH)(X)] com-
plexes (bpp =2,6-bis(N-pyrazolyl)pyridine, X=Cl~, NCS™) [162]
prepared by our group (vide infra). Furthermore, a comparison of
the power conversion efficiency of the best dye 11 (n=1.6%) with
that for cis-[Ru(bpy)>(L?)]** (n=0.03%) [147] reveals the impor-
tance of the dcbpyH, anchoring group on the performance of the
corresponding DSSC.

4. Tridentate ruthenium complexes
4.1. Synthesis and characterization
The synthesis of bipyrazolyl(pyridine)-coordinated Ru(Il) dyes

12 [163] and 13 [164], shown in Fig. 10, was published in
2002. 12 was prepared in moderate yield by consecutively react-

12:X=Cl
13: X=NCS

Fig. 10. Bipyrazolyl(pyridine)-bipyridine Ru(II) sensitizers 12 and 13 [163,164].

ing RuCl3-3H,0 with 2,6-bis(3,5-dimethyl-N-pyrazolyl)pyridine
(bdmpp), dcbpyH, in the presence of LiCl and triethylamine, and
NH4PFg (to exchange Cl~ for PFg~)[163,164]. 13 was then prepared
in excellent yield by reacting 12 with NaNCS [164].

Cationic complexes 12 and 13 were fully characterized by
electrospray ionization mass spectrometry (ESI-MS), one- and two-
dimensional NMR spectroscopy experiments, FTIR spectroscopy,
cyclic voltammetry (CV), and UV-visible absorption spectroscopy.
In the FTIR spectra of 12, the absorption band at 1715cm~! cor-
responds to the carboxylate C=0 bond stretching, while the bands
between 1231 cm~! and 1262 cm~! originate from the C-O bond
stretching. The related bonds in the FTIR spectra of 13 resonate
at 1713cm™! and between 1232cm~! and 1262 cm~!. Moreover,
the strong absorption band at 2109 cm~! was assigned to the N-
bonded NCS ligand [v(C=N) stretching vibration] and a band at
771cm™! to the v(C=S) stretching vibration. The molecular ion
peaks (M*) of complexes 12 and 13 were detected at m/z=648
and m/z=671.2, in the corresponding ESI-MS spectra (positive
mode), along with several expected fragments. The structures
depicted in Fig. 10 are also fully consistent with the obtained
NMR data (i.e. chemical shifts, integrations, peak multiplicity, and
2D homo- and hetero-nuclear coupling experiments). Addition-
ally, both dyes show well-defined reversible oxidation-reduction
waves attributed to the Ru(II)/Ru(IIl) redox couple. The oxidation-
reduction processes for complexes 12 and 13 were observed at
half-wave potentials (E;;) of +0.81V and +0.795 V versus Ag/AgCl,
respectively. A peak observed at —0.612V in the voltammogram of
13 was attributed to the first ligand-centered reduction.

The electronic spectra of complexes 12 and 13 in solution
(MeOH, 10-4M), which are typical of Ru(ll) diimine systems,
present a quasi-similar behavior with three absorption maxima of
very high intensity (¢>20,000 M~ cm~1) in the visible, attributed
to metal-to-ligand charge transfer (MLCT) processes from a d-
orbital of the metal to a 7*-orbital of a ligand. Both dyes show an
absorption hump at about 570 nm, while their absorption coeffi-
cients are still high (¢ ~3000M~! cm~1) even at 650 nm. Thus, both
12 and 13 absorb over the most of the visible, but also expand with
atailin the near-IR region. The spectra of both dyes are blue-shifted
compared with that of N3, although they present significantly
higher absorbance extinction coefficients. These dissimilarities ver-
ify that the bdmpp ligand is involved in the MLCT transitions and
that this ligand is a weaker acceptor than dcbpy. Furthermore,
halide ions are stronger o- and w-donors than the NCS ligand and
someone would expect a blue shift in the absorbance spectra of
13 in comparison with 12; however, a slight red-shift (~10 nm,
0.07 eV or 570 cm~1) was observed, which was attributed to 7r-back
donation from the Ru(Il) center to the isothiocyanato ligand.

