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Abstract: Dye sensitized solar cells (DSSCs) have great potential to challenge the traditional silicon-based semiconductor 

solar cells in the photovoltaic (PV) market because of their low cost and medium efficiency. This type of solar cell has 

achieved an impressive photo-to-energy conversion efficiency of over 10%. In a dye sensitized solar cell, the charge 

separation is initiated at the adsorbed dye, which was bound at the interface of an inorganic semiconductor film and a hole 

transport material. The dye is the key component in such cells. In order to optimize the performance of such devices, it is 

important to design suitable dyes with tunable spectroscopic and electrochemical properties. Careful modification of the 

structures of the sensitizers can improve light harvesting in the visible and near-IR region with high optical extinction co-

efficients and enhance the performance of the devices. It’s necessary to optimize the properties of the dye in conjunction 

with other factors in order to best exploit and be fully compatible with other cell modifications in the development of 

cheap and efficient photovoltaic systems. In this review, current strategies for the molecular engineering of the dyes based 

on ruthenium complexes possessing different functionalized ligands are discussed. 

1. INTRODUCTION 

The energy sources are very important for the worldwide 
technological and economic development. The traditional 
energy sources based on fossil fuels (such as oil, gas, coal) 
have to be replaced by some new energy systems in the fu-
ture in view of the limited reserves, the global warming and 
the air pollution. Sustainable and renewable energy will cer-
tainly serve as the major clean energy sources to be widely 
used for the future. Solar photovoltaic cells, capable of di-
rectly converting solar energy into electricity, provide a di-
rect approach for the usage of renewable energy. As a new 
generation of photovoltaics, dye sensitized solar cells 
(DSSCs) have great potential to challenge the traditional 
silicon-based semiconductor solar cells in the photovoltaic 
(PV) market because of their low cost and medium effi-

ciency [1-7].  

1.1. Operation of Dye Sensitized Solar Cells (DSSCs) 

The operation of a DSSC is based on the new con-

cepts of nanotechnology and molecular engineering. The 

device comprises two primary parts: a photoanode and a 

counterelectrode sandwiching an electrolyte medium 

(usually a solution containing I3
-
/I

-
 couple). The photo- 

anode is made of SnO2:F deposited on the back of a trans- 

parent conducting plate(FTO), on the back of which is 

sintered with a thin layer of TiO2. A thin layer of the dye 

is attached to the outside surface of the TiO2 film. And the 

photoinert counter electrode is another conducting plate 

with a thin layer of catalyst (usually platinum). The two 

parts are then joined and sealed together to prevent the 

electrolyte from leaking. 
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The operating principles of the DSSC are presented 
schematically in Fig. (1) and the processes for the photocur-
rent generation are listed from eq.1 to eq.4 [8]. Photoexcita-
tion of the sensitizer promotes an electron to its excited state 
(eq. 1), from which the electron is injected into the conduc-

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Operation of a DSSC (S=sensitizer; potentials are referred 

to the normal hydrogen electrode (NHE)). The green arrows repre-

sent processes required for photovoltaic function: k1=charge injec-

tion, k2=dye regeneration, k3=charge collection at the conducting 

glass electrode, and k4=charge collection at the Pt electrode. The 

black arrows represent loss mechanisms: k5=charge recombination 

with a hole transport material (dark current), k6=charge recombina-

tion with the oxidized sensitizer (S
+
), and k7=decay of the excited 

state of the sensitizer (S*). 
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tion band of the oxide (eq. 2). The ground state of the dye is 
regenerated by the electron donation from the electrolyte (eq. 
3) or a solid-state or quasi-solid-state (gel) material. The 
iodide is regenerated by the reduction of triiodide at the 
counter electrode (usually a Pt electrode) (eq. 4) and the cir-
cuit is completed via electron migration through the external 
load. However, there are undesirable side reactions: the in-
jected electrons may recombine either with triiodide at the 
TiO2 surface (eq. 5), or with oxidized sensitizer (eq. 6), re-
sulting in losses in the cell efficiency. Therefore the proc-
esses of eqs. (2) and (3) must be kinetically more favorable 
than those of eqs. (5) and (6) in order to get stable photocur-

rent. 

 

 

 

 

 

 

 

 
 

 

 

1.2. Key Parameters for the Performance of a DSSC 

The performance of a solar cell is defined by the follow-
ing key parameters, i) the short circuit current (Isc); ii) the 
open circuit voltage (Voc) generated under standard illumina-
tion conditions (AM 1.5, intensity of incident light 
Is=1000W cm

-2
); iii) the fill factor (FF) of the cell under AM 

1.5 illumination. These parameters can be obtained by a full 
current-voltage characterization, which is the essential 
measure of the diode behavior of a cell. The FF can be cal-

culated via 

FF=Pmax/VocIsc= (VI)max/ VocIsc           (7) 

iv) The incident photon conversion efficiency (IPCE), 
which shows the wavelength dependence of a DSSC. The 
value at a given illumination wavelength  with an incident 

optical power Pin is derived from the following equation 

IPCE=e Pin/hcIsc                         (8) 

Where e is the fundamental electronic charge, h is 
Planck’s constant and c is the speed of light in vacuum; v) 

the overall power conversion efficiency ( ) of a cell produc-
ing electrical power under standard AM1.5 illumination con-
ditions.  is given by: 

=IscVocFF/Pin                   (9) 

