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a  b  s  t  r  a  c  t

Research  on  dye-sensitized  solar  cells  (DSC)  is  progressing  at a  rapid  pace.  The  structural  and  electronic
factors  associated  with  ruthenium  photosensitizers  can  have  a  significant  effect  on  the  performance  of
DSCs.  This  review  emphasizes  the  recent  developments  and  strategies  employed  in the  structural  design
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eywords:
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of ruthenium  photosensitizers.  The  influence  of  molecular  engineering  on  photophysical  and  electro-
chemical  properties  along  with  photovoltaic  parameters  and  the  efficiency  of  DSCs  are  also  reviewed.
Hence,  drawing  a  correlation  between  the  structure  of  photosensitizers,  the  properties  and  photovoltaic
parameters  of corresponding  DSCs  will  be  helpful  in  terms  of optimizing  new  dyes  for  the  generation  of
efficient  solar  cells.
olar energy conversion
Abbreviations: DSC, dye-sensitized solar cell; H2dcbpy, 2,2′-bipyridine-4,4′-dicar
Me2); dmsbpy, 4,4′-di(3-methoxystyryl)-2,2′-bipyridine; Hdcbpy, 4-carboxylic acid-
ipyridine; L2, 4,4′-bis(1-adamantyl-aminocarbonyl)-2,2′-bipyridine; L3, 4,4′-bis{5-{N-[2
,4′-bis{5-{N-[2-(3�-cholest-5-en-3-ylcarbamate-N-yl)propyl]aminocarbonyl}}-2,2′-bip
,2′-bipyridine; HTM, hole-transporting material; L6, 4,4′-bis(2-(4-(1,4,7,10-tetraoxyu
utoxy]styryl}-2,5-bis[3-methylbutoxy])-2,2′-bipyridine; L8, 4-(4-(N,N-di-p-anisolamino
-EDOT, �-octyl-ethylenedioxythiophene; L9, 4,4′-di{bis[(9,9-dimethylfluoren-2-yl)am
]phenazine; TPA, triphenylamine; Hipdpa, 4-(1H-imidazo[4,5-f]-[1,10]phenanthrolin-2-
2dcbiq, 4,4′-dicarboxy-2,2′-biquinoline; H2dcdhph, 5,8-dicarboxy-6,7-dihydro-dibenz
yridylpyrazole; bpzpy, 2,6-bis(5-pyrazolyl)pyridine; tpy, 2,2′:6′ ,2′′-terpyridine.
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. Introduction

The energy crisis is one of the challenging problems confronting
ankind today. According to International Energy Outlook (IEO)

010, the total world energy use is predicted to rise from 14.8 TW
n 2008 to 18.2 TW in 2020 and to reach 22.6 TW in 2035 [1].
offert et al. projected that world energy consumption rate will
ouble from 13.7 TW in 2001 to 27 TW by 2050 and will triple
o 43 TW by 2100 [2].  With the immense use of oil and coal as
uels, an enormous amount of CO2 is released into the atmosphere,
hich is thought to be the main contributor to global warming. To

educe CO2 emissions, new avenues are being explored for gener-
ting carbon-emission-free power. Furthermore, the resources of
oal, oil and natural gas are dwindling rapidly, which is a source of
timulation in terms of considering alternative energy sources [3].
on-conventional energy sources such as, solar energy and wind
nergy are known to be low-carbon emitting energy sources [4].  It
s projected that the contribution from renewable energy sources

ill occupy a prominent place in the future [5].  In particular, solar
nergy has tremendous potential, because it is available all around
he globe, and is inexhaustible and environmentally benign [6].

The solar energy incident on the earth’s surface, whose globally
onvertible power is estimated to be 120,000 TW,  is sufficient to
atisfy the world’s requirements [7].  Therefore, the practical and
fficient use of solar energy has been a consistently significant topic
n the world [6].

Because of the inherently expensive cost of manufacturing,
he price of silica-based solar cells is very high and hence dye-
ensitized solar cells (DSC) promise to be a viable alternative
wing to their low cost, flexibility and various colors. Further-
ore, DSCs display higher efficiencies at low light levels and the

ngle of the incident light has no great effect on performance.
he new technology concerning the DSCs, where light absorption
ccurs by dye molecules attached to a nanostructured semiconduc-
or oxide material, is steadily growing [8].  Since the remarkable
nvention of the ruthenium-based DSC, with an efficiency of 7%,
y O’Regan and Grätzel in 1991 [9],  and subsequent improve-
ents in DSC efficiency to 10% by the same group in 1993 [10],

remendous efforts have been expended by several groups con-
erning the development of DSC technology. The main factors that
ffect the efficiency and photovoltaic parameters of DSCs may  be
ivided into the following categories: (i) dye structure; (ii) TiO2
hin film (thickness, crystallinity and morphology); (iii) electrolyte
omposition; (iv) cell fabrication techniques. A major objective of
his article is to familiarize coordination chemists (and others)
ith recent developments in strategies for the structural design

f ruthenium photosensitizers to achieve an efficient photon-to-
urrent conversion efficiency (�). This review is organized based
n molecular engineering of ruthenium photosensitizers with: (1)
,2′-bipyridine-based ligands; (2) 1,10-phenanthroline-based and
ipyridylamine-based ligands; (3) a modified anchoring ligand; (4)
hiocyanate-free; (5) other classes. Such structural modifications
hat affect on the fundamental photophysical and electrochemical
roperties as well as photovoltaic and cell � on DSCs are scrutinized.

. Principle of DSCs

A typical DSC consists of five components: (i) a photoanode, (ii)
 mesoporous semiconductor (TiO2), (iii) a sensitizer (dye), (iv) a
edox electrolyte and (v) a counter electrode. The working principle
11,12] of DSCs is shown schematically in Fig. 1.
The light absorbing dye adsorbed onto TiO2 absorbs photons
nd goes to the excited state, and injects electrons into the con-
uction band (CB) of TiO2. This leads to charge separation at the

nterface. The oxidized dye is subsequently reduced by electron
Fig. 1. Schematic illustration of the working principle of dye-sensitized solar cells.
TCO  = transparent conducting oxide; electrolyte = iodide/triiodide (I−/I3

−).

donation from an electrolyte containing an iodide/triiodide (I−/I3−)
redox system. The injected electrons diffuse through the semicon-
ductor network to arrive at the back contact and then through the
external load to the counter electrode. At the counter electrode, the
reduction of I3− regenerates I− through the donation of electrons
from the external circuit, which completes the circuit.

The photosensitizer contains an anchoring ligand and an ancil-
lary ligand. The anchoring ligand, in most cases, is H2dcbpy and the
carboxylic acid groups can be utilized for anchoring with TiO2. In
the design of a photosensitizer for DSC, most modifications involve
the appropriate choice of an ancillary ligand for achieving better
light harvesting. The proportional distribution of various photo-
sensitizers is shown in Chart 1.

2.1. Basic features of an efficient Ru(II)-based sensitizer

– The wide absorption range and high molar absorption coefficient
(ε) of the MLCT band(s).

– The highest-occupied molecular orbital (HOMO) localized on the
mixed Ru(II)-t2g and NCS-� orbital (or carbanionic part in case of

NCS free and C H activated dyes), and the lowest-unoccupied
molecular orbital (LUMO) located on the anchoring ligand.

– Energy level of the LUMO higher than CB of TiO2 and the HOMO
lower than I−/I3− redox couple for efficient electron injection and
dye regeneration, respectively.

– Long-term stability of the dye loaded onto the TiO2 surface under
thermal stress and light soaking.

3. Various classes of ruthenium DSCs with liquid
electrolytes

3.1. Ruthenium photosensitizers with 2,2′-bipyridine-based
ancillary ligands

Since the development of ruthenium sensitizers, N3 [9,10],  N719
[10,13] and black dye [14], which show excellent DSC performance,
many research groups have attempted to modify their structures
with the goal of improving photovoltaic performance. The molec-
ular structure of the N3 dye consists of two anchoring ligands for
connecting to the TiO2 surface and two  NCS for balancing the charge
of the Ru metal (Fig. 2). In an effort to improve the light-harvesting
ability of the photosensitizer, several modifications were made in

the 2,2′-bipyridine (bpy) moiety, both in anchoring as well as ancil-
lary ligands. The variation of substituents in the bpy ligand of Ru
sensitizers and their corresponding DSC photovoltaic properties
are listed in Table 1 and the effects of structural engineering on



3010 J.-F. Yin et al. / Coordination Chemistry Reviews 256 (2012) 3008– 3035

exam

f
p
d

o
d
a
r
a
N

s
o
b
u
i
2
ε
a
t
q
t
w

s
s
c
c

Chart 1. The proportional distribution of ruthenium photosensitizers with 

undamental properties, such as absorption and redox behavior and
hotovoltaic parameters with respect to standard N3 and/or N719
ye are discussed.

The two acidic protons of the N3 dye may  dissociate at a pKa

f 1.5 and the resulting dianionic salt is referred to as the N719
ye. Relative to the N3 dye, the N719 dye exhibits a high ε value
nd the Ru(III/II) redox potential is negatively shifted due to the
eplacement of H+ with a tetraalkylammonium cation (Table 2 ),
nd also the doubly protonated form of N3 is superior to the neutral
3 dye for sensitization of nanocrystalline TiO2 films [13].

A series of amphiphilic heteroleptic Ru-bpy sensitizer dyes sub-
tituted with alkyl chains of various lengths at the 4,4′-positions
n one of the bpy ligands were developed (1–5). The lowest MLCT
and of these complexes (1–5) was blue-shifted with lower ε val-
es compared with the homoleptic N3 dye (Table 2) [15,16].  For

nstance, dyes 2 (N820) and 4 (Z907) show a blue-shift of 360 and
80 cm−1, respectively, relative to the N3 dye along with a lower

 value. This is due to electron-donating nature of the alkyl groups
t the 4,4′-positions of the bpy ligand resulting the �* orbital of
he ligands at a higher energy compared with that of dcbpy. Conse-
uently, Ru(III/II) oxidation potential of N3 complex is higher than
he alkyl chain substituted complexes reflecting strong electron-
ithdrawing nature of the dcbpy ligand.

With the aim of protecting the dye layer against the ingres-

ion of water from the electrolyte and hence to enhance device
tability, these hydrophobic dyes were examined under identical
onditions of cell fabrication and measurement [17]. Such alkyl
hains function as an electrical insulating barrier layer between the

N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

COOH

COOH

N3

Fig. 2. Molecular structure of the N3 dye.
ples from each category and their photon-to-current conversion efficiency.

sensitizer dye and the hole-transporting medium, thereby reduc-
ing interfacial charge recombination (CR) losses and increasing the
open circuit potential (VOC) and short-circuit photocurrent (JSC).
Hence, the VOC of the DSCs is in the descending order of alkyl
chain length C13 (N621) ≈ C9 (Z907) > C6 (N820) ≈ C1 (KD1) (2–5)
[16], which is consistent with the efficiency trend with improved
device stability under thermal stress and light soaking [18]. How-
ever, the C18 dye deviates from the series for the following reasons:
(a) retardation of the regeneration reaction with increasing chain
length and in particular, C18 dye shows 700-fold lower regenera-
tion rate constant [16]; (b) slower charge recombination between
the electrolyte and the injected electron [17]; and (c) faster recom-
bination rate between the dye and the injected electron [18].
These drawbacks were reflected in the significantly reduced device
performance of the C18 dye. Furthermore, the inhomogeneous dye-
loading on the TiO2 surface due to the folding of the long C18 chains
along with incomplete swelling of the long C18 chains, thereby
reduces the recombination blocking effect of the alkyl chain spacer
[19].

