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Abstract: In this review, we discuss the main directions in which ruthenium complexes for
dye-sensitized solar cells (DSCs) were developed. We critically discuss the implemented design
principles. This review might be helpful at this moment when a breakthrough is needed for DSC
technology to prove its market value.
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1. Introduction
The annual global temperature keeps rising in parallel with the increasing concentration of carbon
dioxide in the atmosphere (Figure 1). Both of these processes are consequences of extensive use of
fossil fuels to meet humanity’s energy demand. To prevent further disturbances of the atmosphere,
the move toward carbon-dioxide-free sources of energy is required [1,2]. Use of solar panels together
with fuel cells or batteries should help in this transition. Many types of solar cells have been developed
in research laboratories and some are on the market. Among these technologies are dye-sensitized
solar cells (DSCs), which were under intense scrutiny for three decades [3,4]. DSC uses a wide
band-gap semiconductor material, which is sensitized to visible light by a dye molecule on its surface.
Various complexes of ruthenium were extensively used as a dye in both small area devices and big
area panels. In this critical review article, we will discuss ruthenium complexes that were utilized
to improve the performance of solar cells. We will go through the design principles that researchers
implemented to obtain a well-performing sensitizer and to discuss which of these principles are valid
after three decades. However, this paper will first describe the working concept of a DSC.
In their most conventional architecture, a small-area DSC is made of a photoanode with a cathode
sandwiching liquid electrolyte in between. The photoanode is made of a glass covered with a film
of transparent conductive oxide. This glass is covered with the blocking and mesoporous layers of
semiconductor, most frequently titania, and the semiconductor is then covered with a monolayer of
dye molecules. The cathode is usually made of the same conductive glass as in the photoanode with
deposited on top it particles of a solid catalyst [5]. The liquid electrolyte is made of a solution of redox
mediator in an organic solvent and contains various additives. In an ideal case, the dye molecule
(S) absorbs the incident photon of high enough energy, and ends up in the electronically excited
state (S*). Excited dye molecules inject their electrons into the conduction band of semiconductor
filling up the present trap states, and remain in the oxidized state (S+ ). The reduced components
of a redox mediator in the electrolyte (I− , Co2+ , Cu1+ , etc.) reduce the oxidized dye molecule (S+ ),
and a hole (h as I3 − , Co3+ , Cu2+ , etc.) in the electrolyte diffuses to the counter electrode. At the same
time, electrons in the titania are collected and path through an external circuit and reach the counter
electrode. The recombination of electrons and holes at the counter electrode closes the circuit. In reality,
additional destructive processes are taking place. Among them, related to the photoanode-electrolyte
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counter electrode. The recombination of electrons and holes at the counter electrode closes the circuit.
In reality, additional destructive processes are taking place. Among them, related to the photoanodeinterface are: (i) electronic relaxation of an excited sensitizer to its ground state; (ii) electron-oxidized
electrolyte interface are: (i) electronic relaxation of an excited sensitizer to its ground state; (ii)
sensitizer
recombination; and (iii) electron-electrolyte recombination. One can design sensitizers to
electron-oxidized sensitizer recombination; and (iii) electron-electrolyte recombination. One can
hamper
these
destructive
pathways.
design
sensitizers
to hamper
these destructive pathways.

Figure 1. The rise in average global temperatures and CO2 concentrations in the atmosphere. The

Figure 1. The rise in average global temperatures and CO2 concentrations in the atmosphere. The graph
graph was built based on data from NASA’s Goddard Institute for Space Studies (NASA/GISS) and
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2. Sensitizers
It worth noting that the oxidation potentials mentioned below are implied versus the normal
electrode (NHE) potential unless otherwise noted.
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Figure 2. A Gerischer diagram illustrating electron injection from the photo-excited sensitizer into the

Figure 2. A Gerischer diagram illustrating electron injection from the photo-excited sensitizer into the
acceptor states within titania [10–12].
acceptor states within titania [10–12].
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band of ruthenium bipyridine complexes, we would like to revise its origin. For that, we need to