2. MOLECULAR ENGINEERING OF RUTHENIUM 

COMPLEXES AS PHOTOSENSITIZERS FOR DSSCS 

In order to achieve high performance of the DSSCs, it’s 
necessary to prepare the sensitizers with tunable spectro-
scopic and electrochemical properties by systematically 
modifying the structure of the sensitizers. Further efforts 
have to be made to develop novel sensitizers with an in-
creased optical cross section, and the light-harvesting spectra 
of the sensitizers can spread over a wide range to encompass 

as much of the visible and near-IR spectrum as possible. 
Thus, the dyes used in DSSCs technology must accomplish a 
number of essential engineering requirements. 1) They must 
have an anchoring group to bind strongly to TiO2 film. 2) 
The LUMO of the dye must be sufficiently high in energy 
for efficient charge injection into the TiO2 conduction band 
(when compared to the lifetime of any other relaxation or 
quenching processes), and the HOMO must be sufficiently 
low in energy for efficient regeneration of the ground state of 
the dye by the redox couple [9]. 3) The dye must have strong 
absorption and cover a broad range in solar spectrum. 4) The 
sensitizer must be capable of many reduction and oxidation 
cycles without decomposition. Many cheap organic photo-
sensitizers including porphyrins [10, 11], phthalocyanines 
[12], viologens [13, 14], rhodamine [15], xanthene dyes [16], 
organic aromatic hydrocarbons [17, 18], coumarin [19], 
squaraine [20], indoline [21], hemicyanine [22] and some 
natural sensitizers [23-27] have been investigated for semi-
conductor sensitizations. The highest efficiency reported was 
about 8% [21]. However, the aggregation and the poor sta-
bilities of the dyes would limit their practical application in 

solar cells. 

2.1. The Star Sensitizer of N3 for DSSCs 

Among the photosensitizers explored, the most useful 
sensitizers for thin film electrodes are metal complexes of 
polypyridines because of their strong absorption in the visi-
ble region and long excited states lifetimes. In addition, they 
are stable in oxidized and reduced forms, and do not have the 
tendency to aggregate or decompose [28]. Their photophysi-
cal and electrochemical properties can be finely tuned by 

varying the metals and the ligands.  

A magnificent achievement in DSSCs has been made by 
the Grätzel group [1, 29-30]. Under the AM 1.5 illumination, 
the cell based on a mesoscopic titania film attached with 
cis-di(thiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylic acid) 
ruthenium(II) cis-(Ru(dcbH2)2(NCS)2 (Fig. 2), coded as N3, 

generated a short circuit current density of 16 mA cm
-2

, an 
open circuit voltage of 0.7 V and a maximum overall power 
conversion efficiency of 10.4% by using iodine/iodide as 
redox mediator [31]. The photocurrent action spectrum of N3 
dominated almost the entire visible region with IPCE of 90% 
between 500 and 600nm. Many laboratories could reach ef-
ficiencies of 6-8% under similar conditions [32-35]. There-

 

 

 

 

 

 

Fig. (2). The star sensitizer cis-[Ru(dcbH2)2(NCS)2] (N3) employed 
in DSSCs. 

S+h S* (1)

S* S+ + ecb 
- (TiO2) (2)

2S++3I- (3)2S+I3
-

I3
-+2e 3I- (4)

I3
-+2e-(TiO2) 3I-(anode)        (5)

S(TiO2)     (6)S+(TiO2)+e-(TiO2)

N

N

N

COOH

SCN

N

NCS

Ru

COOH

HOOC

COOH

N3



1274    Current Organic Chemistry, 2007, Vol. 11, No. 14 Xie and Guo 

 

fore, the N3 complex is famous for the star sensitizer, which 
holds the record in power conversion efficiency for DSSCs. 
In such cells, the N3 dye is anchored to the titania surface 
through the carboxylate groups in the 2,2’-bipyridyl ligands. 
The lowest excited state of N3 is the metal-to-ligand 
charge-transfer (MLCT) state, in which an excited electron is 
transferred from the metal center to the * system of the 
2,2’-bipyridyl-4,4’-dicarboxylate ligand. The electron is 
subsequently injected into the titania conduction band within 
femto to picoseconds with near unity quantum yield of pro-
ducing free charge (as shown in Fig. 3). This is in part ex-
pected for the high reducing ability of the 

3
MLCT state 

(ca.-1 V versus SCE) of N3 and its positive ground-state 
oxidation potential (+0.86V versus SCE). The role of the 
thiocyanato ligands in N3 is to tune the t2g orbital of ruthe-
nium (II) and to stabilize the hole that is being generated on 
the metal after one electron was injected into the conduction 
band. This fact suggests that the key processes in function of 
the solar cell depend on the peculiar molecular property of 

the cis-[Ru(dcbH2)2(NCS)2] complex. 

However, there are some challenging issues on the N3 
dye based DSSCs. The first issue is the panchromatic sensi-
tization of large band-gap mesoscopic semiconductor elec-
trodes. Although the performance of the N3 dye showed best 
so far, low IPCE values in the red and near-infrared region 
limited its application as a panchromatic sensitizer. The sec-
ond issue is the development of sensitizers with high molar 
extinction coefficients. In N3 based DSSCs, a film with 
thickness of 15 microns and a volatile redox electrolyte were 
required to achieve its performance. The third issue is the 
stability of the sealed cell. The long term containment at 
elevated temperatures of the volatile solvent mixture still 

remains a major challenge of the stability of the dye [36].  

Carefully designed photosensitizers can be useful to tun-
ing their spectroscopic properties, to preventing aggregation 
of the chromophores, and to establishing models for interfa-
cial electron transfer studies. More generally, molecular en-
gineering of Ru complexes seems to be a promising method 
for understanding the electron transfer processes at the 
molecule–nanoparticle interface, so that the electron transfer 
processes could be controlled in a rational and predictable 

manner. Based on this idea, a series of ruthenium (II) com-
plexes with 4,4’-dicarboxylic acid-2,2’-bipyridine(dcbH2) 
and thiocyanato ligands (NCS) ( i.e. the N3 analogues) have 
been designed, and their spectroscopic properties and pho-
tovoltaic performances have been investigated. Several typi-
cal functional ligands were listed in Fig. (4). 

2.2. Approaches to Bind the Sensitizers to the TiO2 Film  

Metal complex sensitizers for DSSCs usually have an-
choring ligands and ancillary ligands (examples shown in 
Fig. 5). Anchoring ligands of the complex are responsible for 
adsorption onto the semiconductor surface and are also 
chromophoric groups. Ancillary ligands are not directly at-
tached onto the surface of the semiconductor. They are used 
for tuning the overall properties of the complexes. Ruthe-
nium polypyridine complexes have been intensively em-
ployed as sensitizers due to their appropriate redox, spectro-
scopic, and excited-state properties [32-33, 37-42]. In par-
ticular ruthenium(II) complexes with carboxylic bipyridine 
ligands are able to react readily with oxide surfaces, present-
ing an efficient adsorption onto the semiconductor surface 

[43].  