A series of N3-related Ru(II)-sensitizers that contained 4,4′-
di(p-X-phenyl)-2,2′-bipyridine (X = CN, F, H, OMe, NMe2) as an
ancillary ligand showed a systematic bathochromic shift in the
MLCT band on traversing from electron-withdrawing to electron-
donating congeners (7–12). In comparison with the 1 (KD1) dye,
substitution with phenyl group allows 7 (dye-1) to exhibit a
350 cm−1 red-shifted MLCT absorption with higher ε value, result-
ing in higher cell �, under identical conditions [15]. For the
complexes 9–11 and N3,  the cell � increases with increasing
electron-donating power: F (9) < COOH (N3) < H (10) < OMe  (11). In
contrast, strongest electron-donating (NMe2-based) and strongest
electron-withdrawing (CN-based) devices showed inferior device
performance. The CR kinetics between the injected electrons and
the oxidized dye is in the order CN (8) > COOH (N3) > F (9) > H
(10) > OMe  (11). This fast CR in CN-based device is caused by the
electronic characteristics, resulting in poor device performance
and for the NMe2-based dye, is probably due to fast CR dynam-
ics between the injected electrons and the oxidized electrolyte
and also the ruthenium sensitizer in the excited state (Dye

•+) is

quenched by I− [20]. It has been shown that amines interact with I2
to form charge transfer complex and this might lead to an increase
in the amount of oxidized electrolyte that comes into contact with
the dyes, thereby enhancing CR.
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Table  1
Molecular structures of ruthenium photosensitizers with various bipyridine-based ancillary ligands and photovoltaic properties of corresponding DSCs.

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA  cm−2) VOC (V) FF � (%) Ref.

N3 COOH 18.2 0.72 0.73 10.0a [10]

1 H  (KD1) 10.4 0.53 0.62 4.5b [15]

2
CH3

(N820)
14.7 0.70 – 6.7c [16]

3 C6H13 15.5 0.70 – 7.4c [16]

4
C9H19

(Z907)
16.0 0.74 0.67 8.4c [16]

5
C13H27
(N621)

16.2 0.74 0.72 8.6c [16]

6 C18H37 3.5 0.67 0.56 1.3d [17]

7

(dye-1)

12.6 0.57 0.58 5.5b [15]

8 CN 10.0 0.67 0.74 4.9e [20]

9 F 14.3 0.72 0.73 7.6e [20]

10 H 15.2 0.71 0.72 7.8e [20]

11 OMe 16.0 0.72 0.72 8.3e [20]

12 NMe2 8.4 0.69 0.73 4.2e [20]

13 O
(Z910)

17.2 0.78 0.76 10.2f [22]

14 O
C6H13

(K-19)

14.6 0.71 0.67 7.0f,g [23]

15

O

(K77)

19.2 0.78 0.72 10.5f [24]
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Table 1 (Continued)

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA  cm−2) VOC (V) FF � (%) Ref.

16
O

O

(N945)

16.5 0.79 0.72 9.6f [26]

17 N
H

O

15.8 0.69 0.66 7.0f [27]

18

NH
O

HN
O

O

CH3

H

H
H

CH3

15.5 0.68 0.71 7.4f [27]

19
H
N

O
HN

O

O

CH3

H

H
H

CH3

16.1 0.68 0.7 7.6f [27]

20 OH11 17.5 0.70 0.72 8.8f [27]

21

H
N
C8H17

O
(A597)

11.8 0.78 0.78 7.3h [28]

22

S
C6H13

(TG6)

14.0 0.75 0.55 5.8i [29]

23
O

O
3

(K51)
15.4 0.74 0.69 7.8j [30]

24

O
O
3

(K60)

16.9 0.73 0.69 8.4f [33]

25
Rf = C2F4H (CT4)

Rf = C3F7 (CT7)
O

Rf

Rf = C4F8H (CT8)

13.3 0.67 0.70 6.2k [34]
26  15.4 0.68 0.66 6.9k [34]
27  15.0 0.68 0.67 6.8k [34]
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Table  1 (Continued)

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA cm−2) VOC (V) FF � (%) Ref.

28

O

O

O

O

(DCSC13)

10.1 0.73 0.69 5.1l [35]

29
N

(Ru-bpy–T PA)

– – – – [36]

30 N

(IJ-1)

17.6 0.80 0.73 10.3 [37]

31 O N

O

O

– – – – [38]

32

(N845)m

N

C4H9

C4H9(D5)m

10.8 0.63 0.68 4.6c,n [40]
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Table 1 (Continued)

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA  cm−2) VOC (V) FF � (%) Ref.

33 N

C4H9

C4H9

11.7 0.63 0.66 4.8c,n [40]

34

(D6)

S C6H13

(HRS-1)

20.0 0.68 0.69 9.5o [41]

35

S
S C8H17

(CYC-B1)

23.9 0.65 0.55 8.5p [42]

36

S C8H17

(CYC-B3)

15.7 0.67 0.71 7.4q [43]

37

S C8H17

O O

(SJW-E1)

21.6 0.67 0.63 9.0q [43]

38

S

O O

(Ru-EDOT)

19.1 0.66 0.72 9.1 [44]

39

S
S S

C6H13

(CYC-B11)

20.1 0.74 0.77 11.5 [46]

40

S C6H13

(C101)

18.6 0.74 0.75 10.5 [47]

41

O C6H13

(C102)

17.8 – – 9.5 [47]
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Table  1 (Continued)

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA  cm−2) VOC (V) FF � (%) Ref.

42

S

S
C8H17

(C104)

17.9 0.76 0.78 10.5 [48]

43

S

O O

C6H13

(C103)

18.3 0.76 0.75 10.4 [49]

44

S
S C6H13

O O

OO

(C107)

19.2 0.74 0.75 10.7 [49]

45

Se C6H13

(C105)

18.7 0.75 0.75 10.6 [50]

46

S S
C6H13

(C106)

19.2 0.78 0.76 11.3 [51]

47

S
S

S

(3T)

15.5 0.68 0.70 7.4 [52]

48

O S

(LXJ-1)

16.5 0.72 0.75 8.8r [53]

49

S C6H13

(JK-188)

18.6 0.72 0.71 9.5s [54]
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Table 1 (Continued)

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA  cm−2) VOC (V) FF � (%) Ref.

50

S S C6H13

(JK-189)

18.9 0.63 0.73 8.7s [54]

51
S

N

(JK-55)

17.6 0.64 0.72 8.2t [55]

52

S
N

(JK-56)m

17.5 0.71 0.73 9.2t [55]

53 S N

(CYC-B6S)

19.8 0.78 0.63 9.7u [56]
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Table 1 (Continued)

General formula: N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

X

X

No X (code) JSC, (mA  cm−2) VOC (V) FF � (%) Ref.

54 S N

C7H15

C7H15
(CYC-B6L)

18.2 0.78 0.63 9.0u [56]

55 S N

O O

(CYC-B13)

10.3 0.73 0.68 5.1v [57]

56 NS

S

C7H15

C7H15

(CYC-B7)

17.4 0.79 0.65 9.0 [58]

� Indicates the point of attachment of the substituent to the ancillary ligand.
a Conditions: 96.0 mW/cm2 simulated AM 1.5 solar radiation; in a mixture of (90:10, v/v) acetonitrile and 3-methyl-2-oxazolidinone, 0.3 M LiI and 0.03 M I2.
b Conditions: 75.0 mW/cm2 simulated AM 1.5 solar radiation; in a mixture of (1:1, v/v) acetonitrile and propylene carbonate, 0.5 M LiI and 0.05 M I2; cell area: 0.15 cm2.
c Standard global AM 1.5 solar radiation; in a mixture of (1:1, v/v) acetonitrile and valeronitrile, 0.6 M N-methyl-N-butylimidazolium iodide, 0.05 M LiI, 0.05 M I2, 0.5 M

tert-butylpyridine.
d Under identical condition N621 shows � = 3.2%.
e Conditions: 100 mW/cm2 simulated AM 1.5 solar radiation, under identical condition N3 shows � = 7.8%.
f Standard global AM 1.5 solar radiation; in a mixture of (3:1, v/v) acetonitrile and valeronitrile, 0.6 M 1-propyl-3-methylimidazolium iodide (PMII), 0.13 M GuNCS, 0.03 M

I2, 0.5 M tert-butylpyridine.
g Under identical condition Z907 and N719 show � = 6.0 and 6.7%, respectively.
h Under identical condition Z907 shows � = 8.3%.
i Under identical condition N719 shows � = 5.5%.
j Under identical condition Z907 shows � = 6.6%.
k Under identical condition N719 shows � = 7.3%.
l Under identical condition N820 shows � = 4.4%.

mThe structure contains only one substituent for X, another X is CH3.
n Under identical condition N3 shows � = 4.1%.
o Under identical condition N719 shows � = 8.9%.
p Under identical condition N3 shows � = 7.7%.
q Under identical condition N3 shows � = 8.4%.
r Under identical condition Z907 shows � = 8.4%.
s Under identical condition Z907 shows � = 9.0%.
t Under identical condition Z907 shows � = 8.8%.
u Under identical condition N3 shows � = 8.5%.
v Under identical condition CYC-B6S shows JSC = 9.2, VOC = 0.73, FF = 0.70, � = 4.7%.
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Table 2
Absorption and electrochemical data for standard dyes and entries 1–5.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)b Ref.

�–�* �–�* or d�–�* d�–�*

N3 314 (4.82) 398 (1.40) 534 (1.42) 0.85 [10]
N719  312 (4.91) 395 (1.43) 535 (1.47) – [13]

1  KD1 527 (0.78)b 0.73 [15]
2 N820 295  (4.54) 312 (3.35) 383 (1.13) 524 (1.16) 0.78 [16]
3 296  (4.26) 312 (3.20) 384 (1.01) 525 (1.11) 0.73 [16]
4  Z907 295 (4.24) 312 (3.01) 385 (1.09) 526 (1.16) 0.74 [16]
5  N621 296 (4.21) 312 (3.02) 384 (1.08) 525 (1.15) 0.74 [16]

a In EtOH.
b In DMF.

Table 3
Absorption and electrochemical data for standard dye and entries 13–16.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE) Ref.

�–�* �–�* or d�–�* d�–�*

4 Z907 295 (4.24) 312 (3.01) 385 (1.09) 526 (1.16) 0.74 [16]
13 Z910 410 (1.70) 543 (1.69) 0.73a [22]
14  K-19 320 (5.12) 360 (4.76) 543 (1.82)b 0.71c [23]
15  K77 310 (5.12) 346 (4.76) 546 (1.94)c 0.73c [24]
16  N945H 305 (5.63) 316 (6.07) 394 (3.45) 550 (1.89)b 0.57c [26]

a In MeCN.
b t
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1:1 MeCN- BuOH.
c DMF.

Light absorption can be enhanced in heteroleptic Ru(II) com-
lexes by endowing them with electron-donating alkoxy groups,
hich accomplish new amphiphilic sensitizers (13–16)  with broad

overage of the visible spectrum (Table 3). The ε and cell � follow
he order: Z910 > Z907 > N719 [21,22].