3. Ruthenium Complexes

bring the molecular orbital diagram for simplest ruthenium(II) tris-bipyridine complex Ru(bpy)3 2+
to show how the central atom’s s, p, and d orbitals σ- and π-interact with ligands’ group orbitals.
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interaction with the π-acidic and π-basic ligands is presented. Both types of ligands could be present
in sensitizers, with pyridine, NCS, and cyclometalated ligands as π-basic, and N-heterocyclic-carbenes
as π-acidic ligands. In the case of pyridine-type ligands, the bonding t2g orbitals will be filled with the
ligand orbitals and the antibonding t2g * orbitals will be filled with six electrons from the Ru(II). Since the
energy difference between the metal t2g and ligand t2g group orbitals is usually high, the π-bonding
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Figure 4. (A) An interaction of π-acidic and π-basic ligand orbitals with metal-based orbitals formed
as a result of the interaction with six σ-ligands (vide supra Figure 3). (B) The effect of π-donor and πas a result of the interaction with six σ-ligands (vide supra Figure 3). (B) The effect of π-donor and
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films with [Ru(bpy)3 ]2+ . The former provided then exceptionally high photon-to-current conversion
efficiency reaching 44%, while the latter provided only 2.7% [17]. Later, with [Ru(dc-bpy)3 ]2+ sensitized
fractal titania, Vlachopolous et al. reported IPCE values reaching 73% and PCE of 12% with incident
light power of only 0.632 mW. As we mentioned above, for an efficient sensitizer, directionality for
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In 1993, Nazeeruddin et al. introduced a series of bis-heteroleptic ruthenium complexes cisRu(dc-bpy)
2X2, where X = Cl
CN−, and SCNa− [21].
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of occupied and empty frontier orbitals does not only facilitate efficient charge injection and
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dye-regeneration as was mentioned above, but also enables control over the absorption spectra
and electrochemical parameters of the complex. For example, deprotonation of acid groups in
N3 sensitizer drastically influences both the absorption spectra and the oxidation potential in two
ways: (a) deprotonation results in increased energy of π* orbitals; and (b) deprotonation increases
the π-basicity of bipyridine ligands. According to the cyclic voltammetry measurements, both the
oxidation and reduction potentials, which are qualitatively related to the HOMO and LUMO energies,
shift cathodically with deprotonation [22]. Apart from the effects on the intrinsic characteristics of
a sensitizer, its protonation degree also impacts the electronic properties of mesoporous semiconductor.
As the conduction band edge of mesoporous oxide shifts anodically with reduction of pH, the fully
protonated N3 sensitizer and fully deprotonated N3 sensitizer provide different performances [23–26].
Protonated N3 sensitizer causes downward shift of the conduction band edge and thus provides lower
V OC and higher JSC than the fully deprotonated N3 sensitizer. The compromise between V OC and
JSC can be achieved with partially deprotonated N3 sensitizer. The double deprotonated version of
N3 sensitizer, was presented later and named as N719 [27]. Solar cells with this sensitizer provided
PCE of 11.18%. In the same work, with the help of Density-Functional Theory (DFT) and Time
Dependents-DFT (TD-DFT) calculations, authors calculated the electronic energy levels for the N3
sensitizer and for its partially and fully deprotonated analogues, among which is N719. Authors claim
that double- and single-protonated complexes provide optimal compromise between the molecule
optical band gap and LUMO energy, and that in N3 sensitizer the LUMO is too low to enable efficient
charge injection. The PCE of 11.18% was achieved with monoprotonated sensitizer obtained by adding
one equivalent of chenodeoxycholic acid salt to the electrolyte sensitized with N719. This claim asks
for further questions: (i) although chenodeoxycolic acid is basic enough to deprotonate the N719,
one would expect protons to attach onto the titania; and (ii) chenodeoxycholic acid may simply
passivate free active sites on titania surface, reducing charge recombination. The latter is likely
responsible for efficiency improvement, since it was achieved mostly due to the improvement in VOC
with insignificant changes in JSC .
According to the Shockley-Queisser analysis, ideally, a single-junction solar cell should provide
a power conversion efficiency little over 30% [13]. For this high efficiency, the solar cell should absorb all
the incident photons with energy higher than 1.1 eV. For the N719 sensitizer with the absorption onset
of 780 nm (1.59 eV) the voltage of 846 mV was obtained, indicating that loss-in-potential is 0.744 eV.
To improve the efficiency of DSC both the optical bandgap and loss-in-potential should be reduced.
Most of loss-in-potential come from the two processes: (a) high regeneration overpotential with I3 − /I−
-based electrolyte; and (b) necessary driving force for charge injection into titania. Shrinking the optical
bandgap of sensitizer implies reduction of both overpotentials required for regeneration and charge
injection. As Snaith underlined, one of the reasons for high driving force necessary for efficient charge
injection is the heterogeneity in injection rates [28]. Many studies support that for N719 few charge
injection pathways in fs and ps timescale take place, among which are injection from: vibrationally
hot states, 1 MLCT, and 3 MLCT states [12,29–31]. Thus, the conduction band edge should be deep
enough to ensure that the slowest injection is also complete. However, as Nazeeruddin et al. showed,
a new N749 sensitizer, which is due to its appearance in solid state is also known as “black dye”,
has an optical bandgap of 1.38 eV (900 nm) and suffers from lower loss-in-potential of 0.66 eV than
N719 [32]. In black dye, ruthenium is coordinated with three donating isothiocyanate ligands and
anchoring tridentate 2,20 :60 ,2”-terpyridine functionalized with three carboxy-groups at 4, 40 , and 4”
positions. This new complex was synthesized in two step procedures from a ruthenium trichloride
hydride and 4,40 ,4”-tricarboxy-2,20 :60 ,2”-terpyridine and two of the carboxylic acid groups were then
deprotonated. For comparison, analogues with either all protonated or all deprotonated carboxylic
groups were also prepared. Among these three sensitizers, N749 with two deprotonated carboxylic
groups provided the highest PCE of 10.4%, mostly due to high JSC reaching 20.5 mA·cm−2 [32].
Apart from the bis-heteroleptic ruthenium complexes like N3, N719, and black dye,
their tris-heteroleptic complexes were also developed. Synthesis of tris-heteroleptic ruthenium
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complexes with 2,20 -bipyridine type of ligands can be achieved through the few synthetic routes.
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Scheme 1. Synthesis of tris-heteroleptic ruthenium complexes with polypyridine ligands. (A–C) represent
represent routes starting from different sources of ruthenium. The scheme is build according to the
routes starting from different sources of ruthenium. The scheme is build according to the published
published literature [35,38,39].
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new Z910 complex the nonyl chains on the ancillary ligand of Z907 were substituted with 3methoxystyryl moieties [42]. In the result, the MLCT absorption bands of Z910 reached extinction
coefficients of 16.85 × 103 and 17 × 103 (M·cm)−1. In a DSC of conventional architecture, Z910 provided
PCE of 10.2% with JSC and VOC reaching 17.2 mA·cm−2 and 777 mV, respectively. Afterwards, sensitizers
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cause for this shift toward the tris-heteroleptic complexes with various aromatic substituents. In a new
Z910 complex the nonyl chains on the ancillary ligand of Z907 were substituted with 3-methoxystyryl
moieties [42]. In the result, the MLCT absorption bands of Z910 reached extinction coefficients of
16.85 × 103 and 17 × 103 (M·cm)−1 . In a DSC of conventional architecture, Z910 provided PCE of
10.2% with JSC and V OC reaching 17.2 mA·cm−2 and 777 mV, respectively. Afterwards, sensitizers K19
and K77, differing from Z910 by the position and length of the alkoxy groups were introduced [43–45].
However, these sensitizers showed lower efficiencies that Z910. Moreover, N719 sensitized solar cell of
unexpectedly low 6.7% efficiency was used as a reference.
The tris-heteroleptic isothiocyanate ligated ruthenium complexes with different thiophene-based
substituents are shown in Figure 6. All of these sensitizers have aromatic moieties on the ancillary
ligand with additional alkyl chains. The main purpose of adding these aromatic moieties is to increase
the absorptivity of sensitizer. Alkyl chains are introduced for two reasons: to increase the solubility of
sensitizer and to prevent dye-aggregation on titania surface. One would expect that sensitizers with
more complex substituents would be reported later in history, which is not the case. CYC-B1 sensitizer
with 2,20 -bithiophene substituents with additional octyl chains on the 50 positions of each thiophene
was reported by Chen et al. [46]. The absorption spectrum of CYC-B1 reveals two apparent bands in
the visible region with absorption maxima at ca. 400 and 553 nm and with extinction coefficients of
ca. 46.4 × 103 and 20 × 103 (M·cm)−1 . A DSC with CYC-B1 provided JSC of 24 mA·cm−2 and V OC of
650 mV, however, low FF of 55% limited PCE to only 8.54%, which is 10% higher than the reference
device with N3 sensitizer. From the shape of the J-V curve, one might suspect that low FF is result of
increased device series resistance, which is reasonable considering that a titania film of 20 µm was used
and that the distance between two electrodes was 80 µm. Afterwards, the same authors introduced
CYC-B3 and CJW-E1 with 5-octyl-thiophene and 5-octyl-EDOT (EDOT—3,4-ethylenedioxythiophene)
substituents on the ancillary ligand respectively [47]. According to this work, the extinction coefficient
of the lowest energy MLCT band for CYC-B3 differ negligiblyfrom that of N3. Although the absorption
spectra of CYC-B3 and CJW-E1 are very close, DSC with former provided PCE of 7.39%, while with
latter—PCE of 9.02%. DSC on CJW-E1 gave JSC of 21.6 mA·cm−2 and on CYC-B3—only 15.7 mA·cm−2 ,
with both devices providing the same V OC of 669 mV. Authors did not provide any reasonable
explanation behind PCE differences. Surprisingly, a monodeprotonated analogue of CYC-B3 with
shorter alkyl chains C101, was also studied, and high PCE of 11% was achieved [48]. In another work,
the analogue of CJW-E1, C103 with just hexyl-chains on the EDOT and in a monodeprotonated form,
was shown to provide a PCE of 10.4% [49]. This disagreements in results obtained with very similar
sensitizers in different laboratories undermine the general logic of sensitizer design and the validity of
discussion behind the obtained results.
Some reports also show that substitution of alkyl chains in C101 and CYC-B1 by thioalkyl chains
results in better performing sensitizers C106 and CYC-B11 [50,51]. However, the positive effect of this
modification can be questioned. For example, the performances of C106 and C101 were compared,
where these sensitizers provide PCEs of 10.57% and 10.33% respectively. Based on merely 0.2% PCE
difference, C106 was chosen and its performance was optimized with better films to reach the PCE
of 11.29% [50]. However, the same authors one year earlier published 11.0% PCE with C101 [48].
Thus, the advantage of introducing thioalkyl chains instead of simple alkyl chains is not valid yet.
Another group of tris-heteroleptic ruthenium complexes with two isothiocyanate ligands are those
with arylamine-based electron donors attached at the ancillary ligand. Electron reach substituents were
introduced to increase π-conjugation on the ancillary ligand and destabilize the ground state oxidation
potential and HOMO through π-donation. Such design should lead to high and panchromatic molar
absorptivity. Moreover, electron reach arylamine donors should enable efficient hole extraction and
thus facilitate dye-regeneration with solid-state devices, employing hole-transporting materials like
Spiro-OMeTAD [52]. Some of the tris-heteroleptic ruthenium complexes with arylamine electron
donors are presented in Figure 7 and their performances are summarized in Table 1. As one may
notice, these additional complications of dye structure did not lead to any substantial improvements in
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with juston
hexyl-chains
on the ruthenium
EDOT
device
performance.
The general
regarding
of these
tris-heteroleptic
and in a monodeprotonated form, was shown to provide a PCE of 10.4% [49]. This disagreements in
complexes with isothiocyanate ligands is that they usually report one or two new sensitizers with some
results obtained with very similar sensitizers in different laboratories undermine the general logic of
random aromatic moiety, and very rarely performances of a series of few sensitizers are compared.
sensitizer design and the validity of discussion behind the obtained results.
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Some reports also show that substitution of alkyl chains in C101 and CYC-B1 by thioalkyl chains
results in better performing sensitizers C106 and CYC-B11 [50,51]. However, the positive effect of this
modification can be questioned. For example, the performances of C106 and C101 were compared,
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difference, C106 was chosen and its performance was optimized with better films to reach the PCE
of 11.29% [50]. However, the same authors one year earlier published 11.0% PCE with C101 [48].
Thus, the advantage of introducing thioalkyl chains instead of simple alkyl chains is not valid yet.
Another group of tris-heteroleptic ruthenium complexes with two isothiocyanate ligands are
those with arylamine-based electron donors attached at the ancillary ligand. Electron reach
substituents were introduced to increase π-conjugation on the ancillary ligand and destabilize the
ground state oxidation potential and HOMO through π-donation. Such design should lead to high
and panchromatic molar absorptivity. Moreover, electron reach arylamine donors should enable
efficient hole extraction and thus facilitate dye-regeneration with solid-state devices, employing holetransporting materials like Spiro-OMeTAD [52]. Some of the tris-heteroleptic ruthenium complexes
with arylamine electron donors are presented in Figure 7 and their performances are summarized in
Table 1. As one may notice, these additional complications of dye structure did not lead to any
substantial improvements in device performance. The general note regarding most of these articles
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Table 1. Performances of selected tris-heteroleptic ruthenium complexes with isothiocyanate ligands
and with thiophene-based substituents on the ancillary ligand.
Groups a