The anchoring ligands can immobilize the dye on nanoc-
rystalline TiO2 surface. It has been shown that the chemiad-
sorption at semiconductor oxide through carboxylic group 
can occur by a variety of binding modes (Fig. 6), which de-
pend on the structure of the dye, the binding groups, the pH 

value, and the preparation methods of the metal oxides [44]. 

The majority of dye molecules are bound to the surfaces 
of TiO2 films through acidic groups—mostly carboxylic acid 
or phosphonic acid linkers [45]. Some other linkers like es-
ters, acid chlorides, carboxylate salts, amides, sulphonic acid, 
silanes (SiX3), ethers, acetylacetonate, salicylates and hy-
droxymethyl groups [46-48] were found to have poorer ad-
sorption on semiconductor oxide surfaces compared to the 
carboxylic acid and phosphonic acid groups. The two ligands 
of 2,2’-bipyridyl-4,4’-dicarboxylic acid in the star molecule 

N3 were the anchoring ligands in such DSSCs. The aim of 
incorporating carboxylic acid groups in the 4,4’-position of 
the 2,2’-bipyridine ligand is to graft the dye molecules on the 
semiconductor surface by forming ester linkages at the sur-
face of the metal oxide and to provide intimate electronic 
coupling between the excited-state of the sensitizer and the 

conduction band of the semiconductor.  

The sites of carboxylic groups on the 2,2’-bipyridyl 
ligand would affect the photophysical and photoelectric 
properties of the Ru(II) complexes [46, 49]. The Ru com-
plexes with the carboxylic groups in the 3,3’-positions or 
5,5’-positions of the 2,2’-bipyridyl ligand (Fig. 7) exhibited 
poorer performance in both a dye-sensitized solar cell (Table 
1) [46] and a self-assembly monolayer (SAM) cell than the 
complex with the carboxylic groups in the 4,4’-positions [49]. 
The steric hindrance of the two carboxylic groups in the 
3,3’-positions of cis-Ru(3,3'-dcbH2)2(NCS)2 and the higher 
oxidation potential of the ground states of cis-Ru(5,5'- 
dcbH2)2(NCS)2 were the reasons for the low DSSCs per-

formance.  

However, the platinum complex with carboxylic groups 
in the 3,3’-positions of 2,2’-bipyridyl showed the opposite 

effect with a slightly improved efficiency compared to the 

 

 

 

 

 

 

 

 

Fig. (3). Interfacial electron transfer process involving N3 bound to 
the surface of the TiO2 film. 

Ti4+

N

N

Ru

-OOC

-OOC

TiO2

h

MLCT forward reaction

Back electron transfer



Molecular Engineering of Ruthenium Sensitizers in Dye-Sensitized Solar Cells Current Organic Chemistry, 2007, Vol. 11, No. 14    1275 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N N N N

C6H13 C6H13

N N

C9H19 C9H19

N N

C13H27 C13H27

NN

COOH
COOH

N N

N

COOH

COOHCOOH

N

N

O N

O

O

N

N

O

O

N

N

O

O

N

N

O

O

O

O

N

N
COOH

COOH

N

COOH

N

HOOC

N

S

N

N

N N

N

COOH

N N

COOH COOH

4,4'-dimethyl-2,2'-bipyridine(dmbpy) 4,4'-dihexyl-2,2'-bipyridine(dhbpy) 4,4'-dinonyl-2,2'-bipyridine(dnbpy)

4,4'-ditridecyl-2,2'-bipyridine(dtdbpy) 4,4'-bis(carboxyvinyl)-2,2'-bipyridine

4,4'-bis(p-methoxystyryl)-2,2'-bipyridine

4,4'-bis(p-hexyloxystyryl)-2,2'-bipyridine

4,4'-di(2-(3,6-dimethoxyphenyl)-

ethenyl)-2,2'-bipyridine
4-CH3,4'-N,N-(di-p-anisylamino)phenoxy

methyl-2,2'-bipyridine

4,4',4''-tricarboxy-2,2':6',2''-terpyridine 2,2':6',2"-terpyridine-4'-(4-carboxylic acid) phenyl

10-((2-(4-methylpyridin-2-yl)pyridin-4-yl)methyl)-

10H-phenothiazine

(4-CH3,4'-CH2-PTZ-2,2'-bipyridine)

2,2'-bipyridyl-3,3'-dicarboxylic acid

2,2'-bipyridyl-5,5'-dicarboxylic acid

2,2'-bipyridyl-4,4'-dicarboxylic acid

(3,3'-dcbH2)

(5,5'-dcbH2)

(4,4'-dcbH2)

(ttp-COOH)



1276    Current Organic Chemistry, 2007, Vol. 11, No. 14 Xie and Guo 

 

Fig. (4). Contd….. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Examples of functional ligands. 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Examples of metal complexes used for semiconductor sensitization in which the anchoring groups (A) are directly attached on the 

molecule’s framework. 

 

 

 

 

 

 

 

 

Fig. (6). Possible binding modes of a COOH group to a metal oxide (TiO2). 
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Fig. (7). cis-Ru(3,3’-dcbH2)2(NCS)2 (Left) and cis-Ru(5,5’-dcbH2)2(NCS)2. 

 

Table 1. Photophysical, Electrochemical, and Photoelectrochemical Properties of the cis-Ru(LL)2(NCS)2 on TiO2 

Sensitizer 
abs.max 

 (nm) 

E
o 

(V,vsSCE) 

Isc 

(mA/cm
2
) 

Voc 

(V) 

10
7

 

(mol/cm
2
) 

LHE 
max 

IPCE 

Ru(3,3'-dcbH2)2(NCS)2 570 0.87 8.0 0.47 1.69 0.824 0.213 

Ru(4,4'-dcbH2)2(NCS)2 535 0.85 18.4 0.57 2.10 0.951 0.671 

Ru(5,5'-dcbH2)2(NCS)2 580 0.95 7.8 0.49 2.10 0.806 0.366 

 
other two complexes with the carboxylic groups in the 

4,4’-positions or 5,5’-positions [50].  