Further improvements have been made, with cell � > 10%, by the
ubstitution of a OMe group of the Z910 dye with more hydropho-
ic analogs viz. OC6H13 14 (K-19) and OtBu 15 (K-77) group
t styryl moieties of the amphiphilic heteroleptic Ru-complexes
23–25]. The ε value for MLCT absorption of the 14 (K-19) dye
s higher than that of the standard Z907, N719 and Z910 dyes
Table 3). This fostered applications and devices based on 14 (K-
9) exhibited better cell � compared with the Z907 and N719,  along
ith better stability under thermal stress and light soaking, due to

he stronger adsorption of the 14 (K-19) dye by the presence of the
ong alkyl chains [23]. A most striking breakthrough, however, was
chieved in the case of the 15 (K-77) dye. Light harvesting by the
owest energy MLCT band was improved further compared with 14
K-19) dye and the cell � reached 10.5% [24].

Excited-state directionality i.e. efficient electron transfer from
he Dye

•+ to the TiO2 conduction band is another essen-
ial requirement for DSCs. For example, the monoanionic
u4N[Ru(Hdcbpy)(L1)(NCS)2] 16 (N945H) dye showed a 830 cm−1

ed-shifted absorption compared with Z910 and the ε value fol-
ows the order: N945H > Z910 > N3 (Table 3) [26]. The photovoltaic
ata for the dianionic 16 (N945) dye showed a superior cell � com-
ared with the standard dianionic dye N719. In comparison with
he 14 (K-19) dye, 16 (N945) exhibits a higher cell � value. This is
robably due to the incorporation of donor groups in the ortho and
eta positions of the extended � conjugated system that increased

he LUMO energy level without disturbing the HOMO level and
hereby increasing the driving force for electron injection into TiO2
y adjusting the electron densities of the donor moieties.

In a search for more amphiphilic heteroleptic Ru(II) dyes, amide-

unctionalized ligands L2, L3, L4 and alkylhydroxy ligand L5 and
orresponding sensitizers (17–20)  were synthesized [27]. How-
ver, all of the dyes show a lower ε value for MLCT absorption
Table 4) along with a low cell � compared with homoleptic N3
dye and among these dyes, dye 20 yielded a better cell � value of
8.8%.

Hallett and Jones [28] synthesized 21 (A597), a ruthenium sen-
sitizer, comprised of a doabpy as an ancillary ligand. Although 21
(A597) exhibited favorable absorption and redox behavior in solu-
tion (Table 4), the cell � was lower than Z907, under identical
conditions. The reason for the lower cell � could be due to the poor
light harvesting of the dye after anchored onto TiO2 films and/or a
faster CR phenomenon.

The publication by O’Regan, Ghaddar and co-workers [29]
describes the 22 (TG6) dye, with a SC6H13 group as the electron
donor along with styryl � conjugation at the 4,4′-positions of the
bpy ligand. This monoanionic dye showed better visible light har-
vesting compared with the OC6H13 substituted 14 (K-19) dye. The
presence of a sulfur atom in the aliphatic chain may  be appreciated
by comparing the HOMO–LUMO energy gap of 22 (TG6) (2.50 eV)
with that of the N3 (2.60 eV) determined by density functional theo-
retical calculations and a fast electron injection dynamics into TiO2
CB is seen, as the excited-state oxidation potential (E∗

ox) of the 22
(TG6) was −0.13 V more negative compared with that of the N719.
Furthermore, interfacial recombination between an injected elec-
tron and the electrolyte was  increased using 22 (TG6) dye, may  be
due to the extended �-conjugation and this could be valid for any
dye with an extended �-conjugation.

A unique class of solar cells comprised of ion-coordinating sen-
sitizers, induce a striking improvement in � compared with a non
ion-coordination analog [30–32]. For instance, the 23 (K51) dye is
an analog of Z907, in which hydrophobic alkyl chains have been
replaced with ion-coordinating oxyethylene side chains. Both dyes
showed similar light absorption behavior. However, the cell � value
of 23 (K51) is 7.8%, which is higher than that of Z907, due to faster
rate of dye regeneration for the former [30]. When lithium ions with
concentration equal to the dye adsorbed on the surface of the TiO2
surface were added to the liquid electrolyte, the Z907 dye exhibited

a decrease in VOC and an increased JSC and a counter balance of the
parameters resulted in the same efficiency. In contrast, in such a
situation, the 23 (K51) dye shows Li+ “ion-trapping” functionality
and inhibits the adsorption of Li+ on the TiO2 surface and shows
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Table 4
Absorption and electrochemical data for entries 17–21.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)a Ref.

�–�* �–�* or d�–�* d�–�*

17 313 (3.88) 392 (1.17) 537 (1.19) 0.84 [27]
18  314 (3.36) 390 (1.11) 531 (1.12) 0.84 [27]
19  312 (3.39) 393 (1.12) 533 (1.21) 0.85 [27]
20 297 (4.54) 309 (2.74) 370 (1.25) 522 (1.26) 0.75 [27]
21 (A597)  297 (4.54) 313 (5.23) 397 (1.60) 539 (1.75) 0.92 [28]

a In DMF.

Table 5
Absorption and electrochemical data for entries 29–31.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)a Ref.

�–�* �–�* or d�–�* d�–�*

29 430 (5.71) 540 (2.00) – [36]
30  IJ-1 432 (4.34) 536 (1.91) 0.94 [37]
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31  N845 300 (5.52) 312 (4.41) 

a In DMF.

otential invariance on the TiO2 conduction band, with a striking
mprovement in JSC and VOC values. At higher Li+ concentration, the
xcess Li+ is adsorbed on the TiO2 surface resulting in a slight drop
n VOC value, but the JSC value is increased as the TiO2 surface adapts
o a globally positive charge and hence a greater local concentration
f I− and increased dye regeneration rate [31].

However, the 23 (K51) dye had poor stability towards continu-
us thermal stress at 80 ◦C due to desorption into the electrolyte,
ecause of the presence of oxyethylene chains, which conferred
n increase in solubility. In order to reduce its solubility, the
ye [Ru(H2dcbpy)(L6)(NCS)2] 24 (K60), which has a ligand with
ore extended �-conjugation and ion-coordinating oxymethylene

hains, was developed [33]. The effect of Li+ ion on the photovoltaic
arameters of the dye 24 (K60) is similar to that of the dye 23 (K51).
he device containing the 24 (K60) dye exhibited good stability and
aintained more than 93% of the initial photovoltaic performance

pon aging at 80 ◦C under dark conditions or at 60 ◦C under visible
ight soaking (100 mW/cm2).

Lin and co-workers [34] reported on the synthesis of a series of
uorous amphiphilic ruthenium sensitizers 25 (CT4), 26 (CT7) and
7 (CT8). The 26 (CT7) and 27 (CT8) dyes exhibit cell � values that
re comparable with that of standard N719, and outperformed the
907 dye. The main reason for these superior efficiencies is due
o the presence of hydrophobic fluorous chains, which allow these
yes to adsorb on the TiO2 surface more strongly and provide higher
ye density than alkyl chains in the case of the Z907 dye.

The [Ru(H2dcbpy)(L7)(NCS)2] 28 (DCSC13) dye illustrates the
ncorporation of L7 donor group enhances ε of MLCT absorption
and relative to that of 2 (N820) dye. It also inhibits the I3− in the
lectrolyte from recombining with e−(TiO2), resulting in reduced
nterfacial recombination and hence, increased VOC value compared

ith that of the N820 dye. The drawback of the 28 (DCSC13) dye is
he fact that bulky groups make the dye size bigger and reduce the
ensity of the dye on the TiO2 surface. Nevertheless, under identical
onditions, both the VOC and cell � of the 28 (DCSC13) sensitizer are
igher than 2 (N820), besides 40% less adsorption of molecules onto
he TiO2 for the former [35].

A new series of “donor–acceptor” dyes involving �-conjugation
ith a covalently attached pendant triphenylamine (TPA) hole

ccepting moiety have been extensively studied in DSCs [36–39].  A

omparison between dyes 29 (Ru-bpy–TPA) and 2 (N820) indicates
hat, although the values for ε and cell � have been greatly enhanced
or the former (Table 5), the CR kinetics are not influenced by the
PA units [36]. Similar to 29 (Ru-bpy–TPA), a methyl substituted
372 (1.05) 535 (1.10) 0.98 [38]

TPA-donor antenna dye 30 (IJ-1) also showed enhanced ε and cell
� values compared with 2 (N820) [37].

However, when an arylamine-based secondary electron donor
group (L8) is employed in the dye, [Ru(H2dcbpy)(L8)(NCS)2] 31
(N845), an interface between the hole and the TiO2 nanostruc-
tures is developed [38]. The 31 (N845) dye displayed recombination
dynamics three orders of magnitude less than the N719 dye. In
addition, the long distance between the hole and TiO2 results
a long-lived charge-separated pair, which is highly desirable for
efficient DSCs. Incidentally, SCN free aryl-TPA-based N3-analogs
have also shown similar long-lived charge-separation states [39].

Extended �-conjugation of oligophenylenevinylene groups at
the 4,4′-position of the bpy in 32 (D5) and 33 (D6), allows these
two  dyes to exhibit better light absorption compared with N3 dye
(Table 6) and the JSC and cell � values follow the order: D6 > D5 > N3.
In contrast, VOC of the 32 (D5) and 33 (D6) dyes remain same com-
pared with N3 dye. This is probably due to the fact that sensitizers
32 (D5) and 33 (D6) are unable to form hydrophobic layers around
TiO2 and thus are not able to minimize the back electron transfer
from e−(TiO2) to I3−. Nevertheless, 32 (D5) and 33 (D6) dyes adhere
more strongly on the TiO2 surface than the N3 dye, hence showing
long-term stability [40].

Yanagida and co-workers [41] employed a Ru sensitizer 34
(HRS-1), consisting of a hybrid of long alkyl chain containing
thienyl-vinyl-conjugated bpy ligand as an ancillary ligand. The
hydrophobic characteristics of the long hexyl chains aid in (i) reduc-
ing the interfacial recombination of e−(TiO2) → I3−; (ii) preventing
water from reaching the surface of the TiO2 and dye leaching,
which thereby increases the stability of the devices. Furthermore,
34 (HRS-1) dye exhibits an enhanced cell � than that of N719.

The potential of thiophene-based ancillary ligands on Ru-based
DSCs was developed by Wu  and co-workers [42]. A bis-thiophene
substituted efficient electron donor group containing the Ru sen-
sitizer, 35 (CYC-B1), showed a dramatic effect on photophysical
properties (Table 7) and device performance. A 100 mV cathodic
shift of ERu(III/II)

1/2 in 35 (CYC-B1) reflects the more electron-donating
property of the alkylbis-thiophene-bpy compared with that for the
dcbpy ligand in N3.  Such rich fundamental properties make the per-
formance of the 35 (CYC-B1) dye more efficient in the DSC than N3,
under identical conditions.
The dye 36 (CYC-B3) [43], which contains one less thiophene
unit than 35 (CYC-B1), causes diminished light absorption (Table 7)
along with a lower solubility, making this dye inferior toward pho-
tovoltaic cells, in comparison with that of the 35 (CYC-B1). The
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Table 6
Absorption data for entries 32–33.

No Code �max (nm) (ε (104 M−1 cm−1))a Ref.

�–�* or d�–�* d�–�*

32 D5 441 (4.03) 527 (2.60) [40]
33  D6 449 (7.85) 539 (3.43) [40]

a In DMF.