Dye

JSC , mA·cm−2

V OC , mV

FF, %

PCE, %

Notes b

NTU

CYC-B1
CYC-B3
CJW-E1

23.92
15.7
21.6

650
669
669

55.0
70.5
62.6

8.54
7.39
9.02

20 µm thick mesoporous film;
80 µm between electrodes [46,47].

CIAC &
EPFL

C101

17.94

777.7

78.5

11.0

7 µm of transparent TiO2 + 5 µm
scattering TiO2 ; dipping solution:
Dye-Cheno [48].

CIAC

C103
C107

18.35
19.18

760
739

74.8
75.1

10.4
10.7

7.5 µm of transparent TiO2 + 5 µm
scattering TiO2 [49].

CIAC &
EPFL

C104

17.87

760

77.6

10.53

7 µm of transparent TiO2 + 4 µm
scattering TiO2 ; dipping solution:
Dye-Cheno (1–1) [53].

KU

JK-188
JK-189

18.60
18.90

720
630

71
73

9.54
8.70

10 µm of transparent TiO2 + 4 µm
scattering TiO2 [54].

CYC-B11

18.3

704

73

9.4

8 µm of transparent TiO2 + 5 µm
scattering TiO2 ; dipping solution:
Dye-DINHOP (4–1) [51].

19.2

776

76

11.29

7 µm of transparent TiO2 + 5 µm
scattering TiO2 ; dipping solution:
Dye-Cheno (1–6.7) [50].

NCU &
EPFL

CIAC

C106

NCU

CYC-B6L

18.2

776

63.6

8.98

15 µm thick mesoporous film;
80 µm between electrodes [55].

NTU &
NCU

CYC-B7

17.4

788

65.4

8.96

15 µm thick mesoporous film;
80 µm between electrodes [56].

NCU &
EPFL

CYC-B13

10.26

728

68

5.1

8 µm of transparent TiO2 + 5 µm
scattering TiO2 [57].

17.55

640

72

8.2

10 µm of transparent TiO2 + 4 µm
scattering TiO2 ; dipping solution:
Dye-Cheno (1–3.3) [58].

Ru-Phen-Cbz2

15.6

760

71.6

8.5

13 µm thick mesoporous film;
30 µm between electrodes [59].

RC-36

19.17

721

74

10.23

KU &
EPFL
UFABC

HIPS

JK-55

4 µm of transparent TiO2 + 16 µm
scattering TiO2 ; dipping solution:
Dye-DPA (2–1) [60].

a

NTU—National Taiwan Unversity, Taiwan; EPFL—École Polytechnique Fédérale de Lausanne, Switzerland;
CIAC—Changchun Institute of Applied Chemistry, China; KU—Korea University, Korea; NCU—National Central
University, Taiwan; UFABC—Universidade Federal do ABC, Brazil; HIPS—Hefei Institutes of Physical Sciences;
b Cheno—3α,7α-dihyroxy-5β-cholic acid; DINHOP—dineohexyl phosphinic acid; DPA—1-decylphosphonic acid.