The first sensitizer bearing the phosphonic acid anchor-
ing group was a ruthenium terpyridyl complex [51, 52]. The 
performance was obtained with IPCE values up to 70%. 
They appear to be promising candidates to compete with the 
carboxylated analogous [52]. Further modifications on the 
phosphonated-terpy ligand by introducing a phenyl group 
close to the anchoring group provided an even better com-
plex for sensitizing TiO2 with a maximum IPCE value of 

75.6% [53]. 

Gillaizeau-Gauthier et al. [54] investigated the influence 
of the position of the phosphonic acid group (4,4’- versus 
5,5’-), and the presence of methylene spacer between the bpy 
ligand and the phosphonic acid group (–CH2PO3H2 versus 
–PO3H2) on the performance of some ruthenium complexes 
containing phosphonic acid substituted bipyridine. The pho-
toelectrochemical performances on transparent TiO2 films 
showed that the change in position from 4,4’-to 5,5’- de-
creased the IPCE values. This fact is in the same trend with 
the analogous complexes bearing carboxylic acid groups [46, 

55]. The introduction of a methylene spacer also decreased 
the IPCE values most probably due to a reduced electronic 
coupling between excited state of the dye and the conduction 
band of the semiconductor. The best sensitizer within this 
series is cis-[Ru(4,4’-(PO3H2)2-bpy)2(NCS)2] (Fig. 8). How-
ever, this complex displayed a ca. 30% lower overall effi-
ciency compared to the carboxylated analogue due to the 
blue shifted absorption spectrum, which caused a decrease of 
the light harvesting efficiency in the longer wavelength re-
gion [56].  

The highest efficiency (at least 8%) for a Ru complex 
with a non-carboxylic acid linker was reported in a recent 
investigation into phosphonic acid anchoring groups (Z955 

[45]) (Fig. 9). Modification of the linker from carboxylic to 
phosphonic acid groups resulted in an interrelated series of 
changes in the characteristics of the device. For example, the 
absorption maximum of the lowest MLCT band for Z955 
was blue-shifted. And the DSSCs based on Z955 has a better 
stability and a slower charge-recombination kinetics than 
those of the analogous dye with carboxylic acid linkers 
(Z907 (Fig. 9), a heteroleptic analogue of N3). The increased 
number of protons on the phosphonic acid groups compared 
with carboxylic acid groups has been proposed as a factor in 
modifying the properties of the dye.  

The absorption spectrum of the phosphonated complex is 
blue-shifted compared to the carboxylated species (Table 2) 
because the phosphonic acid substituents can destabilize the 
LUMO energy level. This difference is due to the fact that 
the sp

3
 hybridization of the phosphorous atom in –PO3H2 

does not favor the interactions with the bpy core, while the 
structure of co-planarity between the sp

2
 hybridized carbonyl 

carbon and the pyridine ring favors the interaction. 

Changing the protonation of the acid groups had influ-
ence on the efficiency of the solar cell. The deprotonated N3, 

 

 

 

 

 

 

Fig. (8). cis-Ru(4,4’- (PO3H2)2-bpy)2(NCS)2. 
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N719 (Fig. 10) performed a higher cell efficiency than N3 

due to the effect of the bounded dye on the energy of the 
TiO2 conduction band [57]. Thus, the nature of the anchoring 
group between the dye and the TiO2 can play a crucial role in 

the optimization of the cell performance. 

2.3. Panchromatic Sensitization for the DSSC 

Although scientists have made great progress in the pio-
neering studies on dye sensitized nanocrystalline TiO2 films 
using N3 or N719, the main disadvantages of these sensitiz-
ers were the weak absorption in the red region of the solar 
spectrum and the relatively low molar extinction coefficient 
[31]. Many efforts have been made to overcome these short-
comings without significant success [55, 58-60]. Several 
stringent requirements of the DSSCs sensitizers, including 
absorbing all the visible light and functioning as an efficient 
charge-transfer sensitizer, present a challenging task for mo-
lecular engineering of ruthenium complexes on TiO2-based 
DSSCs. In order to develop sensitizers with all the require-
ments satisfied simultaneously, it is necessary to investigate 
the relationship between the structures and photoelectric 
properties of the sensitizers. For example, the energy of the 

LUMO and HOMO of the sensitizers (Fig. 11) should be 
maintained at levels where photoinduced electron transfer 
into the TiO2 conduction band and regeneration of the 
ground state dye by iodide can take place at practically 100% 

yield. 

2.3.1. Tuning the HOMO Energy Level (t2g -Tuning)  

The energies of the metal-to-ligand charge transfer 
(MLCT) states can be modified systematically by changing 
the ancillary ligands. The MLCT absorption bands of the 
bis-chelated complexes, cis-[Ru(dcbH2)2(L)2] (L = Cl

-
, Br

-
, I

-
, 

NCS
-
and CN

-
), shift to lower energy by changing L from  

accepting ligands to the  donating ones. This is the effect 
due to a direct perturbation of the electronic density at the 
metal center (increasing the HOMO level). With the decrease 
in ligand field strength, the E1/2 value of Ru(III)/(II) de-

creases in the order of CN > NCS > halides [31].  

No better ligands than NCS have been found for the sen-
sitizers to improve the overall efficiency or IPCE values of 
the DSSCs based on the series of cis-[Ru(dcbH2)2LL’] 
(where LL’ are the ancillary ligands) [61-64], even though 
they usually provide a wider coverage of light harvesting in 

the lower energy region. 

One manner to control the t2g level involves the devel-
opment of the trans-isomer of N3 (trans-di(thiocyanato)- 
bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II), abbre-
viated to be trans-Ru [65, 66]). The lowest MLCT absorp-
tion maximum shifts from 538 to 582 nm upon cis-to-trans 
isomerization (Fig. 12). This red-shift is attributed to the 
destabilization of the ruthenium t2g orbital or due to the elec-
tron donation from the two anionic NCS ligands of the 
trans-isomer to ruthenium center. The cell fabricated with 
TiO2 film sensitized by this trans-Ru generated a short-cir- 
cuit photocurrent of 19.6 mA cm

-2
, an open-circuit photo-

voltage of 720 mV (Fig. 12) and an overall power conversion 
efficiency of 8.6% in simulated AM 1.5 solar light (Table 2), 
while the cell based on cis-Ru generated 14.9 mA cm

-2
of Isc, 

692 mV of Voc and 0.60 of FF, corresponding to an overall 
power conversion efficiency of  6.7% under similar condi-
tion [65]. However, such disadvantages as poor solubility 
and the tendency to photoinduced isomerization for the 

trans-Ru complex would limit its practical application.  