The absorbance spectra of the dye-sensitized TiO-, films, by both
12 and 13, reveal a strong and broad absorption in the visible
centered at 463 nm [162]. The spectra for the two sensitized photo-
electrodes are almost identical and cover a good part in the visible
region, although the spectrum of the film sensitized by 13 expands
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14:X=Cl 16
15 : X=NCS

Fig. 11. Bipyrazolyl(pyridine)-bipyridine Ru(Il) dyes 14-17 [165].

with a somewhat longer tail up to about 730 nm. This small change
in the tail of the absorption spectrum shows that the low energy
MLCT transition is only slightly influenced by the presence of a 7*
low-lying orbitals ligand like NCS. The fact that this change is not
observed in solution most probably originates from the dependence
of the spectra on the solvent (MeOH); in other words, a possible
exchange of the anionic ligand with a neutral solvent molecule
may slightly shift a MLCT band. Also, the absorbance spectra of the
modified TiO, thin film photoelectrodes are broader than the cor-
responding spectra of the dyes in MeOH suggesting an important
change in the energy levels of HOMO and LUMO of the complexes.
This was rationalized on the basis of a strong interaction between
the dye molecules and the TiO, substrate, and was considered as
a confirmation of the chemical binding of the sensitizers to the
semiconductor’s surface via the formation of ester-like linkages.

Heteroleptic Ru(Il)-based complexes 14-17 (Fig. 11) have
been also synthesized, spectroscopically characterized, and eval-
uated in DSSCs [165]. 14 was prepared almost quantitatively
by reacting Ru(bpp)Cl; (bpp =2,6-bis(1-pyrazolyl)pyridine) [166]
with dcbpyH, in the presence of triethylamine (acting as both
reducing and deprotonating agent). Halide substitution reactions
of 14 with either NCS (NH4NCS) or CN (NaCN) led to the neu-
tral and anionic sensitizers 15 and 16 in 89% and 67% isolated
yield, respectively. Also, the reaction of 14 with HCI quantitatively
afforded the cationic Ru(ll) complex 17. Complexes 14-17 (Fig. 11)
have been obtained analytically pure by simple crystallizations,
that is, without the need for use of time-consuming chromato-
graphic purification, and are all air stable in the solid form. 14-17
were characterized by elemental analysis, mass spectrometry, one-
and two-dimensional NMR spectroscopy experiments, FTIR spec-
troscopy, cyclic voltammetry, as well as by UV-visible absorption
and emission spectroscopy.

Elemental analyses, mass spectrometry, and NMR data for com-
pounds 14-17 are consistent with the structures shown in Fig. 11.
Note, that care should be taken when dissolving 14 in (CD3),SO0, as
it undergoes slow chloride substitution by solvent molecules. FTIR
spectra of complexes 14 and 15 are almost identical, as expected for
isostructural compounds, except for the presence of a strong NCS
band at 2109 cm~!, in complex 15, assigned to N-bonded NCS lig-
and [V(C=N) stretching vibration]. The presence of a less intense
band at 815cm~! was assigned to the v(C=S) stretching vibra-

tion. Also, the characteristic v(C=N) stretching vibration Raman
band in 15 appears at 2112 cm~!, slightly shifted compared to the
value observed by IR. Both 14 and 15 exhibit a broad and medium
intensity IR absorption band at about 1718 cm~, assigned to the
V(C=0) stretching vibration. This band has a slightly higher fre-
quency than that of 12 and 13 (Fig. 10), an observation that was
attributed to the higher electron density at the Ru(Il) center of
complexes 12 and 13 bearing the methyl-substituted pyrazolyl-
pyridine ligand bdmpp. Anionic complex 16, on the other hand,
shows no IR bands above 1700cm~!, confirming the absence of
protonated carboxylic groups. Instead, there is a very strong and
broad band at 1600 cm~1, assigned to the v(CO,~) antisymmetric
stretching vibration. Furthermore, the strong band at 1377 cm™!
was assigned to the symmetric vibration mode of the carboxylate
group [v(CO,7)]. The presence of the terminal cyanido ligand in 16
is confirmed by a medium intensity absorption band at 2077 cm~!,
in accordance with similar ruthenium complexes from the lit-
erature. The Raman spectrum of complex 16 showed very well
resolved bands, which are indicative of the high purity of this com-
pound, with the characteristic v(CN) mode as a medium intensity
band at 2076 cm~. Finally, cationic 17 displays the v(C=0) stretch-
ing vibration at 1718cm~! and the v(C-0) mode at 1230cm™!
as a medium intensity band, while the Raman spectrum of 17
reveals a medium intensity band for the v(Ru-Cl) stretching mode
at335cm~1, in line with literature precedence.