Table 7
Absorption and electrochemical data for standard dye and entries 34–37.

No Code �max (nm) (ε (104 M−1 cm−1)) Eox of Ru(III/II) (V vs. SCE) Ref.

�–�* �–�* or d�–�* d�–�*

34 HRS-1 371 (4.24) 542 (1.87)a 0.80a [41]
35  CYC-B1 312 (3.58) 400 (4.64) 553 (2.12)b 0.76b [42]
36  CYC-B3 320 (5.23) 370 (3.30) 544 (1.57)b – [43]
37  SJW-E1 546 (1.87)b – [43]

a In EtOH.
b DMF.

Table 8
Absorption and electrochemical data for entries 38–39.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)a Ref.

�–�* �–�* or d�–�* d�–�*
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38 Ru-EDOT 

39  CYC-B11 320 (4.55) 380 (5.40) 

a In DMF.

ntroduction of electron-donating EDOT instead of a thiophene
oiety in 37 (SJW-E1) dye resulted in an enhanced ε of MLCT band

ompared with 36 (CYC-B3) [43].
In summary, the relative cell � follows the order: 35 (CYC-

1) > 37 (SJW-E1) ≈ 34 (HRS-1) > N3 > 36 (CYC-B3) dyes. Of note,
he MLCT ε value of the N3 dye is lower than that of 36 (CYC-B3), but
he cell � is still higher. Electrochemical impedance spectroscopy
EIS) data in the form of a Bode phase plot show that the lifetime
f the e−(TiO2) is, in descending order: N3 > 37 (SJW-E1) > 36 (CYC-
3). This probably accounts for the higher � of N3 although it shows
oderate light-harvesting ability.
In the case of the 38 (Ru-EDOT)  dye [44], the following changes

ave been made: an increase in the electron-donating ability of
he thiophene moiety by the EDOT group along with extending �
onjugation and the simultaneous removal of the long alkyl chain.
he higher ε of MLCT band and cathodically shifted ERu(III/II)

1/2 values
or 38 (Ru-EDOT)  relative to those of N3 dye reflects the influence
f the new, electron-rich ligand (Table 8). This dye exhibits a similar
on-coordinating effect when Li+ ions are added [45].

Replacement of the hexyl-terminal chain in 35 (CYC-B1) with
n electron-rich hexylthio-terminal chain in 39 (CYC-B11), causes
he highest ε value (2.42 × 104 M−1 cm−1) of the Ru(II)-sensitizers
ontaining thiophene moieties discussed so far. A 40 mV  cathodic

hift in ERu(III/II)

1/2 of 39 (CYC-B11) relative to that of 35 (CYC-B1),
eflects the influence of the sulfur atoms on electron donation and
-conjugation to the bpy ancillary ligand and on the metal complex

able 9
bsorption data for entries 40–42.

No Code �max (nm) (ε (104 M−1 c

�–�* or d�–�* 

40 C101 

41 C102 

42  C104 312 (5.50) 

a In DMF.
538 (1.60) 0.65 [44]
554 (2.42) 0.72 [46]

(Table 8) [46]. A device fabricated using the sensitizer 39 (CYC-B11),
in the presence of a volatile liquid electrolyte showed an excellent
cell � value of 11.5%.

The dye 40 (C101), contained a pendant hexyl chain in a thio-
phene, which was  attached to a bpy unit shows long-term stability
[47]. The MLCT absorption band of 40 (C101) is 803 cm−1 red-
shifted relative to Z907 with enhanced ε value (Table 9) and it has
a remarkable cell � of 11%.

Upon substitution of the thiophene group in 40 (C101) with the
furan in 41 (C102), the cell � value was diminished [47]. This is prob-
ably due to the lower adsorbed dye density of the latter compared
with the former on a TiO2 surface. Hence, 41 (C102) dye coated
cells are more exposed to the electrolyte and thus the CR rate is
enhanced, resulting in a lower cell � value. The sensitizer 42 (C104)
[48], which contained a thieno[3,2-b]thiophene moiety, exhibited
a much higher ε at the MLCT band compared with that of Z907 and
thus, the cell � value is higher than that of the latter complex, under
identical conditions.

Wang and co-workers [49] developed the ruthenium sensitiz-
ers, 43 (C103) and 44 (C107), containing EDOT and O-EDOT units,
respectively, conjugated at the 4,4′-positions of a bpy ligand. The
ε and cell � values follow the trend: 44 (C107) > 43 (C103) > Z907
(Table 10). However, VOC follows the reverse order as because lower

dye density of the large ancillary ligand containing 44 (C107) dye,
hence, CR is faster and thus VOC value is lower than 43 (C103).
The dye 45 (C105) [50] contains a selenophene unit conjugated
with a bpy ligand coordinated with Ru(II). The ε value increases in

m−1))a Ref.

d�–�*

407 (1.80) 547 (1.75) [47]
407 (1.76) 547 (1.68) [47]
368 (4.75) 553 (2.05) [48]
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Table 10
Absorption data for entries 43–46.

No Code �max (nm) (ε (104 M−1 cm−1))a Ref.

�–�* or d�–�* d�–�*

43 C103 370 (3.55) 550 (2.05) [49]
44  C107 453 (5.43) 559 (2.74) [49]
45  C105 309 (3.95) 353 (3.35) 550 (1.84) [50]
46 C106 310 (4.10) 348 (3.25) 550 (1.87) [51]

a In DMF.

Table 11
Absorption data for entries 47–50.

No Code �max (nm) (ε (104 M−1 cm−1)) Ref.

�–�* or d�–�* d�–�*

47 3T 303 (5.06) 380 (2.84) 551 (1.70)a [52]
48 LXJ-1 309 (4.65) 353 (3.24) 549 (1.84)a [53]
49  JK-188 378 (4.26) 522 (1.56)b [54]
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50  JK-189 

a In DMF.
b EtOH.

he order of 45 (C105) > 40 (C101) > 41 (C102), consistent with the
lectropositivity and the size of the heteroatoms (Se > S > O) and
hotovoltaic parameters of 41 (C102) are parallel to that of the 40
C101). The same effect on photophysical and photovoltaic param-
ters has been observed by replacing the hexyl-terminal chain in 40
C101) with an electron-rich hexylthio-terminal chain in 46 (C106),
s observed for 35 (CYC-B1) and 39 (CYC-B11). The ε value of MLCT
and for 46 (C106) is higher than that of the Z907 and 40 (C101)
yes (Table 10),  and encouragingly, it has a cell � = 11.3% [51].

A dendritic terthiophene functionalized ruthenium sensitizer,
7 (3T), was developed by Grätzel, Bäuerle, and co-workers [52].
lthough 47 (3T) showed better absorption behavior than Z907

Table 11),  the non-planar configuration and ˇ-substituent pattern
n terthiophene restrict further enhancement in ε than 40 (C101).
he sensitizer 48 (LXJ-1) containing an electron-rich thioalkoxyfu-
an unit at the 4,4′-positions of the bpy ligand, that is coordinated to
uthenium was developed by Li and co-workers [53]. The 48 (LXJ-
) dye shows 980 cm−1 red-shifted MLCT band compared with that
f Z907 (Table 11)  and cell � value is enhanced relative to Z907,
nder identical conditions.

Ko and co-workers developed ruthenium sensitizers contain-
ng unsymmetrical indeno[1,2-b]thiophene 49 (JK-188) and a fused
ithiophene unit 50 (JK-189) at the 4,4′-positions of the bpy [54].
he ERu(III/II)

1/2 of 50 (JK-189) is 60 mV  cathodically shifted from that
f the 49 (JK-188), attributed to the presence of better electron-
onating dithiophene ring in the former dye. Under identical
onditions, the device � follows the order: 49 (JK-188) > N719 > 50
JK-189). The superior cell � for 49 (JK-188) relative to N719 is due
o better light absorption. Of note, JSC for the 50 (JK-189)-based cell
s distinctly higher compared with 49 (JK-188) and N719; however,
he VOC value follows a reverse order by 90–130 mV,  because of the
ecreased amount of dye-loading on TiO2 (due to the size and struc-

ure of the dye), relative to JK-188,  and hence, an increased rate of
R occurred.

The performance of a sensitizer does not depend entirely on ε
alues and energy level of the frontier orbitals. The structure and

able 12
bsorption data for entries 51–52.

No Code �max (nm) (ε (104 M−1

�–�* or d�–�* 

51 JK-55 354 (5.86) 470 (3.88) 

52 JK-56 352 (3.59) 463 (2.44) 

a In DMF.
380 (3.07) 543 (1.59)b [54]

size of the dye also play pivotal roles. For example, with an antenna
ligand, L9, in Ru dyes, 51 (JK-55)  and 52 (JK-56)  (methyl and L9 at 4
and 4′-positions, respectively, of bpy) a huge enhancement in ε of
the MLCT band was observed (Table 12).  Due to presence of a bulky
structure, there is less dye coverage of the 51 (JK-55) giving rise to a
large unoccupied area on the TiO2 surface and hence, a higher dark
current is seen and also the electron lifetime is inferior compared
with the 52 (JK-56) dye. In the present case � follows the following
trend: 52 (JK-56) > N719 > 51 (JK-55)  [55].

Two Ru sensitizers, 53 (CYC-B6S) and 54 (CYC-B6L) contain-
ing carbazole substituted thiophene moieties as an ancillary ligand
were developed by Wu  and co-workers [56]. The ε values of the
MLCT band for both the dyes were enhanced compared with that
of standard N3 dye (Table 13).  The cell � of the 53 (CYC-B6S)
and 54 (CYC-B6L) dyes is higher than that of N3 dye, under iden-
tical experimental conditions. Lower cell � of the 54 (CYC-B6L)
dye compared with that of the 53 (CYC-B6S) is probably due
to the different dye density on TiO2 surface. Furthermore, the
effect of the photostable hole-transporting carbazole moiety can be
realized by the superior performances of both the dyes comparing
with 36 (CYC-B3) dye.

The same group subsequently developed another dye, 55 (CYC-
B13), which was  similar to 53 (CYC-B6S), except that an EDOT group
was  introduced in the thiophene moiety [57]. Because an EDOT
group was  attached, the ε value of the lowest MLCT band of 55
(CYC-B13) is increased (Table 13), which provides superior JSC of 55
(CYC-B13) when a thin-film device made of 55 (CYC-B13) dye was
used and hence showed cell � augmentation along with higher sta-
bility compared with that of the 53 (CYC-B6S) dye, under identical
conditions.

A “bithiophene-carbazole” antenna containing Ru sensitizer, 56
(CYC-B7), which is a homologue of 35 (CYC-B1) with a carbazole

Ru(III/II)
unit, was  synthesized [58]. The E1/2 of the 56 (CYC-B7) dye
was  cathodically shifted by 40 mV,  compared with the 35 (CYC-
B1) dye, indicating that the carbazole unit destabilized the metal
center. Concerning cell parameters, under identical conditions,

cm−1))a Ref.

d�–�*

539 (2.28) [55]
537 (1.84) [55]
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Table 13
Absorption data for entries 53–55.

No Code �max (nm) (ε (104 M−1 cm−1))a Ref.