Many analogues of above mentioned N749 or black dye were also studied. In these complexes,
ruthenium is usually coordinated with three isothiocyanate ligands and one tridentate ligand based on
2,20 :60 ,2”-terpyridine. The most convenient route to synthesize black dye and its derivatives consists of
two steps. First, RuCl3 ·xH2 O is reacted with the tridentate ligand L to obtain RuLCl3 , which, due to
their low solubility in most of the solvents, are difficult to characterize, and usually subjected to the
second step to substitute chlorides with isothiocyanates.
In a search for a better sensitizer than N749, its anchoring ligand was modified. In Figure 8,
two main possibilities of anchoring ligand modification are represented. In Figure 8A some of
the tested alternatives are shown. Presented sensitizers either suffer from blueshifted absorption
spectra [61,62], or from inefficient charge injection due to low energy of excited states, thus resulting
in poor power conversion efficiencies [63–65]. Alternatively, one of the terminal pyridine rings of
N749 was modified to improve the photophysical characteristics of sensitizer. In Figure 8B, some of
the well-performing sensitizers are presented. Insertion of electron donating substituents on the fifth
position of terminal pyridine ring does not result in increased extinction coefficient for the lowest
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with tridentate
tridentate accepting
accepting ligand
ligand and
and three
three
Table
isothiocyanate
donating
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isothiocyanate donating ligands.
Groups a

Dye

Groups a PRT-12
Dye
NTHU &
PRT-12
PRT-13
NTHU &
NTU
PRT-13
NTU PRT-14
PRT-14

MJ-6

SU & AIST

JSC, mA·cm−2
−2
JSC , mA
17 ·cm
17
19.7
19.7
17.8
17.8
18.1

VOC, mV
V OC
, mV
750

FF, %

750
760
760
720
720

71.568.6
68.669.0
69.0

680

71

MJ-6
MJ-10

18.1
18.3

680
690

MJ-10

18.3

690

71 72
72

NIMS &
NIMS & UT HIS-2
HIS-2
UT

23.07
23.07

680
680

71 71

SU & AIST

PCE, %

FF, %
71.5 PCE, % 9.1

Notes b
Notes b TiO2 + 5 μm scattering
15 μm of transparent

9.1 10.315 µm of
TiO
2; dippingTiO
solution:
(1–33);
transparent
scattering TiO
2 + 5 µmDye-Cheno
2;
10.3 8.86dipping
solution:
(1–33);
PCE with
PCE
with Dye-Cheno
N749—6.89%
[66].
8.86
N749—6.89% [66].

8.7

14 μm of transparent TiO2 + 7 μm scattering

TiO
2; dippingTiO
solution:
(1–100);
14 µm of
transparent
scattering TiO
2 + 7 µmDye-Cheno
2;
9.1
dipping
solution:
(1–100);
PCE
with Dye-Cheno
N749—9.2%
[67]. PCE with
9.1
N749—9.2%
25 μm[67].
thick mesoporous layer; 40 μm
25 µm thick mesoporous layer; 40 µm between
between electrodes; dipping solution: Dye11.1 11.1electrodes; dipping solution: Dye-Cheno (1–67);
Cheno
(1–67); PCE
N749—10.5%
was
PCE with
N749—10.5%
was with
obtained
[68].
8.7

obtained [68].
NTHU—National Tsing Hua University Taiwan; NTU—National Taiwan University; SU—Shinshu University,
NTHU—National
HuaofUniversity
Taiwan; NTU—National
TaiwanNIMS—National
University; SU—Shinshu
Japan;
AIST—NationalTsing
Institute
Advanced Industrial
Science and Technology;
Institute for
Material
Science,
Japan;
UT—UniversityInstitute
of Toyama,
University,
Japan;
AIST—National
of Japan.
Advanced Industrial Science and Technology; NIMS—
a
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National Institute for Material Science, Japan; UT—University of Toyama, Japan.
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absorption.
improved light absorption.
3.2. Toward Isothiocyanate Free Ruthenium Complexes
3.2. Toward Isothiocyanate Free Ruthenium Complexes
As a monodentate ligand, isothiocyanates are labile under thermal or light stress. Standard
As a monodentate ligand, isothiocyanates are labile under thermal or light stress. Standard electrolytes
electrolytes employed in DSCs contain iodide anions or 4-tert-butylpyridine in high concentrations,
employed in DSCs contain iodide anions or 4-tert-butylpyridine in high concentrations, which further favors
which further favors isothiocyanate substitution [69–71]. To obtain kinetically inert sensitizers,
isothiocyanate substitution [69–71]. To obtain kinetically inert sensitizers, isothiocyanate free ruthenium
isothiocyanate free ruthenium complexes with bi- or tridentate donating ligands were developed
complexes with bi- or tridentate donating ligands were developed [72–76].
[72–76].
Prof. Yun Chi’s and Prof. Pi-Tai Chou’s groups have extensively studied ruthenium complexes
Prof. Yun Chi’s and Prof. Pi-Tai Chou’s groups have extensively studied ruthenium complexes
with 1,2-pyrazolyl and 1,2,4-triazolyl ligands. The standard bidentate ligand frequently used is
with 1,2-pyrazolyl and 1,2,4-triazolyl ligands. The standard bidentate ligand frequently used is 2-(32-(3-(trifluoromethyl)-1H-pyrazol-5-yl)pyridine illustrated in Scheme 2. This ligand binds to ruthenium
(trifluoromethyl)-1H-pyrazol-5-yl)pyridine illustrated in Scheme 2. This ligand binds to ruthenium
in a deprotonated form, thus a charge neutral ruthenium complexes with two pyridine-pyrazolyl
in a deprotonated form,
thus a charge neutral ruthenium complexes with two pyridine-pyrazolyl
ligands and one 4,40 -dicarboxy-2,20 -bipyridine ligand [Ru(PyPz) (bpy)] can be obtained [77–79].
ligands and one 4,4′-dicarboxy-2,2′-bipyridine ligand [Ru(PyPz)22(bpy)] can be obtained [77–79].
These new type of sensitizers are synthesized in three steps starting from [Ru(p-Cymene)Cl2 ]2 as
These new type of sensitizers are synthesized in three steps starting from
[Ru(p-Cymene)Cl2]2 as
illustrated in Scheme 2. First, [Ru(p-Cymene)Cl2 ]2 is reacted with 4,40 -dicarboxy-2,20 -bipyridine
illustrated in Scheme 2. First, [Ru(p-Cymene)Cl2]2 is reacted with 4,4′-dicarboxy-2,2′-bipyridine
diethyl or dimethyl ester (bpy’) and [Ru(bpy’)(p-Cymene)Cl]Cl is obtained, which is then reacted with
diethyl or dimethyl ester (bpy’) and [Ru(bpy’)(p-Cymene)Cl]Cl is obtained, which is then reacted
pyridine-pyrazolyl type of ligand in 2-methoxyethanol to obtain ruthenium complexes of three different
with pyridine-pyrazolyl type of ligand in 2-methoxyethanol to obtain ruthenium complexes of three
coordination isomers. However, the isomer in which two pyrazolyl ligands are in trans-position to each
different coordination isomers. However, the isomer in which two pyrazolyl ligands are in transother is the major product. This complex can be isolated via column chromatography and hydrolyzed
position to each other is the major product. This complex can be isolated via column chromatography
to obtain the final complex with two carboxylic groups. However, the option of further isomerization
and hydrolyzed to obtain the final complex with two carboxylic groups. However, the option of
during the last saponification step was not addressed.
further isomerization during the last saponification step was not addressed.