Well-defined reversible oxidation-reduction waves, attributed
to the Ru(Il)/Ru(Ill) redox couple, were obtained for dyes 14 and
17. The neutral dye (14) has a lower oxidation potential (+ 0.68V
versus Ag/AgCl) than cationic 17 (+0.73V versus Ag/AgCl). Taking
into account that the onset of the dye absorption spectra is the
same, electron injection is expected to be more efficient for 17
compared to 14 (vide infra).

The solid-state structures of complexes 12 (Fig. 10) and 16
(Fig. 11) have been also determined by single crystal X-ray diffrac-
tion [165]. Both complexes reveal distorted octahedral geometry
around the Ru(Il) metal ion. The ligands bdmpp and bpp chelate
meridionally via their three nitrogen atoms, forming a plane with
one of the nitrogens of the dcbpyH, ligand. The second nitrogen
atom of dcbpyH, and the chloride ligand occupy the axial positions.
Distortion results from the constrained bite angle of the chelat-
ing tridentate bipyrazolyl(pyridine) of 156.5(3)° and 156.15(3)°
respectively. Because of this constrained bite angle, the ruthenium-
nitrogen bond to the pyridine nitrogen (of the bipyrazolyl ligands)
is shorter than those belonging to the pyrazolyl substituents in both
12 and 16.

The electronic spectra of complexes 14-17 in solution, mea-
sured in (CH3);SO, show high energy bands assigned to m-m*
charge-transfer transitions localized on bipyridine ligands in the
294 to 313 nm range. The corresponding absorption bands in the
visible region was attributed to MLCT transition bands in analogy
to other reported Ru(Il) polypyridyl complexes. In particular, the
spectra of 14, 15, and 17 are similar, displaying a broad band con-
sisting of three absorption bands at 480, 434, and 384 nm for 14,
483, 438, and 388 nm for 17, and 466, 418, and 376 nm for 15,
respectively. The visible spectrum of sensitizer 16 displays a broad
band at 430 nm. The maximum absorption wavelengths shown by
14, 15, and 16 are blue-shifted in the order CI~, NCS—, CN—, consis-
tent with a decrease of electron density on the metal. In addition,
the absorption spectra of 14, 15, and 17 display a broad band at
approximately 570 nm (530 nm for 15) expanding in the near-IR
region, a characteristic that permits harvesting of less energetic
photons. Moreover, the absence of emission by complexes 14-17
was attributed to the fact that these complexes are expected to have
low-lying triplet ligand field excited states that facilitate rapid non-
radiative decay, therefore decreasing the probability of radiative
emission.
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19

Fig. 12. Terpyridine- and 2,6-dipyrazinylpyridine-coordinated Ru(Il) complexes 18 and 19 [167].

The absorption spectra of chemisorbed 14-17 on TiO, films are
broad compared with the corresponding dye peaks in solution, in
analogy to sensitizers 12 and 13 (vide supra). Also, the absorption
intensity of dye 17-sensitized TiO, films is higher than that of the
sensitized films with partially deprotonated 14, suggesting a more
efficient adsorption for 17. Actually, the amount of adsorbed dye to
the surface of the TiO, films was determined by desorbing it from
the TiO, surface into a NaOH aqueous solution. Indeed, the number
of adsorbed molecules of the dye adsorbed per square centimeter
of geometrical surface area (I7) is about one order of magnitude
higher for 17 than for 14. The implications of this effect will be
extensively discussed in Section 3.2.

More recently, we reported the synthesis, characterization,
and TiO,-sensitizing ability evaluation of Ru(Il) dyes 18 and 19,
shown in Fig. 12, which are coordinated with terpyridine and 2,6-
dipyrazinylpyridine ligands respectively [167]. Complexes 18 and
19 were characterized by one- and two-dimensional NMR tech-
niques, ESI mass spectrometry, as well as by UV-visible, emission,
FTIR, Raman, and cyclic voltammetry studies. Comparison of these
two sensitizers with black dye (1, Fig. 3) provided more insight into
the sensitizers’ optimum structure and geometry, paving the way
for a more detailed structure-function correlation in these systems.