�–�* or d�–�* d�–�*

53 CYC-B6S 401 (2.67) 548 (1.61) [56]
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diphenylamino moiety substituted 75 (JF-4) Ru sensitizer have
also been developed by Lu and co-workers. The ε of the MLCT
band increased in the order: 74 (JF-3) > 70 (JF-2) > 75 (JF-4) [66].
In addition, 74 (JF-3) dye adsorbed onto TiO2 film shows a broader
54  CYC-B6L 400 (2.64) 

55 CYC-B13 497 (–) 

a In DMF.

xcept for the VOC value, JSC, FF and cell � values of 56 (CYC-B7)
re inferior to that of the 35 (CYC-B1) dye. The lower JSC and FF
alues are probably due to the molecular size and differences in
ye density, along with an extensive H-aggregation of 56 (CYC-B7)
n TiO2 surface. However, the polarizability of 56 (CYC-B7) dye is
igher than that of the 35 (CYC-B1) dye. This is due to the presence
f a hole-transporting carbazole moiety, which causes an enhanced
lectric dipole moment of the dye-loaded titania film under an elec-
ric field and the resulting higher VOC seen in the 56 (CYC-B7)-based
SC.

.2. Ruthenium photosensitizers with 1,10-phenanthroline-based
nd dipyridylamine-based ancillary ligands

Ruthenium sensitizers having 1,10-phenanthroline (1,10-
hen)- and dipyridylamine (DPA)-based ligands and the photo-
oltaic properties of the corresponding DSCs are given in Table 14.

Ruthenium dyes 57 (AR20) and 58 with 1,10-phen and dppz,
espectively, as ancillary ligands were prepared by Kitao, Kasuga
nd co-workers [59]. The amount of dye 58 adsorbed on TiO2 was
igher than that of the N719 and 57 (AR20) dyes. The higher adsorp-
ion for 58 can be attributed to the presence of a �-conjugated dppz
igand, which induced aggregate formation on the TiO2 and pre-
ented the transmission of light and hence the cell � value of 58 is
ower than 57 (AR20).

The presence of strong electron-donating ( NH2) or electron-
ithdrawing ( NO2) substituents on the periphery of the

,10-phen, enhanced the interfacial recombination between the
−(TiO2) and redox-active electrolyte (I−/I3−) that limits the �,
s have been observed with bpy based sensitizers [21]. Dyes
7 (AR20 (H)) and 59–63 (AR25 ( CH3), AR24 ( NH2) and
R27 ( NO2)) were synthesized by Palomares and co-workers

60,61]. The ε of the MLCT band follows the order: N719 ≈ 57
AR20) > 60–61 (AR24) > 59 (AR25) > 62–63 (AR27) (Table 15).
owever, the efficiency of the electron injection from Dye

•+ to
he TiO2 conduction band follows the order: N719 (90%) ≈ AR25
90%) > AR20 (85%) > AR24 (70%) ≈ AR27 and is consistent with

 cell � order: N719 ≈ AR25 ≈ AR20 > AR24 ≈ AR27. Furthermore,
wo-fold faster CR between e−(TiO2)/electrolyte in AR24 and
R27 dyes dramatically lowers VOC values, compared with the
ther dyes.

Wu  and co-workers [62] synthesized two sensitizers 64
CYC-P1) and 65 (CYC-P2), which contained the alkylthiophene-
ubstituted 1,10-phen as an ancillary ligand. It should be noted that,
hough extending the conjugation lowers the MLCT energy, the ε
alue was less for both sensitizers, 64 (CYC-P1) and 65 (CYC-P2),
ompared with N3 (Table 15). Electronic structure, as determined
y semiempirical computations at the ZINDO/1 level, showed that
lthough the HOMO and LUMO are localized on the Ru(II)-t2g–NCS
nd dcbpy ligand, respectively, LUMO + 1 is largely localized on
he ancillary ligand. The MLCT transition in N3 dye involves d�-
u → dcbpy ligand, but in 64 (CYC-P1) and 65 (CYC-P2) dyes, a

ixed d�-Ru → dcbpy and ancillary ligand causes a low dipole
oment for the transition and hence, a weak ε value. Furthermore,

ncillary ligand does not connect to the TiO2 surface and hence,
ecreases in the efficiency of the device.
551 (1.63) [56]
547 (1.93) [57]

A carbazole-functionalized phenanthrenyl-based Ru sensitizer
66 (Ru-1), along with two other dyes having phenyl 67 (Ru-2)
and p-MeO-phenyl 68 (Ru-3) substituents were synthesized [63].
Among the three sensitizers, 66 (Ru-1) displayed better cell � prop-
erties owing to long-lived charge-separated state generated due to
the presence of a carbazole unit along with high VOC value [58].

Systematic studies concerning variation of the light-harvesting
antennae from phenyl 69 (JF-1) – thiophene 70 (JF-2) – dithiophene
71 (JF-5) – linear trithiophene 72 (JF-6) – dendritic trithiophene 73
(JF-7) were developed by Lu and co-workers [64–66].  The 70 (JF-2)
dye shows higher device � than that of the standard N3 dye under
identical conditions. This is due to the synergism of the enhanced
light harvesting and directionality of the substitution which may
increase the electric transition dipole moment of the dye-loaded
TiO2. The surface concentrations of the dyes on TiO2 films and cell
� follow the order: 70 (JF-2) > N3 > 69 (JF-1) [64].

On traversing from the 70 (JF-2) to 71 (JF-5), 72 (JF-6) and 73
(JF-7), the trend for the ε value of MLCT band is in the order: 70
(JF-2) < 73 (JF-7) < 71 (JF-5) < 72 (JF-6) (Table 16). 72 (JF-6) con-
tains three linear thiophene arrangements, while 73 (JF-7) contains
bifurcated thiophene chains, resulting in a superior ε value for the
MLCT band of the former. However, the elongation and/or bifurca-
tion of the conjugated ancillary ligand decreases the quantity of the
dye-loading on the TiO2 surface (� ), because of the larger volume
of the dye molecules, a factor that lowers the device performance.
A correlation between ε for the MLCT band I, � , and the device � of
70 (JF-2), 71 (JF-5), 72 (JF-6) and 73 (JF-7) is shown in Fig. 3.

Interestingly, plot of ε and � intersected around 71 (JF-5),
resulting in the highest cell � among these dyes (Fig. 3). EIS data
show that elongation and/or bifurcation of the conjugated ancillary
ligand increases the resistance at the dye-adsorbed TiO2/electrolyte
interface together with a decrease in the electron transport in the
TiO2 network and follows the trend: 73 (JF-7) > 72 (JF-6) > 71 (JF-5).
These are the reasons behind the � trend: 71 (JF-5) > 72 (JF-6) > 73
(JF-7) [65].

The electron-donating phenothiazine-based 74 (JF-3) and N,N-
Fig. 3. Variation in the optical, dye-loading properties and power conversion effi-
ciencies for JF-2, JF-5, JF-6, and JF-7 [65].
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Table 14
Molecular structures of ruthenium photosensitizers with various phenanthroline-based and dipyridylamine-based ancillary ligands and the photovoltaic properties of their
corresponding DSCs.

General formulas: N
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No Substituent (Code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

57 X = Y = Z = H (AR20) 15.3 0.65 0.67 6.7a [59]

58

N

NX1

=

X2
11.7 0.62 0.73 5.3a [59]

59  Y = Z = H, X1 = CH3 (AR25) 0.69 0.39 2.6b [60]
60 X1 = H, X2 = NH2, Y = Z = H (AR24a) 0.2 0.48 0.31 0.2c [61]
61  X1 = X2 = NH2, Y = Z = H (AR24b) 0.1 0.46 0.31 0.1c [61]
62  X1 = H, X2 = NO2, Y = Z = H (AR27a) 0.8 0.44 0.34 0.8c [61]
63  X1 = X2 = NO2, Y = Z = H (AR27b) 0.1 0.44 0.35 0.1c [61]

64 C8H17

S

X = Y = H

Z =

(CYC-P1)

14.9 0.64 0.63 6.0d [62]

65

C8H17

S
S

C8H17X = Y = H

(CYC-P2)

Z =
9.8 0.55 0.64 3.4d [62]

66

N

Q = C2H5, P =

(Ru-1)

10.9 0.62 0.59 5.3e [63]

67
Q = C2H5,

(Ru-2)

P =
7.7 0.48 0.64 3.1e [63]

68

Q = C2H5

(Ru-3)

P = O CH3 8.0 0.49 0.64 3.3e [63]

69
C8H17Q = H, P =

(JF-1)
12.9 0.78 0.69 6.9f [64]

70

S C8H17
Q = H, P =

(JF-2)
16.3 0.78 0.65 8.3f [64]
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Table 14 (Continued)

General formulas: N

N
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P
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No Substituent (Code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

71

S C8H17
Q = H, P =

2

(JF-5)

18.3 0.73 0.71 9.5g [65]

72

S C8H17
Q = H, P =

3

(JF-6)

17.0 0.72 0.71 8.7g [65]

73

S
S

S

C8H17

C8H17

Q = H, P =

(JF-7)

13.1 0.70 0.70 6.4g [65]

74

S C8H17

N

S

Q = H, P =

(JF-3)

17.1 0.74 0.72 9.1g [66]

75

S C8H17

NQ = H, P =

(JF-4)

16.1 0.71 0.69 7.9g [66]

76

NQ = H, P =

(Ru(Hipdpa))

18.7 0.63 0.58 6.8h [67]

77
Q = H, P =

(Ru(Hpip))
7.8 0.55 0.60 2.5h [67]
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Table 14 (Continued)

General formulas: N

N
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N
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HOOC

CC

SS

K

K
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No Substituent (Code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

78 K = H, J = C14H29 15.5 0.76 0.70 8.2 [68]

79 O C4H9

K = H

J =

(J13)

15.7 0.70 0.71 7.8i [69]

80 O C8H17

K = H

J =

(J16)

15.7 0.70 0.70 7.7i [69]

81
S C6H13K =

J = C6H13

(JK-85)

16.5 0.71 0.65 7.7j [70]

82
S

S
C6H13K =

J = C6H13

(JK-86)

18.3 0.68 0.72 9.0j [70]

� indicates the point of attachment of the substituent to the ancillary ligand.
a Under identical condition N719 shows � = 8.8%.
b Under identical condition N719 shows � = 3.6%.
c Under identical condition N719 shows � = 4.4%.
d Under identical condition N3 shows � = 7.7%.
e Under identical condition N3 shows � = 6.0%.
f Under identical condition N3 shows � = 8.1%.
g Under identical condition N3 shows � = 8.8%.
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h Under identical condition N3 shows � = 6.5%.
i Under identical condition N719 shows � = 7.9%.
j Under identical condition N719 shows � = 8.9%.

isible spectrum coverage compared with that of the 70 (JF-2) and
5 (JF-4) dyes. This is because of the better planar configuration
etween thiophene and phenothiazine group. Also the slight bend-

ng butterfly conformation of the phenothiazine impedes molecular
ggregation on the TiO2 surface and the formation of intermolec-
lar excimers. EIS data show that resistance at the interfacial
ecombination of the 74 (JF-3) sensitized solar cell is smaller
nd follows the trend: 75 (JF-4) > 70 (JF-2) > 74 (JF-3). Electron
ecombination lifetime in the TiO2 films for 73 (JF-3) dye is 1.5 times
reater than that of 75 (JF-4) dye and same to the 76 (JF-2) dye.
he electron transport efficiency follows the trend: 75 (JF-4) ≈ 76
JF-2) > 74 (JF-3) and is parallel to the cell � trend.