With the inspiration of the triplet emitters applied in or-
ganic light-emitting diodes (OLEDs), several groups began 
to develop heavy-metal-containing complexes as sensitizers 
for DSSCs, of which the triplet states were involved in the 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). The typical amphiphilic dyes Z955 (up) and Z907 (down). 

 

 

 

 

 

 

Fig. (11). Schematic representation of effect of tuning HOMO and 

LUMO energy level on the energy of metal to ligand charge trans-
fer (MLCT). 

 

 

 

 

 

 

Fig. (10). The N719. 
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photoinduced electron transfer (PET) process. The efficiency 
for generating long-lived charge separation is higher when 
the excited state that precedes PET is a spin triplet state. 
Thus the overall efficiency of the DSSCs should be im-
proved in theory. A DSSC based on an osmium complex, 
[Os(H3tcterpy)(CN)3]

-
, where H3tcterpy is 4,4’,4’’-tricar-

boxy-2,2’:6’,2’’-terpyridine (Fig. 13), with the lowest MLCT 
absorption band at 811 nm, presented better performance in 
the near-IR region than the corresponding Ru complex, al-
though the Ru complex based cell performed better in the 
whole spectral region. The [Os(H3tcterpy)(CN)3]

-
 complex 

can be chosen as a candidate for the development of 
osmium-based sensitizers where triplet state transitions could 
play a fundamental role in extending the spectral response in 
the near-IR region for photoelectrochemical applications 

[67]. 

Significant results have also been reported by Lewis’s 

group on Os(II) complexes with dcbH2 chromophoric ligand 
[68, 69]. Replacement of the ruthenium metal center with 

osmium extends the spectral response of nanocrystalline 

TiO2 photoelectrodes to longer wavelengths without reduc-
ing the overall photo-electronic conversion efficiency. In 

these systems, direct population of low energy 
3
MLCT states 

is less forbidden, allowing the presence of the corresponding 
charge transfer bands in the visible and near infrared region. 

These results predicted the possibility of further improving 

the performances of DSSCs by design of sensitizers with 
high spin–orbit coupling constants. 

2.3.2. Tuning the LUMO Energy Level ( *-Tuning)  

Tuning the LUMO energy levels of the sensitizers is an-
other approach to develop dyes with intense absorption in the 
red region. The DSSC based on a “black dye” (Fig. 14) pre-
sents an overall efficiency of 10.4% with a response extend-

ing into the near-IR region up to 920 nm [30].  

A Ru tetrapyridyl dye with trans geometry for the two 
NCS ligands (Ru(detOq)(NCS)2, where detOq= 4’,4’’-di- 
ethoxycarbonyl-2,2’:6’,2’’:6’’,2’’’-quaterpyridine (Fig. 14) 
[70] displayed a lower-energy absorption in comparison with 

N3, due to the decrease of the LUMO energy (Table 2).  

Wang et al. [34] designed a novel terpyridyl ruthenium 
complex [Ru(ttp-COOH)(NCS)3]

- 
(where ttp-COOH is 

2,2’:6’,2”-terpyridine -4’-(4-carboxylic acid), Fig. 14). The 
DSSC based on this dye generated IPCE values of about 
90% at maximum photocurrent action spectra (580nm) and 
above 20% in the near-IR region. This red-shift is due to the 
more electronic delocalization of the terpyridyl ligand com-
pared to the bipyridyl ligands. A sandwich-type solar cell 
fabricated with this dye-sensitized nanocrystalline TiO2 film 
generated a short-circuit photocurrent of 6.1 mAcm

2
, an 

open-circuit photovoltage of 0.58 V and an overall yield of 
2.9% under irradiation of white light (78.0 mW cm

2
) (Table 

2). Since this dye responded better than the N3 dye in the 
near-IR region, it would be a promising panchromatic sensi-
tizer after optimization.  

The absorption spectrum of the trans-[Ru(L)(NCS)2], L = 
4,4'''-di-tert-butyl-4',4''- bis(carboxylic acid)-2,2':6',2'':6'', 
2'''-quaterpyridine (N886) (Fig. 14) displays metal-to-ligand 
charge-transfer transitions in the entire visible region [71]. 
The panchromatic response of N886 indicated a suitable sen-
sitizer for DSSCs. The DSSCs based on N886, with an elec-
trolyte containing 0.60 M butylmethylimidazolium iodide, 
0.03 M I2, and 0.50 M tert-butylpyridine in a mixture of ace-
tonitrile and valeronitrile (volume ratio 1:1), generated a 
maximum incident photon-to-current efficiencies of 40%, a 
short-circuit photocurrent density of 11.8 mA/cm

2
, an 

open-circuit voltage of 680 mV, and a fill factor of 0.73, 
corresponding to an overall conversion efficiency of 5.85% 
under AM 1.5 sunlight (Table 2). 

Recently, Klein et al have succeeded in fine-tuning the 
spectroscopic properties of ruthenium polypyridyl complexes 
by designing the novel ligand, 4,4’-bis(carboxyvinyl)-2, 
2’-bipyridine and its ruthenium(II) complex [RuL2(NCS)2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (12). Absorption spectra (left) and I-V curves comparisons of 
cis-Ru and trans-Ru(right). 