Complex 18, isolated in the form of two isomers in a 76/24
molar ratio due to the ambidentate nature of its NCS lig-
ands (N-coordinated NCS versus S-coordinated NCS), was easily
prepared via a two-step synthetic route in 57% total isolated
yield. The molecular ion of 18 was detected by negative-mode
ESI-TOF/MS at m/z=552.9160 (requires 552.9154). Also, the 2,6-
dipyrazinylpyridine-substituted analogue of complex 18 was
targeted, to study the effect of this more electron-withdrawing lig-
and on the sensitizing properties of the resulting Ru(Il) complex.
The preparation of the precursor to the dipyrazinylpyridine ana-
logue of 18 was straightforward; however, in the next step of the
synthetic procedure, binuclear complex 19 was isolated instead of
the anticipated dipyrazinylpyridine analogue of 18. NMR data for
19 are consistent with the structure shown in Fig. 12. Moreover,
although it had not been possible to observe the molecular tetraan-
ion neither via ESI-TOF/MS nor via ESI/MS, some of the detected
fragments could very well originate from complex 19. For exam-
ple, the monoanion at m/z=772.7612 in the negative mode ESI-TOF
spectrum could be [M-3NCS]~ (requiring 772.7605).

The FTIR spectra of 18 exert pronounced similarities with that
of black dye 1 (Fig. 3), as expected. A strong and relatively broad
absorption observed at 2104cm~! was attributed to the char-
acteristic V(C=N) stretching vibration of both the N- and the

S-coordinated NCS ligands (both linkage isomers of complex 18
- vide supra). Also, the two bands at 791 and 764cm~! [v(C=S)
stretching] were assigned to the all-N- and all-S-coordinated iso-
mers of ruthenium(Il) complex 18, respectively, in close agreement
with the corresponding linkage isomers of black dye, where the
analogous stretching bands are observed at 788 and 757 cm™!,
respectively. Finally, the band at 1693 cm~! was assigned to the
C=0 stretching band of the protonated carboxyl group in 18. Dye
19 shows similar characteristics with dyes 1 and 18, presenting a
broad C=N stretching mode at 2098 cm~!, and the C=S modes at
789 and 775 cm™1, due to both N- and S-coordinated NCS ligands.
The carboxyl C=0 stretching mode in 19 is observed at 1716 cm™1.

Off-resonance Raman peaks of dye 18 under near-IR excitation
could not be observed due to the strong photoluminescence band
recorded in its emission spectra (vide infra). On the other hand, Res-
onant Raman spectra of dye 18, both in the powder form as well as
when anchored on the film, are very similar to that of black dye (1).
The C=N frequency of the NCS ligand is shown at 2120 cm~!, with a
shoulder at 2068 cm~!, indicating both N- and S-type coordination
to ruthenium(Il), in perfect agreement with the IR analysis. Also, it
is very interesting that low-frequency modes at 922, 694 (in-plane
pyridine deformation), and 535 (out-of-plane pyridine deforma-
tion) soften to 890-900, 680, and 530 cm~!, which stems from the
missing carboxyl groups on the pyridine moieties of dye 18. Fur-
thermore, the changes observed in the Resonant Raman spectra
of dye 18 upon sensitization of TiO, films verify chemisorption
of the dye on the semiconducting surface, most likely via biden-
tate chelation or bridging-type coordination. The analysis of the
off-resonance Raman spectra of dye 19 shows several strong lines,
due to C=N related vibrations, at 1480 and 1516 cm™!, as well C-N
related modes at 1200 and 1282 cm™!, in accordance with results
on tris(bipyrazine)ruthenium(Il) complexes and heteroleptic com-
plexes with pyridine and bipyrazine. The strong intensity of the
above modes is justified by the increased number of such bonds
in the pyrazine rings, and the rich spectrum in these regions due
to the co-existence of one pyridine moiety. Resonant Raman spec-
tra of dye 19 were obtained by exciting the dye at 514 nm, very
close to its MLCT transition (503 nm). Strong modes at 1034 and
1460 cm™!, observed under near-IR excitation, are nearly missing
under visible excitation, while, on the other hand, intense modes
at 1024 and 1540 cm~! emerge. This is due to the excitation into
the MLCT that gives rise to resonance enhancement of symmetric
stretching vibrations, and selective enhancement of the pyrazine
modes relative to pyridine ones. Finally, Resonant Raman spectra
of TiO, films sensitized with dye 19 do not show important dif-
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ferences as to the corresponding spectra of the dye in the powder
form, besides the appearance of the TiO, modes. Sharp features, like
those observed with dye 18, were not found in this case suggesting
poor dye sensitization of the film.