Scheme 2. Synthesis of TFRS sensitizers with bidentate ligands.
Scheme 2. Synthesis of TFRS sensitizers with bidentate ligands.

In Figure 9 some of the well performing TFRS series sensitizers with bidentate pyridine-pyrazolyl
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ofFigure
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band
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almost energy
twice lower
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that
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−1 , which is almost twice lower than that of N719 [77].
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extinction
coefficient
of
7900
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·
cm)
[77]. Introduction of 5-hexylthiophene or 5-hexyl-2,2′-bithiophene onto the 4th position of each pyridine
0 -bithiophene onto the 4th position of each pyridine in
Introduction
of 5-hexylthiophene
or 5-hexyl-2,2
in
TFRS-2 and
TFRS-3 respectively
has a hypsochromic
effect on the absorption spectra of these
sensitizers. Solar cells with 12 μm thick transparent mesoporous and 4 μm scattering layer employing
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TFRS-2 and TFRS-3 respectively has a hypsochromic effect on the absorption spectra of these sensitizers.
Solar cells with 12 µm thick transparent mesoporous and 4 µm scattering layer employing TFRS-1,
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which explains the observed trend in V OC . Authors illustrated that the absorptance of the mesoporous
explains the observed trend in VOC. Authors illustrated that the absorptance of the mesoporous film
film sensitized with TFRS-3 is at least 20% higher than that sensitized with TFRS-2, which considering
sensitized with TFRS-3 is at least 20% higher than that sensitized with TFRS-2, which considering the
the obtained
J SC (Table
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underlines
very inefficient charge collection for the films with TFRS-3.
obtained JSC
very inefficient charge collection for the films with TFRS-3.
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Later, TFRS-4 with 5-thiohexylthiophene moieties attached onto the pyridine ring of pyridineTable 3.
Photovoltaic
performance
of selected
TFRS series
sensitizers
with and
bidentate
ligands.
pyrazolyl
ligand
was introduced.
Moreover,
analogues
of TFRS-1,
TFRS-2,
TFRS-3
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a
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from ca. 0.9 to 1.1 V vs. NHE. A similar shift is estimated for the excited state oxidation potential.
Regarding PCE in solar cells, sensitizers with triazolyl moiety show in average 1–2% lower efficiencies
in comparison to those with pyrazolyl, which is due to both lower voltages and photocurrents.
In the following work, new TFRS complexes with isoquinoline and quinoline instead of pyridine
in pyridine-pyrazolyl ligand—TFRS-51 and TFRS-53 respectively, were introduced (Figure 9) [79].
For both of these complexes derivatives with tert-butyl group on the 6th position of quinoline and
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Figure 10. Optimized geometries of TFRS-2 and C101 along with the calculated dipole moments of

Figure 10. Optimized geometries of TFRS-2 and C101 along with the calculated dipole moments of
the neutral dyes at their adsorption geometries. Alkyl chains have been replaced by methyl group.
the neutral dyes at their adsorption geometries. Alkyl chains have been replaced by methyl group.
Reprinted with permission from Chem. Mater. 2013, 25, 4497–4502 [80]. Copyright (2013) American
Reprinted
with
permission from Chem. Mater. 2013, 25, 4497–4502 [80]. Copyright (2013) American
Chemical
Society.
Chemical Society.
Analogues of above-mentioned TFRS sensitizers, but derived from N749 rather than N3 sensitizer,
were also developed (Figure 11). Among them are PRT1–PRT4 complexes with one tridentate 4,4′,4″tricarboxy-2,2′:4′,2″-terpyridine, one functionalized bidentate pyridine-pyrazole, and with single
isothiocyanate ligands [81]. In comparison to the N749, these new complexes possess broader
absorption spectra with onset reaching 850 nm, and better absorptivity below 550 nm. The ground
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state oxidation potentials for these sensitizers adsorbed onto the mesoporous titania of ca. 0.6–0.7 V
were measured via cyclic voltammetry. Interestingly, for PRT-1 with no substituents on the styryl group,
vs. NHE were measured via cyclic voltammetry. Interestingly, for PRT-1 with no substituents on the
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substituents on the styryl group, higher oxidation potentials in the range of 0.7–0.71 V vs. NHE
and tert-butyl substituents on the styryl group, higher oxidation potentials in the range of 0.7–0.71 V
were measured. Assembled solar cells with 6 µm mesoporous film and iodine-based electrolyte
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Figure 11. Selected PRT and TF series sensitizers with bidentate and tridentate ligands.
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In further studies, analogues of PRT sensitizers with a tridentate-donating ligand based on 2,6bis(5-pyrazolyl)pyridine were introduced. The main motivation in this shift was to improve the
chemical stability and photophysical properties of new sensitizers. Initially, complexes TF1–TF4,
where ruthenium is coordinated with tridentate terpyridine as an anchoring ligand and 2,6-bis(3(trifluoromethyl)-1H-pyrazol-5-yl)pyridine or its derivatives with different electron donating
substituents on the 4th position of pyridine ring were synthesized (Figure 11) [83]. Improved absorption
spectra for TF1–TF4 sensitizers in comparison to N749 is questionable. These new sensitizers present
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Table 4. Photovoltaic performance of selected PRT and TF series sensitizers with bidentate and
tridentate ligands.
Groups a

NTU &
NTHU

NTHU,
NTU &
NCCU

Dye

JSC , mA·cm−2

V OC , mV

FF, %

PCE, %

Notes

PRT1
PRT2
PRT3
PRT4

20.3
21.7
20.4
21.6

687
668
720
714

65.4
64.4
65.3
65.2

9.14
9.33
9.59
10.05

18 µm of transparent TiO2 +
4 µm scattering TiO2 ; PCE
with N749—9.07% [81].

PRT21
PRT22
PRT23
PRT24

19.0
20.4
18.7
20.1

760
740
760
730

74.9
73.9
73.4
71.6

10.81
11.16
10.43
10.51

15 µm of transparent TiO2 +
7 µm scattering TiO2 ; PCE
with N749—9.20% [82].

TF1
TF2
TF3
TF4

18.22
20.00
21.39
20.27

740
790
760
770

67.6
66.5
66.0
67.5

9.11
10.5
10.7
10.5

15 µm of transparent TiO2 +
5 µm scattering TiO2 ; PCE
with N749—9.22% [83].

a

NTHU—National Tsing Hua University (Taiwan); NTU—National Taiwan University (Taiwan); NCCU—National
Chung Cheng University (Taiwan).