TPA functionalized phenanthrenyl-based Ru sensitizer 76
Ru(Hipdpa)) was synthesized and its performance compared with

henyl substituted 77 (Ru(Hpip))  and N3 dyes [67]. Upon the

ncorporation of the electron-donating TPA group, 76 (Ru(Hipdpa))
hows an 830 cm−1 red-shifted MLCT band with an enhanced

 value compared with 77 (Ru(Hpip)).  As a consequence, 76
(Ru(Hipdpa)) shows a superior device � than that of 77 (Ru(Hpip)).
In fact, this is comparable with the N3 dye, under identical condi-
tions. In contrast to earlier reports [28,29],  the study based on 76
(Ru(Hipdpa)) explained the inability of the TPA moiety to function
as a HTM in Ru-complexes and, hence, the origin of the improved
cell � by the introduction of the TPA unit required further explana-
tion.

Grätzel, Zakeeruddin and co-workers [68] developed a het-
eroleptic ruthenium complex, 78,  containing dipyridylamine with
a long alkyl chain as the ancillary ligand (DPA-R). DPA-R ligand
has better �-donor and poor �-acceptor properties, compared with
bpy. The ε of the MLCT band (Table 17)  and cell � value for the dye
78 are lower than those of the standard N719 dye. The lower cell
� value is due to CR of the e−(TiO2) with the Dye

•+ and slower dye

regeneration compared with that of N719 dye.

In an attempt to improve the ε value, the �-conjugation on the
N-termini of the DPA-R ligand was extended. The triarylamine-
functionalized Ru-dyes, 79 (J13) and 80 (J16) show cell � values
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Table 15
Absorption and electrochemical data for entries 57–65.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)a Ref.

�–�* �–�* or d�–�* d�–�*

57 AR20 267 (5.70) 309 (2.90) 400 (1.00) 492 (1.20)b 0.80 [59]
58  275 (5.70) 310 (3.50) 374 (1.80) 492 (1.10)b 0.83 [59]
59  AR25 423 (3.66) 518 (6.58)c 0.79 [60]
60 AR24a 420 (1.15) 546 (0.93) 0.75 [61]
61 AR24b 415 (1.04) 545 (0.93) 0.75 [61]
62  AR27a 403 (0.52) 538 (0.69) 0.72 [61]
63  AR27b 400 (0.49) 535 (0.66) 0.72 [61]
64  CYC-P1 302 (0.39) 380 (0.38) 518 (0.84) 0.78 [62]
65  CYC-P2 304 (0.28) 423 (0.22) 530 (0.38) 0.84 [62]

a In DMF.
b In 0.01 M NaOH.
c MeCN.

Table 16
Absorption and electrochemical data for entries 69–75.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)a Ref.

�–�* �–�* or d�–�* d�–�*

69 JF-1 291 (5.46) – 520 (1.09) 0.83 [64]
70  JF-2 298 (4.76) 358 (2.17) 519 (0.99) 0.86 [64]
71  JF-5 302 (3.59) 383 (3.95) 520 (1.26) 0.76 [65]
72 JF-6 299 (3.83) 417 (4.79) 520 (1.49) 0.78 [65]
73  JF-7 300 (4.87) 375 (2.75) 520 (1.05) 0.77 [65]
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74  JF-3 298 (3.59) 342 (3.02) 

75  JF-4 296 (4.95) 373 (1.56) 

a In DMF.

imilar to that of the N719, under identical conditions [69]. Den-
ity functional theory/time-dependent DFT studies predict that
long with Ru(NCS) → dcbpy MLCT band, a substantial MLCT
haracter on band at 380 nm,  involving Ru(NCS) → TPA and dcbpy,
nd calculated spectra nicely reproduced experimental spectra of
8 (J13) and 79 (J16) dyes. Hence, efficient excited-state electron
ransfer occurred from the hole-transporting TPA moieties to the
nchoring dcbpy ligand, which is attached to the TiO2-surface.

Ko and co-workers [70] synthesized two amphiphilic heterolep-
ic ruthenium complexes that contained a N-alkyl substituted DPA
igand in which the 4,4′-positions were substituted with hexylth-
ophene 81 (JK-85) and hexylthienothiophene 82 (JK-86)  ancillary
igands. The ε (Table 17)  and � values follow the order: 82 (JK-
6) > N719 > 81 (JK-85). However, VOC value follows the reverse
rder: N719 > 81 (JK-85)  > 82 (JK-86). This is related to the molec-
lar size and intermolecular �–� stacking interactions of the dyes.
he electron lifetime is the smallest for 82 (JK-86)  and hence,
ecreased dye coverage on TiO2 resulted in a significant CR and

ower VOC value. Furthermore, in the dark, the resistance for the

R at the dyed TiO2/electrolyte interface is lower for the 82 (JK-
6) (63.35 �)  than 81 (JK-85) (116.4 �)  and N719 (168.1 �),  in
ccordance with the VOC trend. Under illumination, the radius of
he intermediate frequency semicircle in a Nyquist plot decreased

able 17
bsorption and electrochemical data for entries 78–82.

No Code �max (nm) (ε (104 M−1 cm−1)) 

�–�* �–�* or d�–�* 

78 317 (2.95) 426 (1.30) 

79  J13 302 (–) 380 (–) 

80  J16 302 (–) 380 (–) 

81  JK-85 412 (1.82) 

82 JK-86 418 (2.73) 

a In 1:1 MeCN-tBuOH.
b DMF.
c EtOH.
d MeCN.
520 (1.05) 0.81 [66]
520 (1.02) 0.79 [66]

in the order: 81 (JK-85)  > 82 (JK-86)  ≈ N719 and this indicates the
improved charge generation and transport.

3.3. Ruthenium photosensitizers with modified anchoring ligands

In search of the next generation efficient light-harvesting anten-
nae, anchoring ligand modified sensitizers have been developed
(Table 18). For example, the 4,7-dicarboxy-1,10-phenanthroline
(dcphen) containing Ru complex, 83,  shows one broad absorption
with an enhanced ε value compared with the two MLCT bands seen
in N3 dye [71]. The ERu(III/II)

1/2 of the dye 83 is similar to that of the N3
dye. Although with favorable light-harvesting properties, the JSC,
VOC and cell � values of the [Bu4N]+ salt of 83 are lower than those
of N719 dye. Similarly, H2dcbiq (84) and H2dcdhph (85) anchor-
ing ligand containing Ru sensitizers show encouraging absorption
coverage up to near-infrared (NIR) region [72]. Despite better light
harvesting, the cell � values of 84 and 85 are very low because of
the inferior electron injection dynamics onto TiO2 CB from Dye

•+,

due to the low E∗

ox potential, which has been improved via the
use of SnO2 films. The lower device performance of the 83 com-
pared with the N3 dye could have followed the same explanation.
A phenanthrenyl ligand containing Ru sensitizer 86 shows efficient

Eox of Ru(III/II) (V vs. SCE) Ref.

d�–�*

568 (0.87)a 0.73a [68]
507 (–)b – [69]
507 (–)b – [69]
527 (1.02)c 0.79d [70]
525 (1.56)c 0.78d [70]
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Table 18
Photovoltaic properties for entries 83–102.

No Substituent (code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

83 N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

COOH

COOH 13.6 0.67 0.67 6.1a [71]

84 N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

COOH

COOH 0.8 0.50 0.72 0.3b [72]

85 N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

COOH

COOH 0.4 0.48 0.63 0.1b [72]

86 N

N

N

N

N

N

Ru

CC
SS

N

H
NN

HN

COOHHOOC

0.1 0.57 0.49 0.3c [73]

87 N

N

N

N

N

N

Ru

CC
SS

COOH

COOH

HOOC

HOOC

(K8)

18.0 0.64 0.75 8.6d [74]

88 N

N

N

N

N

N

Ru

CC
SS

S

S

S

S

COOH

COOH

HOOC

TBAOOC

(BTC-1)

15.8 0.66 0.73 7.6e [75]

89 N

N

N

N

N

N

Ru

CC

SS

C9H19

C9H19

S

S

HOOC

NaOOC

(BTC-2)

16.1 0.75 0.74 9.1f [76]
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Table 18 (Continued)

No Substituent (code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

90
N

N

N
N

N
Ru

N

N
C

S

F3C

COOH

COOH

N

N

N
N

N
Ru

COOH

N

N
C

S

X

F3C

15.6 0.64 0.57 5.7g [77]

91  X = H (CK1) 10.2 0.67 0.64 4.4h [78]

92

N

N

N
N

N
Ru

COOH

N

N
C

S

X

F3C

X = COOH (HY1)
14.6 0.70 0.65 6.7h [78]

93  X = H (CK2) 14.4 0.75 0.66 7.1h [78]

94

N

N

N

N
Ru

COOH

N
C

S

HOOC

N

N

CF3

R

HOOC

X = COOH (HY2)
15.8 0.75 0.68 8.1h [78]

95  R = H (PRT-1) 20.3 0.69 0.65 9.1i [79]
96  R = OMe  (PRT-2) 21.7 0.67 0.64 9.3i [79]
97  R = OC8H17 (PRT-3) 20.4 0.72 0.65 9.6i [79]

98

N

N

N

Ru N

N

N

HOOC

HOOC

R

C

C

C

S

S

S

R = But (PRT-4)
21.6 0.71 0.65 10.1i [79]

99  R = H (PRT-11) 13.5 0.68 0.73 6.7j [80]

100

S C6H13
R =

(PRT-12)

14.7 0.71 0.69 7.3j [80]
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Table 18 (Continued)

No Substituent (code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

101

S

O O

C6H13
R =

(PRT-13)

14.9 0.71 0.67 7.1j [80]

102 N

O

O

S

O O

R =

(PRT-14)

16.3 0.75 0.68 8.3j [80]

a 0.5 mM DMPII, 20 mM I2, 0.5 M TBP, and 40 mM LiI in methoxyacetonitrile.
b 0.5 M DMPII, 0.03 M I2, 0.5 M TBP, and 0.04 M LiI in methoxyacetonitrile.
c 0.5 M TBAI, 0.02 M LiI, 0.05 M I2, and 0.5 M TBP in acetonitrile.
d 0.6 M methyl-N-butylimidazolium iodide, 0.05 M iodine, 0.05 M LiI, and 0.5 M TBP in a (1:1, v/v) mixture of valeronitrile and acetonitrile.
e 1.0 M DMII, 0.15 M I2, 0.5 M,  n-butylbenzimidazole, 0.1 M GuNCS in 3-methoxypropionitrile, under identical condition N719 shows � = 7.7%.
f 0.6 M DMII, 0.03 M I2, 0.5 M TBP, 0.05 M LiI, and 0.1 M GuNCS in (85:15, v/v) acetonitrile:valeronitrile mixture, under identical condition Z907 shows � = 7.0%.
g 0.6 M butylmethylimidazolium iodide (BMII), 0.05 M I2, 0.1 M LiI, 0.5 M TBP in (1:1, v/v) acetonitrile: valeronitrile mixture and 10% 3-methyl-2-oxazolidinone (NMO).
h 0.8 M 1-propyl-3-methylimidazolium iodide (PMII), 0.03 M I , 0.5 M TBP, and 0.13 M GuNCS in acetonitrile with 3 × 10−4 M deoxycholic acid (DCA) as a coadsorbate,

u
etoni

aceton

e
V
o
w

w
s
o
o
y
w

t
w
B
b
U
v
i

w
a
s
w
6
e
m
u
t
d
1

s
2
t
t

2

nder  identical condition N719 shows � = 8.0%.
i 0.6 M dimethylpropylimidazolium iodide, 0.1 M I2, 0.1 M LiI, and 0.5 M TBP in ac
j 0.6 M dimethylpropylimidazolium iodide, 0.05 M I2, 0.1 M LiI, and 0.5 M TBP in 

lectron injection from Dye
•+ → TiO2 CB resulting in comparable

OC value of N3 dye. However, lesser dye adsorption on the surface
f the TiO2 photoanode and poor light harvesting lowers JSC value
ith inferior cell � outcome of 86 [73].