UV-visible absorption spectra of the dyes were obtained in solu-
tion (DMF) as well as upon TiO, films, from transmittance and
diffuse reflectance experiments respectively. The absorption spec-
tra of dye 18 are dominated by MLCT transitions with absorption
maxima at 588, 535 (as a shoulder), and 390 nm. High-energy
narrow bands, due to 7-7* intra ligand transitions, are shown
at 327 and 280 nm. The molar extinction coefficient at 588 nm is
7640 M-1cm~1. Dye 19, on the other hand, has a completely dif-
ferent spectrum with a broad MLCT band at 503 nm, and 7-7*
transitions at 293 and 265nm, which are similar to those of
tris(bipyrazine)ruthenium(II) complexes. A very broad absorption
band at the near-IR region is also observed, possibly due to the
Ru(NCS)s unit. Upon TiO, sensitization, the wavelengths of the
absorption maxima are only slightly affected. The absorption band
of dye 18 keeps its shape, while for dye 19 a clear broadening is
observed. This effect could be a sign of possible dye 19 agglom-
eration on the TiO, film. Finally, dye 18 shows an approximate
40 nm blue shift of Amax (0.13 eV or 1060 cm~1) in comparison with
black dye (1). The emission properties of the dyes were also studied
in DMF. From the intersection between the UV-visible and emis-
sion spectra of sensitizer 18, its excitation transition energy was
determined to be 1.80eV (690 nm).

The cyclic voltammogram of dye 18 presents a reversible wave
at +0.87V (versus Ag/AgCl), attributed to the Ru(II)/Ru(Ill) redox
couple, as well as a reversible ligand reduction centered at —1.35V
(versus Ag/AgCl). Using the excitation HOMO-LUMO transition
energy value Eg_o=1.80eV, the LUMO energy level for 18 was
estimated to about —0.93V versus Ag/AgCl. The LUMO levels of
both dyes 1 (black dye) and 18 lie well above the TiO, conduction
band (-0.6V versus Ag/AgCl) permitting electron injection from
the excited dye molecules into the semiconductor conduction band.
Greater injection rates are expected for dye 18, as the driving force
(energetic difference between the LUMO of the dye and the conduc-
tion band of the semiconductor) is larger than in the case of black
dye. The corresponding HOMO levels lie below the I-/I3~ redox
potential (+0.3V versus Ag/AgCl) allowing easy cation reduction
for both dyes. The CV of binuclear complex 19 was also recorded
and presents an irreversible ruthenium(Il)-based oxidation wave
at +1.35V (versus Ag/AgCl), together with two quasi irreversible
ligand-based reductions centered at —0.66 and —1.14V (versus
Ag/AgCl). The existence of only one oxidation wave in bimetal-
lic complex 19 was attributed to poor electronic communication
between the two ruthenium centers and/or low stability of the

corresponding oxidized ruthenium species. In the case of complex
19, the determination of the energetic diagrams was not possible,
due to both relative electrochemical irreversibility and poor fitting
between the corresponding UV-visible and emission spectra.

The chemisorption of dyes 18 and 19 on the TiO, films was
quantified to determine the amount of the dye adsorbed. Sur-
face density was estimated to be 2.63 x 10~7 moles cm~2 for dye
18, more than 2.5 times higher than the loading of dye 19
(1.09 x 10~7 moles cm~2). This difference was attributed to the
chemical structure of 19 (binuclear), which sterically inhibits its
sensitization efficiency by providing much fewer dye monolayers
on the TiO, semiconductor in comparison with dye 18. In any case,
both complexes present reasonable dye amount values in relation
to other efficient dyes, recently reported in literature, implying that
light-harvesting efficiency will not be a limiting factor for attaining
high photovoltaic efficiency. Moreover, it is interesting to note that
both 18 and 19 were adsorbed on TiO, to a greater degree than
black dye 1, in qualitative agreement with the reflectance spectra
of the dyes on TiO, substrates.