In further studies, analogues of PRT sensitizers with a tridentate-donating ligand based on
2,6-bis(5-pyrazolyl)pyridine were introduced. The main motivation in this shift was to improve the
chemical stability and photophysical properties of new sensitizers. Initially, complexes TF1–TF4,
where ruthenium is coordinated with tridentate terpyridine as an anchoring ligand and
2,6-bis(3-(trifluoromethyl)-1H-pyrazol-5-yl)pyridine or its derivatives with different electron donating
substituents on the 4th position of pyridine ring were synthesized (Figure 11) [83]. Improved absorption
spectra for TF1–TF4 sensitizers in comparison to N749 is questionable. These new sensitizers present
more intense absorption bands than N749 at short wavelengths (below ca. 550 nm) and in near
IR region, while less intense bands in-between. Solar cells with 15 µm thick transparent and 5 µm
thick scattering layers of mesoporous titania, showed improved IPCE only below ca. 550 nm and
around 700 nm for TF1–TF4 sensitizers than for N749 (Table 4). As a consequence, all new sensitizers
apart TF1 provided higher JSC than N749. In addition, crucial improvements in the V OC resulted
in PCEs over 10% for TF2–TF4 sensitizers, while 9.11 and 9.22 for TF1 and for the reference N749
sensitizers. Authors speculated that improved V OC with TF sensitizers in comparison to N749 could be:
(i) due to better packing of TF sensitizers resulting in increased recombination resistances, which was
supported with electrochemical impedance spectroscopy analyses; and (ii) due to dipole moment in
TF sensitizers directed toward the titania surface and pushing the conduction band edge upward.
However, none of these claims were supported with analyses. Later, the same authors introduced
new series of TF sensitizers where the anchoring ligand was modified. However, improvements in
PCE were incremental and in some of the reports devices with new sensitizers were compared to the
low-efficient references [84–86].
3.3. Cyclometalated Ruthenium(II) Complexes
After the first report on cyclometalated ruthenium complexes of [Ru(bpy)2+ (ppy)]1+ type
(where ppyH = 2-phenylpyridine) by Reveco et al. [87–89] and by Constable with Holmes [90],
these complexes attracted a great attention in regards their photophysical characteristics [91–97].
However, only in 2007 Wadman et al. reported on the potential of cyclometalated Ru(II) complexes for
DSC application [98]. In comparison to [Ru(bpy)3 ]2+ stronger electron donation from the carbanion
in cyclometalated [Ru(bpy)2 (ppy)]1+ results in higher electron density at Ru and in the upward shift
of t2 orbitals. In the result, cyclometalated ruthenium complexes present bathochromically shifted
MLCT bands when compared to their imine coordinated analogues. According to the quantum
mechanical calculations, three occupied frontier orbitals in cyclometalated Ru complexes, additional to
the metal t2 atomic orbital composition, have a significant contribution from the cyclometalated
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ring’s π* orbitals [99]. This virtue provides the means to modify the occupied frontier orbital levels
and thus tune the absorption spectrum and ground state oxidation potential by introducing various
substituents onto the cyclometalating ligand. Another advantage with cyclometalated Ru complexes is
the possibility to prepare tris-heteroleptic complexes where one can fine-tune photophysical properties
of a complex modifying additional ligand. These complexes are analogous to the tris-heteroleptic Ru
complexes with isothiocyanate ligands.
In their comprehensive studies, Bomben et al. presented a series of cyclometalated Ru complexes
and compared them with noncyclometalated analogues. As the authors showed, cyclometalated
complexes with broad absorption spectra and proper redox potentials are suitable for DSC application.
Moreover, authors reported on convenient synthesis of both bis- and tris-heteroleptic cyclometalated
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Synthesis of bis-heteroleptic cyclometalated Ru complexes with bidentate ligands can also be
achieved either by coordinating a cyclometalating ligand, like 2-phenylpyridine to Ru(bpy)2Cl2 with
or without the presence of silver salt [90,105,111], or more conveniently, through [Ru(ppy)(CH3CN)4]+,
in which the acetonitriles can be substituted with polypyridine ligands (Scheme 4) [112–115]. The latter
route also provides means to synthesize tris-heteroleptic complexes where apart the cyclometalating
Inorganics
2018,two
6, 52different bidentate polypyridine ligands are coordinated to ruthenium (Scheme 4) [113–
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Bessho et al. showed that the simplest bis-heteroleptic cyclometalated Ru complex
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Figure 12. The photovoltaic performance of Bes1, B1, and B2 tris-heteroleptic cyclometalated

Figure 12. The photovoltaic performance of Bes1, B1, and B2 tris-heteroleptic cyclometalated ruthenium
ruthenium complexes. For Bes1 solar cells with transparent and scattering titania films of 12 and 3
complexes. For Bes1 solar cells with transparent and scattering titania films of 12 and 3 µm thicknesses
μm thicknesses were manufactured [111]. B1 and B2 were reported in separated articles and highest
wereefficiencies
manufactured
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titania films of 12 and 3 µm thicknesses [116,117].
Bomben et al. realized that substituting one of the 4,4′-dicarboxy-2,2′-bipyridine ligands with
bpy leads to ca. 0.2 V cathodic shift of oxidation potential. To shift the oxidation potential back to 0.9–
1.0 V vs. NHE, electron withdrawing substituents had to be introduced onto the cyclometalating ring.
The effect of electron withdrawing substituents at cyclometalating and bpy ligands on the oxidation
potential of ruthenium complexes is summarized in Figure 13 [118]. To improve the light harvesting
ability cyclometalated complexes, aromatic substituent with alkyl chains were introduced at the
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Bomben et al. realized that substituting one of the 4,40 -dicarboxy-2,20 -bipyridine ligands
with bpy leads to ca. 0.2 V cathodic shift of oxidation potential. To shift the oxidation potential
back to 0.9–1.0 V vs. NHE, electron withdrawing substituents had to be introduced onto the
cyclometalating ring. The effect of electron withdrawing substituents at cyclometalating and bpy
ligands on the oxidation potential of ruthenium complexes is summarized in Figure 13 [118].
To improve the light harvesting ability cyclometalated complexes, aromatic substituent with alkyl
chains were introduced at the ancillary bpy ligand. These substituents render sensitizer hydrophobicity,
which should prevent water induced dye desorption and support device long-term stability.
For example, sensitizer B1 with two 5-hexylthiophen-2-yl substituents on the ancillary ligand and
2-(2,6-bis-(trifluoromethyl)phenyl)pyridine as cyclometlating ligand provided PCE of 7.3%, while with
the reference N3 sensitizer 6.3% PCE was achieved [116]. Although new sensitizer shows two-fold
intense absorption spectrum than N3 sensitizer, due to compromise in dye-loading for B1 the
absorptance of sensitized mesoporous films were not very different. The gain in efficiency was
related to the improvement in JSC from 13.3 mA/cm2 for N3 to 16.3 mA/cm2 for cyclometalating
complex B1. According to the electrochemical impedance spectroscopy analyses, authors related
the gain in JSC to the improved charge recombination resistances (from 25 to 30 Ohm for N3 and
B1). However, normalized diffusion lengths for both devices are much higher than the thickness of
a mesoporous
layer,
which
Inorganics 2018,
6, x FOR
PEERindicates
REVIEW that additional processes should be considered to fully explain
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than with B2 was again related to higher recombination resistance in devices with B1, which is not
to higher recombination resistance in devices with B1, which is not surprising as ca. 40% higher dyesurprising as ca. 40% higher dye-loading was obtained with B1.
loading was obtained with B1.