 

 

 

 

 

 

 

Fig. (13). Sensitizer with absorptions in the near-IR region com-
pared to N3. 
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(K8, Fig. 15) [72]. The lowest MLCT absorption maximum 
of K8 is red-shifted 20 nm with molar extinction coefficient 
increased by 30% compared to the star sensitizer N3 (Table 
2). The oxidation potential of K8 is shifted cathodically by 
0.05 V compared to the N3 couple. This difference is due to 
the donor influence of 4,4’-bis-(carboxyvinyl)-2,2’-bipyri-
dine relative to 4,4’-bis-(carboxy)-2,2’-bipyridine. The ex-
cited oxidation potential of complex K8 is around -0.89V vs 
SCE, which is much more negative than TiO2 conduction 

much more negative than TiO2 conduction band [73]. The 
photocurrent action spectrum of the DSSC based on K8 
shows a broad response covering most of the visible spec-
trum. The IPCE values were 77% in the plateau region and 
strikingly, 66% even at 700 nm. The significant effect ex-
erted by the ligand with extended conjugation is evident 
from the IPCE curve in the red region. The cell based on K8 
gave a photocurrent density of 18 mA/cm

2
, an open circuit 

potential of 640 mV, a fill factor of 0.75, and an overall 
conversion efficiency of 8.64% under AM 1.5 sun light. The 
absorption data and the recombination dynamics for K8 were 
observed to be indistinguishable from those for the N3 dye, 
indicating that the insertion of the vinyl moiety in the an-
choring ligand did not significantly reduce the electronic 
coupling between the dye and the TiO2 electrode.  

Islam et al. [74-76] designed a Ru quinolinyl complex, 
Ru(dcpq)2(NCS)2 (where dcpq is 2-(2-(4-carboxylic acid- 
pyridine)-4-carboxylic acid-quinoline), and some analogues 
with 4,4’-dicarboxylic acid-2,2’-biquinoline (dcbiq), 4,7- 
dicarboxylic acid-phenanthroline (dcphen) ligands. The 
lowest MLCT absorption maxima among them could be far 

red-shifted to 700 nm.  

These typical dyes that can absorb light across the entire 
visible and NIR regions have been developed in recent mo-
lecular engineering. Initial results have indicated that these 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (14). Panchromatic sensitizers. 

 

 

 

 

 

 

 

 
 

Fig. (15). K8. 
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dyes may perform better photoelectric properties than N3 

once their performances have been optimized. 

2.4. Increasing Molar Extinction Coefficients 

For a DSSC, increasing the molar extinction coefficients 

of the sensitizers will enhance light harvesting with a given 

film thickness. Or thinner films can be designed to accom-

plish the same performance. Once the molar extinction coef-

ficients are increased, it is possible to use the viscous elec-

trolytes based on ionic liquids or nonvolatile solvents, re-

sulting in better efficiencies with decreased losses during 

charge transport. The extinction coefficients of organic dyes 

[19, 77] are usually higher than transition-metal complexes. 

However, the disadvantages, such as narrow absorption 

bands [78], aggregation, and low stability, would limit the 

practical usage of such dyes in DSSC devices. 

Very recently, a conversion efficiency of over 9% was 

obtained under AM 1.5 illumination for the DSSC based on 

the K-73 sensitizer (Fig. 16) with a nonvolatile electrolyte 

[79]. The K-73 dye exhibited an intense absorption band in 

the visible region (the lowest MLCT band at =545 nm with 

=18000 cm
-1

M
-1

) because of the extension of - conjugation 

on one of the bipyidyl ligands (Table 2). Molecular orbital 

calculations indicate that the LUMO is located on the dcbH2 

ligand while the HOMO is shared by the Ru metal and NCS 

ligands. 

The K-19 (Fig. 16) based DSSC in conjunction with the 
binary ionic liquid electrolyte gave a conversion efficiency 
of 7.1%. It exhibited better stability under both light soaking 
at 60 

o
C and thermal stress at 80 

o
C than the K-73 dye [80, 

81]. The adsorption of this dye on TiO2 film was strength-
ened in the presence of the long alkyl chains. The nonvolatile 
electrolyte promoted the dye with high thermal stability in 
DSSCs. The molar extinction coefficient of =18200 
cm

-1
M

-1 
for the lowest MLCT absorption band at =543 nm 

for K-19 is much higher than those for Z907 and N719 
( =12200 cm

-1
M

-1
 and 14000 cm

-1
M

-1
 respectively)(Table 2). 

The introduction of the alkoxystyryl moiety for K-19 not 
only extended the conjugation of the bipyridine ligand, 
which greatly increased its molar extinction coefficient and 
solar light harvesting capacity, but also enhanced its hydro-
phobicity, which prevented water from desorbing the dye 
and stabilized the device performance under long-term light 

soaking and thermal stress. 

As well, because of the extension of - conjugation on 
the bipyidyl ligands, the molar extinction coefficient of K8 

( max 555 nm, 18000 M
-1

 cm
-1

) was found to be much higher 

than that of N3 ( max 535 nm, 13600 M
-1

 cm
-1

) [72]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (16). Novel dyes with high molar extinction coefficient and good performance. 
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Another sensitizer, tetrabutylammonium ruthenium di-

cyanato(4-carboxylic acid- 4’-carboxylate-2,2’-bipyridine)(4, 

4’-di(2-(3,6-dimethoxyphenyl)-ethenyl)-2,2’-bipyridine) 

(N945H in Fig. 16), composed of different ligands with spe-

cific function was designed [82]. The 4,4’-di(2-(3,6-di- 

methoxyphenyl)-ethenyl)-2,2’-bipyridine ligand extended 

the  conjugation further. The function of such a ligand is to 

enhance the molar extinction coefficient and to tune the 

LUMO level of the sensitizer. The INDO/S and DFT calcu-

lations revealed that the charge was directed into the car-

boxylbipyridine ligand bound to the TiO2 surface following 

photoexcitation. The hydrophobic group in the chromophore 

ligand of N945 is very similar to that of K-73, in which only 

one methoxy group is attached on the para-position of the 

phenyl group. The lowest MLCT absorption band of N945H 

appears at 550 nm, with an extinction coefficient of 18900 

M
-1

 cm
-1

, which is significantly higher than the star sensitizer 

N3 (Table 2). The photovoltaic performance of the N945 

sensitized solar cell with a thermally stable electrolyte sys-

tem (composed of 0.8 M 1,2-dimethyl-3-propylimidazolium 

iodide, 0.1 M I2, and 0.5 M N-methylbenzimidazole in 

3-methoxypropionitrile) was investigated. Strikingly, this 

DSSC generated a short-circuit photocurrent density of 16 

mA cm
-2

, an open-circuit potential of 752 mV, a fill factor of 

0.69, and a power conversion efficiency of 8.4% under AM 

1.5 full sunlight.  