4.2. Photoelectrochemical studies

The photoelectrochemical parameters of heteroleptic dyes
12-19, in relation to their active role as providers of photoelec-
trons in DSSCs, were also determined. Complexes 12 and 13,
bearing the pyrazole-terpyridine based ligand (bdmpp), present
similar absorbance in solution as well as when anchored on TiO,
substrates [162]. This could lead to the conclusion that the two pho-
toelectrodes (i.e. TiO, films sensitized by dyes 12 and 13) possess
equivalent dye loading and, thus, their light harvesting efficiency
should have been similar. However, this is not reflected in the
photocurrent obtained and, consequently, to the measured over-
all efficiency; Table 3 summarizes the performance parameters
obtained by the DSSCs prepared using a liquid electrolyte (Dyesol)
and tested under 1 sun AM 1.5 illumination. The DSSCs based on dye
12 produced a continuous short-circuit photocurrent (Js¢) as high
as 2.97 mA cm~2, an open-circuit photovoltage (Voc) of 573 mV and
a fill factor (FF) of 0.68, leading to an overall energy conversion
efficiency of 1.2%. However, significantly better performance was
observed using dye 13. The corresponding values obtained under
similar conditions were: Jsc =8.25 mA cm™2, Voc =621 mV, FF=0.59
and, finally, an energy conversion efficiency n of 3.0%. The con-
siderable increase of the overall conversion efficiency upon going
from 12 to 13 is mainly credited to the about three times rise of
the Jsc and, to a lesser extent, to the about 50 mV difference in Vi
between the two dyes. Still, the above energy conversion efficiency
was about the 40% of the efficiency obtained with the prototype

Table 3

Electronic spectroscopic data of dyes bearing tridendate ligands and performance parameters of TiO,-based DSSCs sensitized by the same dyes.?
Ru-photosensitizer £ (104 dm> mol~' cm 1) (Amax® (nm)) Jscd (mAcm~2) Voc® (mV) FFf HE (%)
12 .0 (450), 2.1 (483) 2.97(1.38) 573 (491) 0.68 (0.46) 1.2(0.5)
13 .2(432),2.3 (475) 8.25(4.29) 621 (584) 0.59(0.43) 3.0(1.6)
14 .7 (434), 0.8 (480) 0.98 493 0.59 0.3
15 8(418), 0.9 (466) 2.07 577 0.65 0.8
16 0 4 (430) 3.14 608 0.66 1.3
17 1 7 (438), 1.7 (483) 3.11 583 0.63 1.1
18 .8 (588) 0.27 214 0.34 25
19 3(503) 6.19 616 0.65 0.02
Black dye 0 9 (627) 10.23 717 0.63 4.6

3 Parameter values in parentheses correspond to DSSCs prepared using a solidified polymer electrolyte [32]. The cells were illuminated under natural sunlight illumination

with a power density of 65.6 mW cm~2 (obtained by reference [162]).
b Molar absorption coefficient.
¢ Wavelength of maximum absorption.
d Short-circuit current.
€ Open circuit potential.
f Fill factor.
& Overall power conversion efficiency.
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N719 dye (1 =7.3%). Similar results for all dyes (but with decreased
values of 1) were obtained using a solidified polymer electrolyte
replacing the standard liquid redox electrolyte [162]. Taking into
account that the only difference between complexes 12 and 13 is
the presence of the isothiocyanato ligand (in 13) instead of a chlo-
ride (in 12), the observed differences in photovoltaic performance
can be only ascribed to the significant contribution of the -NCS
ligand to the HOMO of the complex, achieving better dye regener-
ation, due to the direction of the outermost orbitals of the complex
towards the electrolyte [168].

Another family of dyes was prepared by utilizing the pyrazole-
terpyridine ligand (bpp) shown in Fig. 11. In comparison with
bdmpp, bpp has protons instead of methyl groups in the ortho-
and para-position of the pyrazole ring. Four different complexes
(14-17) were synthesized, characterized (refer to the previous sec-
tion) and tested in DSSCs under standard global AM 1.5 illumination
conditions: 14 and 15 being [Ru(bpp)(dcbpyH)(X)] (in 14, X=Cl~
and in 15 X=NCS~), 16 being the cationic [Ru(bpp)(dcbpyH;)CI]*
and 17 being the anionic [Ru(bpp)(dcbpy)(CN)]~. The results are
summarized in Table 3, with the most interesting being com-
mented below. At this point, we need to note that probably all
four dyes (14-17) are anchored on the semiconductor surface via
one or two (i.e. a bidentate/bridging coordination) carboxyl groups
of the unique bipyridine ring and no spectacular differences in
performances should be expected from different adsorption mode
[121].