Figure 13. The change in first oxidation and reduction potential of cyclometalated ruthenium

Figure 13. The change in first oxidation and reduction potential of cyclometalated ruthenium complexes
complexes upon introduction of electron-withdrawing substituents on both cyclometalating and
upon introduction of electron-withdrawing substituents on both cyclometalating and bipyridine
bipyridine ligands. Oxidation potential values are taken from literature and were obtained in 0.1 M
ligands.
Oxidation
potential
values
are taken from literature and were obtained in 0.1 M acetonitrile
acetonitrile
solution
of LiClO
4 [118].
solution of LiClO4 [118].
In the series of articles, Wadman et al. reported the synthesis and photophysical properties of
bis-heteroleptic cyclometalated ruthenium complexes with tridentate ligands [94,95,98,99,108].
Especially, using symmetric NCN and asymmetric NNC ligands, authors underlined the effect of
cyclometalated ring position on the photophysical properties of complexes [94]. Worth to notice that
changing the NCN ligand to NNC results in a loss of degeneracy of HOMO-1 and HOMO-2 orbitals
as the result of reduced symmetry from C2v to Ci. Loss of degeneracy leads to additional mixed metalligand to ligand charge transitions. Generally, these bis-tridentate ruthenium complexes suffer from
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In the series of articles, Wadman et al. reported the synthesis and photophysical properties
of bis-heteroleptic cyclometalated ruthenium complexes with tridentate ligands [94,95,98,99,108].
Especially, using symmetric NCN and asymmetric NNC ligands, authors underlined the effect of
cyclometalated ring position on the photophysical properties of complexes [94]. Worth to notice
that changing the NCN ligand to NNC results in a loss of degeneracy of HOMO-1 and HOMO-2
orbitals as the result of reduced symmetry from C2v to Ci . Loss of degeneracy leads to additional
mixed metal-ligand to ligand charge transitions. Generally, these bis-tridentate ruthenium complexes
suffer from low extinction coefficients restricting their performance in solar cells [98]. To improve
the absorption profile of these complexes, Robson et al. introduced various organic moieties
at the cyclometalating ligand in a so called bichromic sensitizers [119,120]. Learning from the
design principles for the organic donor-π-bridge-acceptor (D-π-A) sensitizers, authors introduced
thiophene-bridge with triphenyl amine (TPA)-based organic electron donor at the 4th position of
6-phenyl-2,20 -bipyridine cyclometalating ligand. As illustrated in Figure 14, the choice of asymmetric
6-phenyl-2,20 -bipyridine over symmetric 1,3-bis(pyridine-2-yl)benzene cyclometalating ligand is
crucial to observe donor-acceptor charge transfer. 2,20 -bipyridyl part of 6-phenyl-2,20 -bipyridine
ligand plays a role of the charge acceptor.
Inorganics 2018, 6, x FOR PEER REVIEW
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Figure 14. Design of bichromic sensitizers: moving from molecule a to b introduction of organic donor
Figure 14. Design of bichromic sensitizers: moving from molecule a to b introduction of organic
at the 1,3-bis(pyridine-2-yl)benzene (dpbH) cyclometalating ligand leads to destabilized filled frontier
donor at the 1,3-bis(pyridine-2-yl)benzene (dpbH) cyclometalating ligand leads to destabilized
orbitals, and bathochromic shift of absorption spectrum. In case of molecule c with 6-phenyl-2,2′filled frontier orbitals, and bathochromic shift of absorption spectrum. In case of molecule c with
bipyridine (pbpyH)
cyclometalating ligand, additional D-A charge transfer band is appearing
6-phenyl-2,20 -bipyridine (pbpyH) cyclometalating ligand, additional D-A charge transfer band is
resulting in bichromic sensitizer.
appearing resulting in bichromic sensitizer.
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The approach with bichromic sensitizers was fruitful. In a series of sensitizers with dpb and
pbpy ligands, those with latter showed panchromatic absorption spectra and presented improved
performance in the solar cells. Sensitizers A-Me and BC-Me, which have dpb and pbpy ligands
respectively (Figure 16), provided PCEs of 3.90% and 6.33%. Moreover, modifying TPA with methoxy
substituents in BC-OMe led to an even improved efficiency of 8.02%, while the reference cell with
N3 sensitizer provided 8.65%. Interestingly, the bichromic sensitizer BC-H with no substituents

resulting in bichromic sensitizer.