The pioneering work reveals that selective functioning of 
ruthenium complexes could result in red-shifted absorption 
spectra and enhanced molar extinction coefficients. This 
strategy provides the directionality to the molecular engi-
neering of ruthenium sensitizers for DSSCs, especially for 

solid state DSSCs. 

2.5. Increasing the Charge Separation and Minimizing 
the Charge Recombination 

For the conversion of solar light into electrical current, an 
efficient charge separation must be achieved. The back elec-
tron transfer process from the conduction band of the tita-
nium dioxide films to the oxidized sensitizer (eq. 6) is unde-
sirable. It generates heat instead of electrical current. For the 
characterization of the recombination rate, an important ki-
netic parameter is the rate constant k6. It is of great impor-
tance to develop sensitizer systems with high value of k1 and 

low value of k6. 

Table 2. Typical Sensitizers, their Absorption Properties, Performances on DSSC 

Sensitizer 
Lowest MLCT 

Peak (nm) 

Molar Extinction 

Coefficient(M
-1

cm
-1

) 
Voc(mV) ISC(mA/cm

2
) FF IPCE% % Ref. 

N3 535 14,000 720 18.2 0.73  10.00 [39] 

Z907Na 526 12,200     6.00 [81] 

K19 543 18,200 711 14.61 0.67  7.10 [99] 

K73 545 18,000 748 17.22 0.69 85 9.00 [98] 

N945 550 18,900 790 16.50 0.72 82 9.64 [101] 

K8 550 18,000 640 18.00 0.75 77 9.64 [94] 

trans-Ru 585  720 19.60   8.60 [88] 

N886   680 11.80 0.73 40 5.85 [93] 

Ru(H2dcbpy)(dmbpy)(NCS)2 524 11,600      [82] 

Ru(H2dcbpy)(dhbpy)(NCS)2 525 11,100      [82] 

Ru(H2dcbpy)(dnbpy)(NCS)2 526 11,600      [82] 

Ru(H2dcbpy)(dtdbpy)(NCS)2 525 11,500 740 16.20 0.72 90 8.60 [82] 

Ru(3,3'-dcbH2)2(NCS)2 572  470 8.00  21  [64] 

Ru(5,5'-dcbH2)2(NCS)2 585  490 7.80  37  [64] 

[Ru(ttp-COOH)(NCS)3]
- 580  580 6.10  90 2.90 [40] 

black dye 620  720 20.5  80 10.40 [38] 

Ru(ttp-PO3H2)(dmbpy)(NCS) 503 8980 653 4.73 0.71 76  [75] 

Ru(hp-terpy)(dmbpy)(NCS) 494 8700    70  [74] 

Ru(bpy-(CH2OH)2)2(NCS)2   510 10 0.48  3.8 [82] 

Ru(bpy-(PO3H2)2)2(NCS)2 494 7000 490 5 0.67 ~75  [78] 

Ru(detOq)(NCS)2 658 9800 654 18 0.65 ~75  [90] 
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The charge separation in a DSSC is the key process dur-
ing the generation of photocurrent. Either the N3 or N719 

based DSSC is a good illustration. The forward electron in-
jection is an extremely rapid process occurring in the femto-
second time domain. The back electron transfer involves a d 
orbital of the oxidized ruthenium complex localized on the 
ruthenium metal. The overlap of this d orbital and the con-
duction band of TiO2 is small and is further reduced by the 
spatial contraction of the wave function upon oxidation of 
Ru(II) to Ru(III). Thus, the electronic coupling constant for 
the back electron transfer process is 1-2 orders of magnitude 
smaller than that for the forward electron injection process. 
The resulted spatial separation from the positive charge den-
sity on the dye from the injected electron has a crucial effect 
on retarding the charge recombination between the injected 
electron and the dye cation, which is a key loss process 
(Fig.1, k6). Charge-recombination dynamics are closely de-
pendent on this separation, and very little dependent on the 
thermodynamic driving force, as determined by the reduction 

potential of the dye cation [83].  

The charge-recombination could be inhibited effectively 
by using N845 (Fig. 17), with attached electron-donor 
groups on the non-anchoring ligand, which can locate the 
cationic charge at a greater distant from the TiO2 surface 
[84]. The N845 sensitizer was designed by modification of 
the N3, in which a secondary electron donor moiety, 
N,N-(di-p-anisylamino)phenoxymethyl group was introduced. 
Following electron injection, the positive charge is trans-
ferred from the ruthenium ion to the triarylamine group, 
which moves the hole away from the surface. The increased 
distance retards the back electron transfer process. About a 
1000-fold retardation of the recombination dynamics with an 
increased open circuit voltage (Voc) for N845 was attributed 
to the increase in distance between the cationic center and 
the TiO2 surface (as estimated from semi-empirical calcula-

tions) in comparison with N719. 

Several research groups also tried to use dyes with elec-
tron-donor groups that could locate the cationic charge at a 

greater distant from TiO2 surface [85, 86]. 

The photosensitization process of [Ru(dcbH2)2(4-CH3, 
4’-CH2-PTZ-2,2’-bipyridine)]

2+
 attached to TiO2 was illus-

trated in Fig. 18. Irradiation of the dye with visible light re-
sulted in the creation of a MLCT excited state, and subse-
quently a charge separated state with an electron injected 
into TiO2 and an oxidized PTZ group, abbreviated as 
TiO2(e

-
)–Ru–PTZ

+
. Recombination of the electron in TiO2 

with the oxidized PTZ to generate the ground state occurred 
with a rate constant of 3.6  10

3
 s

-1
. Excitation of a model 

compound that does not contain the PTZ donor, 
[Ru(dmbpy)(dcbH2)2]

2+
 (dmbpy = 4,4’-dimethyl-2,2’-bi- 

pyridine), under identical conditions gave rise to the imme-
diate formation of a charge separated state, TiO2(e

-
)–Ru(III), 

whose recombination kinetics can be analyzed by a distribu-
tion model with an average rate of 3.9  10

6
 s

-1
. Therefore, 

transferring the “hole” from the Ru center to the pendant 
PTZ moiety inhibits the recombination rates about three or-

ders of magnitude [87]. 