Although complexes 14 and 15 differ only in the anionic ligand,
their photovoltaic performance was significantly different; solar
cells of dye 14 gave a Jsc of 0.98 mAcm2, a Vo 0f 493 mV and a FF
of 0.58, yielding an overall power conversion efficiency () of 0.3%.
Under similar experimental conditions, dye 15 produces higher
values of Jsc (2.07 mAcm2), Voc (577 mV) and FF (0.65), resulting
in an about 3 times higher efficiency (0.8%). Taking into account
the fact that dye 14 has a ~3 times larger dye loading and higher
absorbance beyond 500 nm [165], the observed differences could
be only explained on the basis of the presence of the -NCS lig-
and, which facilitates dye regeneration, as earlier mentioned in the
case of complex 13. Further efficiency improvement was attained
by the addition of one more proton at the carboxylate group of
complex 14, resulting in the anionic complex 16 bearing a fully
protonated dcbpyH, ligand. The latter dye presents similar optical
properties with the former one (in solution [165]) but, simultane-
ously, is more sufficiently adsorbed on the TiO, electrodes (about
two times higher dye loading was estimated [165]). This effect leads
to a Jsc enhancement from about 1 up to 3 mA cm~2 (by improving
the dye loading as well as by releasing protons on its surface and
lowering the Fermi-level of TiO,, thus promoting electron injec-
tion [126]) resulting in a conversion efficiency increase from 0.28 to
1.1%, in accordance with analogous reports on carboxylated Ru(II)
phenanthroline complexes [169]. Similar efficiencies (or even bet-
ter ones) attaining values of 1.3% and preserving the high values
of Jsc were gained using the cationic complex 17 carrying one -CN
ligand and no protons (possessing two deprotonated carboxylate
groups), despite the lower absorbance and smaller dye loading (in
relation to dye 16). Although this interesting finding is still under
investigation, we speculate that either the more electronegative
—-CN ligand plays the same role as -NCS, promoting dye regenera-
tion, or that the small counterions (Na*) can more easily access the
TiO, surface, leading to a downward shift of the conduction band,
thereby facilitating electron injection, as De Angelis et al. proposed
in a very recent paper [120].

Our results have shown that heteroleptic complexes bearing the
bpp or bdmpp ligands do not ensure great photovoltaic perfor-
mances (not exceeding 1 to 3% conversion efficiency). This is most
probably due to difficulties in optimizing the adsorption mode and
dipole moment of the dyes [121] a postulate that paved the way

to novel homoleptic ruthenium polypyridyl dyes such as N719 and
black dye.

In this context, two novel Ru(ll) sensitizers (18 and 19) were
prepared by mimicking the functionalities of benchmark black dye.
In 18, a terpyridine ligand bearing only one ~-COOH group in para
position was complexed to ruthenium. In another attempt, we tar-
geted at the enhancement of the electron withdrawing nature of the
anchoring ligand, substituting terpyridine by monocarboxylated
dipyrazinylpyridine; unfortunately, however, a novel, binuclear
complex (19) was isolated instead (vide supra). In any case, both
complexes presented an excellent dye loading when adsorbed TiO;
photoelectrodes (even better than model black dye that contains
two more carboxylic acid moieties [48]), probably due to the great
flexibility of the dyes attached via one anchoring group, which
would require less space, allowing more dye molecules to adsorb
on the titania surface. Thus, we concluded that dye loading would
not be a critical parameter for the efficiency of these two novel dyes
as sensitizers.

Then, the performance of the DSSCs prepared using the com-
plexes 18 and 19 was thoroughly studied in order to check the
molecular structure effects on the overall photovoltaic conversion
efficiency. The power conversion efficiency (1) determined for the
dye 18-based cells was as high as 2.5%, with a short-circuit current
(Jsc) of 6.19mAcm2, an open-circuit potential (Vo) of 616 mV,
and a filling factor (FF) of 0.65 (Table 3). On the other hand, the
corresponding efficiency for the dye 19-based cell was extremely
poor (0.02%), obviously due to the molecular structure of the com-
plex. On the other hand, DSSCs prepared using black dye presented
an efficiency of 4.6%, about double of that attained by the dye 18
(Table 3), mainly due to the higher photocurrent gained. This result
was attributed to a more efficient binding of black dye through the
two carboxylic groups (in relation to monocarboxylate bonding in
dyes 18 and 19), allowing for better electron coupling of the dye
with the semiconductor (despite the lower dye loading), thereby
promoting charge injection from the excited state of the dye [170].
Similar results have been also resolved by other groups studying
analogous homoleptic Ru(Il) complexes [169,171]. In any case, the
obtained efficiency for 18 dye of about 2.5% was very promising.