Authors also showed that through modifications of either cyclometalating benzene ring or TPA
moiety, an almost independent control over both Ru3+/2+ and TPA+/0 oxidation potentials is possible
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4. Solar Cells with Co and Cu Electrolytes
Later, new electrolytes based on a single-electron outer-sphere Co3+/2+ redox shuttle were
developed for DSC application [121–123]. Organic sensitizers designed to perform with cobalt-based
electrolyte soon overrode Ru-complexes providing PCE over 14% as higher VOC in comparison to
devices with iodine-based electrolytes were achieved [6,124,125]. In comparison to a solar cell with
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4. Solar Cells with Co and Cu Electrolytes
Later, new electrolytes based on a single-electron outer-sphere Co3+/2+ redox shuttle were
developed for DSC application [121–123]. Organic sensitizers designed to perform with cobalt-based
electrolyte soon overrode Ru-complexes providing PCE over 14% as higher V OC in comparison to
devices with iodine-based electrolytes were achieved [6,124,125]. In comparison to a solar cell with
an iodine-based electrolyte, those with a cobalt-based electrolyte usually suffer from strong charge
recombination rates. To reduce the recombination rate, organic sensitizers were suited with long and
bulky alkyl chains, which keep the redox shuttle away from the titania surface, while slightly reducing
the regeneration yield [126,127]. Ruthenium sensitizers, generally those with isothiocyanate ligands
perform poorly with cobalt-based electrolyte. By the means of quantum-mechanical calculations,
Mosconi et al. showed that there is a columbic attraction between the N3 sensitizer on the
titania surface and a cobalt complex in the electrolyte [128]. This interaction could be responsible
for high concentration of redox species near the surface and could hasten recombination rates.
Thus, the general thought of community was that ruthenium sensitizers are incompatible with
cobalt-based electrolytes. However, Polander et al. introduced a new tris-heteroleptic cyclometalated
Ru-complex which provided a PCE over 8% with cobalt-based electrolyte. In this work, our group used
approach developed for organic sensitizers. In the new tris-heteroleptic cyclometalated ruthenium
complex, to the ancillary and donating ligands the bulky alkyl chains were attached. Design of
a proper ancillary ligand with alkyl chains was fairly simple, in fact the one in C101 sensitizer was
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Figure 17. Substitution of 2-(2,6-bis(trifluoromethyl)phenyl)pyridine cyclometalating ligand with
Figure 17. Substitution of 2-(2,6-bis(trifluoromethyl)phenyl)pyridine cyclometalating ligand with
2′,6′-bis(dodecyloxy)-2,3′-bipyridine cyclometalating ligand results in a new complex with two
20 ,60 -bis(dodecyloxy)-2,30 -bipyridine cyclometalating ligand results in a new complex with two
additional long alkyl chains and with suitable oxidation potential.
additional long alkyl chains and with suitable oxidation potential.
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of 8.3 mA/cm2, 714 mV, and 4.7% were obtained (Figure 18) [113]. The higher voltage obtained with
LP1 in comparison to LP0 was related to 1.5-fold increased electron recombination lifetime. However,
60% higher JSC obtained with LP1 in comparison to LP0 is surprising. Throughout the whole
spectrum, the IPCE obtained for LP0 is ca. 15% lower than that with LP1. Most probably, apart the
high
electron
rates, there are additional sources of low photocurrents obtained24with
Inorganics
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LP0, dye-aggregation and dye-loading just to mention.
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Satisfied with these results, we have decided to further investigate the compatibility of
Satisfied with these results, we have decided to further investigate the compatibility of ruthenium
ruthenium sensitizers with cobalt-based electrolytes in solar cells. In this course, we have designed
sensitizers with cobalt-based electrolytes in solar cells. In this course, we have designed six
six new sensitizers, namely SA22, SA25, SA246, SA282, SA284, and SA285, with various aromatic
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5. Future Perspectives
Above, we have briefly described the main directions that chemists follow to develop ruthenium
sensitizers. In a more general observation, it seems that various groups of complexes where ruthenium
is coordinated with different ligands, be it complexes with isothiocyanate, pyridine-pyrazole, or
cyclometalating ligands, were actually developed in the same direction and attached organic
substituents to the original metallocomplex. If compared to initial N3 or N719 sensitizer,
improvements in PCEs with newer sensitizers were incremental. The positive effect of organic
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5. Future Perspectives
Above, we have briefly described the main directions that chemists follow to develop ruthenium
sensitizers. In a more general observation, it seems that various groups of complexes where ruthenium
is coordinated with different ligands, be it complexes with isothiocyanate, pyridine-pyrazole,
or cyclometalating ligands, were actually developed in the same direction and attached organic
substituents to the original metallocomplex. If compared to initial N3 or N719 sensitizer, improvements
in PCEs with newer sensitizers were incremental. The positive effect of organic substituents in
improving photophysical characteristics of complex is often canceled due to increased molecular
volume, resulting in low dye-loadings. Moreover, these organic substituents usually impart instability.
Finally, the introduction of organic substituents infers additional synthetic steps, resulting in expensive
final products. In this regard, we are advocating for the development of new simple coordination
environments
to obtain complexes that are suitable for DSC’s characteristics. As such,26 we
have
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obtained preliminary results with new type of bis-heteroleptic ruthenium complexes, derivatives
of [Ru(ppy)(bpy)2 ]+ in which the pyridine ring of ppy ligand is changed to N-heteroleptic carbene
(NHC) [129]. This modification let us to control photophysical properties of complex by modifying
both cyclometalating and NHC rings. For example, complex SA-x (Figure 22), which we synthesized in
a two-step procedure with high yields (Scheme 5), possesses broad absorption spectrum with the onset
at 800 nm and extinction coefficients reaching values over 15 × 103 M−1 ·cm−1 . Moreover, this complex
presented absolutely reversible oxidation and reduction potentials with values suitable for standard
DSCs. However, hydrolysis of ester groups to yield the final sensitizer resulted in the complex of very
low solubility in many standard solvents used for device fabrication. Changing one of the anchoring
ligands with simple 2,20 -bipyridine may increase the solubility, and an alternative synthetic procedure
Scheme 5. Synthesis of new cyclometalated ruthenium complexes with N-heteroleptic carbene
should beligands.
developed in this regard.

Figure 22. Structural representation of asymmetrical unit of SA-x (hydrogen atoms are omitted for

Figure 22. Structural representation of asymmetrical unit of SA-x (hydrogen atoms are omitted for
clarity). Color code: Ru—violet; N—blue; C—gray; O—red; P—orange; F—green. Bond distances:
clarity). Color code: Ru—violet; N—blue; C—gray; O—red; P—orange; F—green. Bond distances:
Ru–C2 = 2.030(7) Å; Ru–C1 = 2.002(7) Å.
Ru–C2 = 2.030(7) Å; Ru–C1 = 2.002(7) Å.
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Due to the successful performance of ruthenium polypyridine complexes with their MLCT
transition and later of D-π-A organic and porphyrin sensitizers with their D-A and π–π* transitions,
other possible alternatives earned less attention. Recently, promising results were obtained with
heteroleptic ruthenium diacetylid complexes [130,131]. Regarding the first row transition metals, only
copper [132–134] and iron complexes [135,136] have gained a significant attention in the context of
sensitization. However, other first raw transition metal complexes were missed in the DSC
community. Possibilities with first-raw transition metals were underlined with examples presented
by the group of Heyduk, which reported a series of nickel complexes with redox active ligands and
with a very intense interligand D-A charge transfer [137,138].
6. Conclusions
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DSC application. Through the discussion, we have underlined design principles and were critical
toward them whenever possible. In general, very high performances were obtained with DSCs using
ruthenium complexes. However, already in 1993 a PCE over 10% was achieved with N3 sensitizer,
and all improvements later in history were incremental. We and others have developed new
sensitizers ignoring the approach from the first principles. Shortly, we need sensitizers with high
extinction coefficients, which will homogeneously cover the mesoporous oxide in high dye-loadings.
Moreover, we should not sacrifice one of these principles to gain in another, as it was in the last two

Inorganics 2018, 6, 52

27 of 34

Due to the successful performance of ruthenium polypyridine complexes with their MLCT
transition and later of D-π-A organic and porphyrin sensitizers with their D-A and π–π* transitions,
other possible alternatives earned less attention. Recently, promising results were obtained with
heteroleptic ruthenium diacetylid complexes [130,131]. Regarding the first row transition metals,
only copper [132–134] and iron complexes [135,136] have gained a significant attention in the context of
sensitization. However, other first raw transition metal complexes were missed in the DSC community.
Possibilities with first-raw transition metals were underlined with examples presented by the group of
Heyduk, which reported a series of nickel complexes with redox active ligands and with a very intense
interligand D-A charge transfer [137,138].
6. Conclusions
In this short review, we have presented the main classes of ruthenium complexes developed for
DSC application. Through the discussion, we have underlined design principles and were critical
toward them whenever possible. In general, very high performances were obtained with DSCs
using ruthenium complexes. However, already in 1993 a PCE over 10% was achieved with N3
sensitizer, and all improvements later in history were incremental. We and others have developed
new sensitizers ignoring the approach from the first principles. Shortly, we need sensitizers with high
extinction coefficients, which will homogeneously cover the mesoporous oxide in high dye-loadings.
Moreover, we should not sacrifice one of these principles to gain in another, as it was in the
last two decades with new sensitizers of high molar absorptivity and high molecular volumes.
In general, simple ruthenium complexes possess very broad but not intense enough absorption spectra.
To progress the field, we need to look into alternative coordination environments for the ruthenium
complexes, or even start intensively looking for metal complexes of first raw transition elements.
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