Ghanem et al. [88] designed a complex P680 through 
mimicking the function of tyrosine and chlorophyll unit in 
natural photosystem II (PSII). A ruthenium(II) tris(bipyridyl) 
complex covalently linked to a L-tyrosine ethyl ester through 
an amide bond was attached to the surface of nanocrystalline 
TiO2 via carboxylic acid groups on the bpy ligands. Excita-
tion of the complex promotes a metal-to-ligand charge- 
transfer (MLCT) excited state, from which an electron was 
injected into the conduction band of TiO2. An intramolecular 
electron transfer occurred subsequently from tyrosine to 

Ru(III), regenerating Ru(II) and forming the tyrosyl radical. 

Some heterosupramolecular systems like binuclear ruthe-
nium and osmium containing polypyridyl complexes [89, 90], 
TiO2-Re-Ru [91], TiO2-Rh-Ru [92] were employed to study 

the interfacial and intramolecular electron transfer process. 

2.6. Strategies for the Stability of the Sensitizers on the 
Mesoscopic Films 

Although it’s necessary for the sensitizers with carbox-
ylic acid groups to anchor on the surface of the TiO2, this 
adsorption is susceptible to the trace amount of water, caus-
ing serious consequences on the long-term stability of the 
DSSCs. It has been reported that the dyes with hydrophobic 
chains (e.g. Z907, Z955) can display an enhanced stability 
towards desorption from TiO2 induced by water in the liquid 
or gel electrolyte [93, 94]. A cell based on Z907 with an I

-
/I3

- 

couple in polymer gel gave a conversion efficiency of 6.1%, 
with excellent stability to both prolonged thermal stress and 

 

 

 

 

 

 

 

 

Fig. (18). Interfacial and intramolecular electron transfer processes 

in [Ru(dcbH2)2(4-CH3,4’-CH2-PTZ-2,2’-bipyridine)]
2+ anchored on 

TiO2. 

 

 

 

 

 

 

Fig. (17). N845. 
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light soaking that satisfied the criteria for the outdoor use of 
solar cells (Table 2) [95]. The stability was attributed to the 
hydrophobic property of the dye and the stability of the gel 
electrolyte. The DSSC based on N719 displayed much 
poorer stability and thermal stress compared to Z907. The 
K-19 and K-73 dyes are similar examples that exhibited 
much better light-soaking stabilities and thermal stress than 

the N3 dye. 

A series of amphiphilic heteroleptic Ru(II) complexes 
with different length of chains on the 2,2’-bipyridine ligand, 
such as Ru(dcbH2)(dmbpy)(NCS)2, Ru(dcbH2)(dhbpy) (NC 
S)2, Ru(dcbH2)(dtdbpy)(NCS)2 (Fig. 19) and Z907 (Fig. 9), 
were developed. Their spectroscopic properties and the pho-
tovoltaic performances as well as stabilities of the corre-
sponding DSSCs were compared with those of N3 [96]. 
Their lowest MLCT absorption bands were blue shifted with 
molar extinction coefficients decreased when compared to 
those of the N3 (Table 2). The ruthenium oxidation poten-
tials in complex Z907 and Ru(dcbH2)(dtdbpy)(NCS)2 are 
shifted negatively by 0.11V, compared to that in N3. The 
difference in the oxidation potential is due to the presence of 
4,4’-nonyl-2,2’-bpy in Z907, which is a stronger donor 
compared to the 4,4’-dicarboxylic acid-2,2’-bipyridine. Un-
der identical conditions, the short circuit photocurrent den-
sity, the open circuit voltage, and the cell efficiency in-
creased slightly with the increase in chain length of the 
ligand among these amphiphilic dyes based DSSCs. Most 
importantly, the power conversion efficiency of the cell was 
sustained at 94% of its initial value upon heating for 1000 h 
at 80

o
C for the Z907. These results reveal that it is promising 

to develop stable sensitizers for the application in DSSCs via 
molecular engineering. Another advantage for dyes with 
hydrophobic groups is that the hydrophobic groups can in-
hibit the recombination of electrons on the TiO2 conduction 
band with the redox electrolyte (see eq. 5, known as dark 
current) by forming a hydrophobic network. Evidence indi-
cates that N719 itself can suppress the dark current by form-
ing a blocking layer on the TiO2 surface [50, 95]. This effect 
may be enhanced further via introducing of bulk substitutes 

to the dye. 

Such amphiphilic dyes can be applied in DSSCs with an 
organic hole transport material instead of the liquid electro-
lyte I

-
/I3

-
. In such cells, the poor interaction between the sen-

sitizer and the organic hole transport materials [98] would 
result in a weaker electronic communication and a slow re-

generation of the ground state sensitizer. Sensitizers with 
hydrophobic chains can enhance the stability of DSSCs via 
enhancing the interaction between TiO2 and the sensitizer. 
Interfacial electron transfer process between the sensitizer 
and the hole transport material is also important in the de-
velopment of solid DSSCs [99], especially for the 
high-molecular-weight polymers that do not penetrate well 
into the nanopores of the TiO2 semiconductor. It is also in-
teresting to note that a typically slow k2 in the DSSCs with 
an organic hole transport material requires the sensitizer 

having a long-term stability in their oxidized form [67]. 

3. SUMMARY 

The DSSCs are considered as the new generation solar 
cells for the 21

st
 century. Much work has been done towards 

the optimization of the performance of the cells for the 
commercial application in the near future. Although the well 
established Ru complexes N3, N719, “black dye” exhibit 
high efficiencies in the standard dye-sensitized solar cell 
with an I

-
/I3

-
 solution electrolyte, there are still some limits 

for the massive production. It is promising to design the high 
efficient, panchromatic, and stable sensitizers for the DSSC 

via the molecular engineering of the sensitizers.  
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Fig. (18). The amphiphilic heteroleptic Ru(II) complexes. 
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