In order to further improve the above efficiencies, we tried
to understand the reasons why the values attained by dye 18
were lower than that attained by the model black dye. The effi-
ciency losses arise mainly from the lower photocurrent (more than
4mAcm2), as well as from the lower V, (about 100 mV). Trying
to explain the above differences, the electron dynamics governing
the cells constructed with the two different dyes were conducted.
Initially, the electron lifetimes were determined by performing
Intensity Modulated Voltage Spectroscopy (IMVS) experiments on
the two cells (Fig. 13a). It was found that the black dye-based DSSCs
clearly present a reduced recombination rate (longer electron life-
times) [134] than dye 18-based cell, confirming the differences
observed at V. values (despite the fact that the TiO, conduction
band is shifted towards more positive potentials upon black dye
adsorption).

On the other hand, as noted above, significant differences were
observed on the photocurrent delivered by the two cells. The Js in
a DSSC depends on the light harvesting of the photoelectrode, the
injection efficiency of the electrons from the dye onto the semi-
conductor and the collection efficiency of the electrons at the back
contact. The light-harvesting of dye 18 is significantly lower than
that of black dye above 600 nm; however, this change cannot solely
account for the large Js differences. Differences in charge injection
efficiencies (concerning the driving force for electrons injection) are
difficult to be evaluated since the LUMO of dye 18 is higher than that
of black dye, but, coincidently, the conduction band edge of TiO, is
also higher upon adsorption of dye 18 in comparison with black
dye. Thus, the only possibility that remains to justify the observed
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Fig. 13. Electron lifetimes with varying photovoltage (a) electron diffusion coeffi-
cients with varying Jsc (b) [167].

Jsc differences, is the higher charge collection efficiency in the case
of black dye. Thus, by estimating the diffusion coefficients at short
circuit, by Intensity Modulated Photocurrent Spectroscopy (IMPS)
experiments (Fig. 13b), the diffusion lengths (L, ) were determined
for the two dyes, being about 45 pm for black dye and only 20 wm
for dye 18. It was then found that black dye had a value of L, more
than double that of dye 18. We must also highlight the fact that
the diffusion length for dye 18 did not overcome the film thickness
(being 22 wm), implying that electrons would be lost during their
diffusion towards the rear contact. The above observations accu-
rately explained the Js. differences observed between the two dyes.
These results are in agreement with other literature reports, which
proposed that dyes with a higher number of carboxylic groups (such
as black dye in the present case), can affect the dynamics of recom-
bination of the charge-separated state of the dye/TiO, moieties in
a positive way (in relation to monocarboxylate-containing com-
plexes like dye 18) [170]. Similar results have been also resolved
by other groups studying analogous homoleptic Ru(Il) complexes
[171].

5. Conclusions
During all these years, our continuous effort in dye synthesis

has led to the isolation, characterization and evaluation of a variety
of ruthenium(II) complexes bearing different organic ligands. This

was achieved by utilizing well established synthetic approaches
and by trying bidendate or tridendate pyridyl-based ligands, differ-
ent counterions and a number of anchoring groups. A key point for
the accomplishment of our goals was the continuous and harmonic
collaboration between organic, inorganic and theoretical chemists,
as well as photoelectrochemists and physicists.

In the field of DSSCs ruthenium dyes’ development, and in line
with the most recent observations in the literature, our work has
led to the conclusion that the existence of as many as possible
anchoring groups on the polypyridyl ligands is in favor of efficient
sensitization. Additionally, complexes based on tridendate ligands
seem to work better than the corresponding dyes bearing bidendate
ligands, most probably due to a better stabilization of the ligand in
the coordination sphere of the ruthenium metal.

Considering our results and comparing them with very recent
literature data, regarding mainly the pivotal dyes N719 and black
dye, we have also concluded that specific requirements are nec-
essary to obtain a highly efficient dye. For example, the specific
adsorption mode of homoleptic dyes increases Voc. In addition,
there is an optimal degree of protonation for the sensitizer, for
which the product of short circuit photocurrent and open circuit
potential is the highest possible. Also, tetra butylammonium coun-
terions have proven to cause a modest energy down-shift of the
TiO, conduction band, due to the fact that they stand far away
from the semiconductor surface and, therefore, a maximum V.
is gained (in relation to smaller counterions like Na*). Finally, to
control recombination, the molecular structure of the dye should
possess binding sites with a minimum affinity for iodine and the
maximum possible distance from the TiO, surface.
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