A dcvbpy coordinated homoleptic ruthenium sensitizer, 87 (K8),
as produced by Grätzel and co-workers [74]. A 50 mV  cathodically

hifted ERu(III/II)
1/2 value of 87 (K8) relative to that of the N3 dye is

bserved (Table 19)  and this indicates the greater donor influence
f a vinyl group in the 87 (K8) dye. Although the electron injection
ield was lower by 10–20% for 87 (K8) relative to N3,  this effect
as compensated by the improved red absorbance of the former.

Another homoleptic Ru sensitizer, 88 (BTC-1), which con-
ained a �-conjugated thiophene unit in the anchoring ligand
as developed by Grätzel, Bäurele, and co-workers [75].
ecause of enhancement in the ε value of MLCT absorption
and, the JSC is higher for 88 (BTC-1) compared with N719.
nder identical conditions, 88 (BTC-1) shows superior cell �
alue compared with that of N719. However, when a scatter layer
s added, the � value of both the dyes is similar.

A heteroleptic Ru sensitizer, 89 (BTC-2), is an analog of Z907
ith a �-conjugated thiophene unit in the anchoring ligand (same

s 88 (BTC-1)) [76]. The MLCT absorption band is 760 cm−1 red-
hifted with simultaneous enhancement of ε value, compared
ith the standard Z907 dye. The ERu(III/II)

1/2 of 89 (BTC-2) dye is
0 mV  cathodically shifted relative to Z907 dye, indicating a better
lectron-donating anchoring group because it contains a thiophene
oiety. Under identical conditions, the JSC as well as the cell � val-

es of 89 (BTC-2) are higher compared with Z907 dye. Furthermore,
he attachment of long alkyl chains provided better stability for the
evice with 89 (BTC-2), when subjected to light soaking at 60 ◦C for
000 h.

Chou, Chi and co-workers [77] developed heteroleptic Ru

ensitizers with a monoanionic tridentate pyrazole substituted
,2′-bipyridine ligand. The sensitizer 90,  had a lower cell � value
han that for the N3 dye. In order to improve device efficiency,
hey varied the carboxylic acid group(s) on the anchoring ligand
trile, under identical condition black dye shows � = 9.1%.
itrile, under identical condition N749 shows � = 6.9%.

as well as the �-conjugation in the ancillary ligand to generate the
Ru sensitizers [78], 91 (CK1), 92 (HY1), 93 (CK2), and 94 (HY2).
The ε value of the MLCT band enhanced with increasing conjuga-
tion on the ancillary ligand and follows the order: 91 (CK1) < 92
(HY1) < 93 (CK2) < 94 (HY2) (Table 20). The trend for device � val-
ues is the same as the trend for ε values. Due to low ε values,
the 91 (CK1) and 92 (HY1) dyes show lower cell � values, com-
pared with the N719 dye. Among the 93 (CK2) and 94 (HY2)
dyes, the lower � value of the 93 (CK2) dye is due to a lower
dye uptake because of the presence of a single COOH group
vs. two COOH in the case of the 94 (HY2) dye and the cell �
value for the 94 (HY2) dye is comparable to that for the N719
dye.

A series of neutral Ru(II) terpyridine sensitizers 95–98
(PRT1–PRT4) were synthesized [79]. Compared with the black dye,
they exhibited a high absorption in the 420–520 nm region with
onset on the NIR region. In this series, 98 (PRT4)  exhibited higher
efficiency and the cell � value increased compared with the par-
ent black dye. All the dyes show enhanced photostability due to
chelation configuration.

Chou, Chi and co-workers [80] recently developed a series
of tris(thiocyanate)ruthenium photosensitizers, having a func-
tionalized tridentate ligand with two  carboxy groups 99–102
(PRT-11–PRT-14). Several electron-donating substituents, such as
hexylthiophene 100 (PRT-12), hexyl-EDOT 101 (PRT-13) and a
functionalized-TPA 102 (PRT-14) were introduced at the third
carboxy-free pyridine moiety. Among the four sensitizers, 102
(PRT-14) showed an enhanced hyperchromic effect due to the pres-
ence of the TPA moiety (Table 21), which increases donor–acceptor
coupling and hence the corresponding transition dipole.

3.4. Thiocyanate-free ruthenium photosensitizers
In an attempt to replace the thiocyanate moiety, which
makes the chemical stability of the ruthenium sensitizer vulner-
able, thiocyanate-free cyclometalated ruthenium sensitizers were
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Table 19
Absorption and electrochemical data for entries 87–89.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs. SCE)a Ref.

�–�* �–�* or d�–�* d�–�*

87 K8 312 (–) 326 (–) 439 (–) 555 (–) 0.79 [74]
88  BTC-1 287 (5.90) 331 (6.23) 426 (2.48) 

89 BTC-2 299  (5.75) 341 (3.37) 422 (1.62)

a In DMF.

Table 20
Absorption data for entries 90–94.

No Code �max (nm) (ε (104 M−1 cm−1))a Ref.
d�–�*

90 520 (1.30) [77]
91  CK1 517 (0.88) [78]
92  HY1 521 (1.04) [78]
93  CK2 541 (1.83) [78]

s
a
t
a
t
a
o
b
w
t
d
fl
o
a
R
e

c
A
t
f
t
t
c
r
a
m
p
E
T
b

t

absorption, such as that seen in polypyridyl complexes. Further-

T
A

94 HY2 550 (1.98) [78]

a In DMF.

ynthesized (Table 22)  [81]. Cyclometalation, the replacement of
 neutral heteroatom with an isoelectronic anionic carbon cen-
er in a multidentate ligand containing additional heteroatoms,
llows the tuning of redox potentials and electronic properties of
he complexes. Grätzel and co-workers [82] reported a cyclomet-
lated ruthenium sensitizer, 104. The lowest energy MLCT band
f the sensitizer, when compared with N719 dye, was red-shifted
y 830 cm−1 along with the appearance of a new band at 490 nm
ith a higher ε value. The Ru(II)–C �-bond formation reflects on

he 40 mV  cathodically shifted ERu(III/II)
1/2 potential from that of N719

ye. The � value of the sensitizer is >10% and was lower when the
uorine is not present in the cyclometalated ligand. The presence
f fluorine reduces the electron-donating behavior of the cyclomet-
lating ligand as well as reduces Lewis basicity. This stabilizes the
u(III) oxidation state which may  allow easy dye regeneration and
fficient electron injection [82].

Ruthenium sensitizers 105–107 (TFRS-1–TFRS-3), free of thio-
yanate ligands, were synthesized with pypz ancillary ligands [83].
s expected, upon extending the �-conjugation of the backbone of

he pyridyl-pyrazolate chelates, the ε value increased on traversing
rom 105 (TFRS-1) → 106 (TFRS-2) → 107 (TFRS-3) and JSC follows
he same trend. The VOC and cell � values of 105 (TFRS-1) are higher
han the standard N719 dye, indicating that the pyridyl-pyrazolate
helate is a better insulator than SCN which blocks the dark cur-
ent and enhanced VOC. However, the VOC values for 106 (TFRS-2)
nd 107 (TFRS-3) were lower than the parent dye, due to their large
olecular size resulting in a lower dye density and also defective

acking, giving rise to an increase in dark current. Furthermore,
IS data in the dark revealed that the CR kinetics are slower for

FRS dyes than for the N719 dye, and 106 (TFRS-2) showed the
est performance, with higher cell � than N719.

Chi, Chou and co-workers [84] synthesized a series of
hiocyanate-free bis-tridentate (pyridyl bis-pyrazolate chelates,

able 21
bsorption and electrochemical data for entries 99–102.

No Code �max (nm) (ε (104 M−1 cm−1))a

�–�* �–�* or d�–�* 

99 PRT-11 324 (1.95) 393 (0.64) 

100  PRT-12 310 (1.39) 368 (2.37) 

101  PRT-13 316 (1.89) 389 (2.95) 

102 PRT-14 309 (2.82) 362 (2.88) 475 (3.33) 

N749 326 (2.16) 339 (2.22), 403 (0.96) 

a In MeOH.
b In DMF.
563 (2.32) 0.73 [75]
548 (1.60) 0.64 [76]

bpzpy) ancillary ligand and tricarboxyterpyridine anchoring lig-
and containing Ru-photosensitizers, 108–111 (TF-1–TF-4). The use
of dual tridentate ligand adds more stability and, also prevents
thiocyanate isomerism. The dyes cover the entire visible range
(Table 23), with a shoulder extending up to 800 nm with enhanced
ε values compared with the standard N749 or black dye. As a con-
sequence, the JSC values of all TF-dyes are superior to the N749 dye.
All the dyes exhibit favorable HOMO and LUMO energy levels for
electron injection and regeneration. The CR dynamics of these dyes
are slower than N749 dye and resulting in VOC differences as high as
70 mV  between the 109 (TF-2) and N749 dyes. Devices made with
these dyes displayed good cell � values, with 110 (TF-3) exhibiting
an efficiency that was higher than N749 dye.

To investigate the influence of cyclometalation (N,N′,N′′ vs.
N,C,N′ vs. C,N,N′) on the sensitizing properties of dyes, van Koten
and co-workers [85] reported on the elegant preparation of some
cyclometalated ruthenium sensitizers 112–114 (Table 22). The
absorption spectra of the cyclometalated ruthenium sensitizers
showed broadening and red-shift, accompanied by a cathodically
shifted ERu(III/II)

1/2 compared with that of [Ru(tpy)2]2+. In 112, excited
state does not possess appropriate energy ordering and also elec-
tron density in the lowest excited state is localized in a remote
terpyridine moiety as determined by the time-dependent DFT cal-
culations. These two factors cause inefficient injection of electrons
from the excited state of 112 into the TiO2 conduction band. This in
contrast to dye 113, in which the electron density is largely local-
ized in the C–H activated C,N,N′ ligand in the excited state and thus,
electron injection to TiO2 becomes more efficient. Furthermore, dye
114 contains an additional COOH group as well, which results
in the further lowering of the LUMO energy level with additional
electron density largely localized in the C,N,N′ ligand in the excited
state.

Berlinguette and co-workers [86–88] comprehensively studied
bis-tridentate (TPA-attached tridentate ancillary ligand and tri-
carboxyterpyridine anchoring ligand) cyclometalated ruthenium
complexes (selected sensitizers (115–118) are shown in Table 22).
When the Ru N bond was  replaced with an anionic Ru C bond
using a cyclometalating ligand, the degeneracy of the frontier
orbitals are lowered and thus MLCT and ILCT transitions are sep-
arated to give a broad absorption profile, instead of an intense
more, the anionic ligand induces a red-shift in the MLCT transition,
because the tpy-based �* orbitals are raised to higher energies to a
lesser extent than the metal-based t2g orbitals. They also observed

Eox of Ru(III/II) (V vs. SCE)b Ref.

d�–�*

521 (0.43) 579 (0.57) 0.84 [80]
600 (0.37) 0.85 [80]
535 (0.40) 600 (0.50) 0.85 [80]
600 (0.74) 0.86 [80]
522 (0.48) 600 (0.68) 0.89 [80]
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Table 22
Photovoltaic parameters for entries 103–118.

No Substituent (code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

103 N

S

N

S

N

N

Ru

HOOC

HOOC

COOH

COOH

N

C2H5

– – – – [81]

104

N

N

N

N

N

Ru

HOOC

HOOC

COOH

COOH

F

F

N

N

N

N

N

Ru

HOOC

HOOC

N

N

F3C

CF3

R

R

17.0 0.80 0.74 10.1a [82]

105  R = H (TFRS-1) 15.9 0.83 0.69 9.2a,b [83]

106

S C6H13

(TFRS-2)

R =
17.1 0.82 0.68 9.5a,b [83]

107

N

N

N

Ru N

N
N

N
N

R

F3C

F3CHOOC

HOOC

HOOC

S C6H13

2

(TFRS-3)

R =
17.4 0.81 0.63 8.9a,b [83]

108  R = H (TF-1) 18.2 0.74 0.68 9.1c [84]

109

S C6H13R =

(TF-2)

20.0 0.79 0.67 10.5c [84]

110

S C6H13

OO
R =

(TF-3)

21.4 0.76 0.66 10.7c [84]

111
N

S
R =

(TF-4)

20.3 0.77 0.67 10.5c [84]
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Table 22 (Continued)

No Substituent (code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

112

N

N

N

N

N

RuHOOC [85]

N

N

N

N

N

Ru

R2

R1

113 R1 = COOH, R2 = H [85]
114 R1, R2 = COOH [85]

115 X = N, Y = C, Z = N, R1 = H, R2 = COH 14.9 0.67 0.71 7.1 [86]
116  X = C, Y = N, Z = N, R1 = Me,  R2 = CO2H 8.3 0.61 0.77 3.9 [86]
117  X = N, Y = C, Z = N, R1 = Me,  R2 = CO2H 13.0 0.65 0.75 6.3 [86]
118 X  = N, Y = C, Z = N, R1 = OMe, R2 = CO2H 16.7 0.68 0.71 8.0 [86]

 TBP i

etoni

t
e
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e
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e
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a 0.6 M butylmethylimidazolium iodide (BMII), 0.1 M GuNCS, 0.03 M I2, and 0.5 M
b Under identical condition N719 shows � = 8.6%.
c 0.6 M dimethylpropylimidazolium iodide, 0.1 M I2, 0.1 M LiI, and 0.5 M TBP in ac

hat the intensity of the absorption spectra in the visible region is
nhanced, when the M C bond is orthogonal to the principal axis.
evices made with cyclometalated ruthenium sensitizers 115–118
xhibited � values in the range from 3.9 to 8%.

.5. Other ruthenium sensitizers

A sensitizer that covers a large part of the visible spectrum is
ssential for efficient light harvesting and the conversion of solar
nergy. Structural modifications, by means of geometrical isomer-
zation, can result in an extended absorption up to the NIR region
89,90]. The trans isomer of the N3 complex, in which the two thio-
yanate ligands are in a trans arrangement, shows sensitivity in the
IR region, whereas the cis isomer has no absorption in that region
91]. However, the limitation of the trans isomer is that it undergoes
hermal or photochemical isomerization to the cis-form.

Grätzel and co-workers [91] synthesized a ruthenium complex,
19 (N886), with a tetradentate ligand, and the two thiocyanate

able 23
bsorption and electrochemical data for entries 108–111.

No Code �max (nm) (ε (104 M−1 cm−1))a

�–�* �–�* or d�–�* d�–�* 

108 TF-1 318 (2.49) 383 (0.91) 417 (0.85) 510 (0.91) 

109  TF-2 329 (4.79) 421 (1.84) 509 (1.92) 

110  TF-3 322 (5.16) 387 (1.88) 426 (2.20) 513 (2.19) 

111  TF-4 333 (3.90) 404 (3.24) 447 (2.93) 516 (3.09) 

a In DMF.
b Ligand-to-ligand charge transfer.
n (85:15, v/v) acetonitrile: valeronitrile mixture.

trile, under identical condition N749 shows � = 9.2%.

ligands were in a trans configuration (Table 24 ). The strategy for
using the tetradentate ligand was to stabilize the trans geometry of
the molecule. The absorption features of 119 (N886)  were extended
up to the NIR region (Table 25). When compared with the MLCT
band of N719 dye, it is red-shifted by 3170 cm−1, however, ε of this
band is lower for the 119 (N886) dye, resulting in a low JSC value.
The VOC value of 119 (N886) dye is 120 mV  lower than N719 dye,
as the excited states of 119 (N886) dye were not properly oriented
relative to the conduction band of TiO2 and aggregation of the dye
occurred as well, and thus, showed a low cell � value.

Very recently, the heteroarylvinylene �-conjugated
quaterpyridine-based ruthenium sensitizer, 120 (N1044) was
reported [92] (Table 24).  The introduction of an EDOT moiety,
along with �-conjugation, results in the entire visible region

being covered, with a strong absorption in the 400–450 nm
region. Compared with the t-butyl substituted 119 (N886) dye,
the ε value at ∼400 nm was  enhanced and the ERu(III/II)

1/2 value
was  90 mV  cathodically shifted. The HOMO energy level was

Eox of Ru(III/II) (V vs. SCE)a Ref.

d�–�* + L–Lb

640 (0.16) 721 (0.17) 0.70 [84]
654 (0.25) 719 (0.24) 0.71 [84]
653 (0.27) 723 (0.26) 0.73 [84]
662 (0.23) 716 (0.23) 0.70 [84]
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Table 24
Photovoltaic parameters for entries 119–126.

No Substituent (Code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

119

N N

Ru

N N

HOOC

HOOC
N

C

S

N

C

S

(N886 )

11.8 0.68 0.73 5.9a [91]

120

N N

Ru

N N

HOOC

TBAOOC
N

C

S

N

C

S

(N1044)

S

S

O
O

O

O

19.1 0.45 0.67 5.7b [92]

N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

N
R

121 R = Me (RD1) 12.7 0.69 0.68 6.0c [93]
122 R  = C10H21 (RD10) 13.6 0.71 0.70 6.8c [93]
123  R = benzyl (RD5) 15.1 0.74 0.69 7.7c [93]

124 N

N

N

N

N

N

Ru

HOOC

HOOC

CC

SS

N

N

(RD11)

11.2 0.69 0.67 5.1c [93]

125 N

N

N

N

N

N

Ru

HOOC

TBAOOC

CC

SS

N N

C6H13

13.2 0.76 0.77 7.8d [94]
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Table 24 (Continued)

No Substituent (Code) JSC (mA  cm−2) VOC (V) FF � (%) Ref.

126 N

N

N

N

N
N

N

Ru

HOOC

TBAOOC

CC

SS

N

C6H13

8.9 0.67 0.77 4.7d [94]

a 0.60 M 1-propyl-3-methylimidazolium iodide, 0.03 M I2, 0.5 M TBP, in (1:1, v/v) mixture of acetonitrile and valeronitrile.
b 0.6 M butylmethylimidazolium iodide (BMII), 0.05 M I2, 0.1 M LiI, in (85:15, v/v) acetonitrile: valeronitrile mixture.
c 1.0 M butylmethylimidazolium iodide (BMII), 0.1 M GuNCS, 0.03 M I2, 0.05 M LiI, and 0.5 M TBP in (85:15, v/v) acetonitrile:valeronitrile mixture.
d 1.0 M DMII, 0.03 M I2, 0.5 M TBP, and 0.1 M GuNCS in (85:15, v/v) acetonitrile:valeronitrile mixture.

Table 25
Absorption and electrochemical data for entries 119–120.

No Code �max (nm) (ε (104 M−1 cm−1))a Eox of Ru(III/II) (V vs.SCE)a Ref.

�–�* d�–�*

119 N886 333 (2.12) 395 (1.03) 543 (0.74) 649 (0.83) 0.53 [92]
615 

d
N
e
(
t
t
c
C
o
i
t

r
n
c
z
1
s
J
i

a
r
a
[
f
e
d

4

n
a
c
e
i
C
i
s

120 N1044 298 (3.20) 400 (3.55)

a In DMF.

estabilized by 0.1 and 0.2 eV compared with the 119 (N886) and
719 (also 38 (Ru-EDOT)) dyes, respectively, and HOMO–LUMO
nergy gap follows the decreasing order: 38 (Ru-EDOT)  > 119
N886) ≈ N719 > 120 (N1044). Despite the favorable properties of
he 120 (N1044) dye, the cell � value was lower compared with
he standard N719 dye. This is mainly due to the lower VOC, which
an be explained as follows: (i) loose packing of dye that allowed
R between e−(TiO2) and the oxidized electrolyte; (ii) the HOMO
f 120 (N1044) dye lies close to the TiO2 surface, does not form an
nsulating barrier towards CR between the injected electron and
he Dye

•+.
Diau and co-workers [93], in an effort to easily prepare

uthenium sensitizers, synthesized benzimidazole-based ruthe-
ium sensitizers and investigated their light to electrical energy
onversion properties. They utilized four different substituted ben-
imidazoles and generated four ruthenium sensitizers 121 (RD1),
22 (RD10), 123 (RD5), 124 (RD11) (Table 24). Among these four
ensitizers, 123 (RD5) showed a better absorption and had a higher
SC, and owing to mitigated recombination dynamics, it had an
ncreased VOC relative to the others.

Grätzel, Bäuerle and co-workers [94] utilized a click-chemistry
pproach to synthesize 1,2,3-triazolylpyridine ligands and the cor-
esponding Ru sensitizers 125, 126 were reported. The dyes showed

 diminished absorption compared with other standard Ru dyes
10,50,75,89].  The position of the substituents influenced the per-
ormance of sensitizers 125 and 126: the former exhibited better
fficiency relative to the latter, owing to a higher absorption and
ecreased recombination.

. Concluding remarks

Strategies applied in the designing of various classes of ruthe-
ium dyes employed in DSCs and their structure – photophysical
nd electrochemical properties – photovoltaic parameters are
orrelated in this review. The different approaches adopted to
nhance light harvesting, extend the absorption in the NIR region

n ruthenium dyes, improve the stability of the dyes, and interfacial
R dynamics have been presented. All these aspects will be helpful

n an understanding and appreciation of those dyes, which can
erve as a guide for the design of the next generation of efficient
(0.75) 0.44 [92]

photosensitizers for realizing sustainable energy. We believe that
the information provided in this review will be a significant asset
for the steadily growing number of dye designers who wish to have
a one-stop look at the other successful dyes and design strategies
developed in the last 20 years.

Notwithstanding the brilliant progress made to date, the best-
performing modern ruthenium DSCs are surprisingly similar to the
conventional “Grätzel Cell” [9].  It is most likely that other classes of
photosensitizing coordination compounds with transition metals
such as, Fe(II) [95], Pt(II) [96], Re(I) [97], Ir(III) [98], and donor-
�-bridge-acceptor dyes [99,100] will be available in view of the
preliminary promising results that have been appeared recently.
To summarize, more ingenious organic ligands for the development
of functional metal complexes continue to hold promise regarding
the development of “efficient dye-sensitized solar cells”.
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