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1. Introduction Lighting applications account for about 19% of the electricity

consumption of the world, therefore low energy consumption de-

Climatologist are pointing to global warming threatening our
planet and some fossils fuels like oil are coming close to their over-
all production peak. Therefore, in a political shift for a sustainable
world, developed and developing countries are taking actions on
energy issues, aiming for a reduction of worldwide energy con-
sumption and increase of the production of energy originating
from renewable sources.

* Corresponding author. Tel.: +41 21 693 6124; fax: +41 21 693 4111.
E-mail address: mdkhaja.nazeeruddin@epfl.ch (Md.K. Nazeeruddin).

0022-328X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2009.02.033

vices such as organic light-emitting devices (OLEDs), have been
considered as the most promising solution for decreasing overall
energy consumption. In this respect iridium(IIll) cyclometallated
complexes are attracting wide spread interest because of their un-
ique photophysical properties [1]. In order to solve the second tar-
get, it is important to note that the obvious main energy source for
renewable energy is coming from the sun. In that respect, dye-sen-
sitized solar cells (DSSC) are considered as being the most promis-
ing solution for harnessing the energy of the sun and converting it
into electrical energy. Using ruthenium complexes 11% power
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conversion efficiency under AM1.5 conditions have been obtained
[2]. In dye-sensitized solar cells ruthenium has without any doubt
the lion share of the studied dyes [3]. However, recently other me-
tal complexes as well as metal-free organic dyes are testing the
supremacy of ruthenium [4]. Iridium complexes are far from com-
peting with ruthenium, however iridium complexes exhibited
some interesting behavior worthwhile having a closer look at them
[5]. We will shortly review the iridium complexes, which are useful
in energy saving (light-emitting diodes) and energy generating
(dye-sensitized solar cells) applications.

2. Cyclometallated iridium complexes for OLED applications

The last decade witnessed an explosion of the number of re-
ported luminescent cyclometallated iridium(Ill) complexes. This
widespread interest originates from their wide color tunability
and high phosphorescence quantum yield, which make them very
attractive for application in organic light-emitting diodes (OLEDs).
Neutral iridium cyclometallated complexes have been used exten-
sively in OLEDs and obtained up to 19% external quantum efficien-
cies, using multilayered structure for charge injection, transport,
and light emission [6]. This long standing record has been broken
recently with devices exhibiting more than 20% external quantum
efficiencies. They rely on the use of newly developed host materials
with improved charge transporting capabilities [7].

Simplified working principle of OLED is shown in Fig. 1. A layer
of emissive material is sandwiched between a cathode and an an-
ode. When the device is biased, holes are injected in the HOMO le-
vel of the material and electron are injected in the LUMO level.
Both electron and hole will be transported to the other electrode.
If a hole and an electron are passing close enough from each other,
they may interact and finally recombine to lead to an exciton,
which will deactivate by emitting light. In order to improve injec-
tion and transporting properties in the device, multilayer architec-
tures are usually used.

2.1. General photophysical properties

In metal complexes there are three types of excited states: (a)
metal-centered (MC) excited states, from the promotion of an elec-
tron*from t>g to eg orbitals; (b) ligand-centered (LC) states that are
m-7 transitions; (c) metal-to-ligand charge transfer states (MLCT),
which can be understood with the aid of an energy level diagram
shown in Fig. 2. Singlet-singlet absorptions are an electronic tran-
sition from metal ¢, orbitals to empty ligand or*bitals or centered
on the ligand, that is from 7 orbitals to empty 7t orbitals, without
spin change, which are allowed and are identified by large extinc-
tion coefficients. On the contrary, singlet-triplet absorptions are
transitions with spin change and are forbidden, therefore associ-
ated with small extinction coefficients. However, a singlet state
may be involved in spin flip, which is called intersystem crossing
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Fig. 1. Operating principles of OLED.
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Fig. 2. Schematic and simplified molecular orbital diagram for an octahedral d®
metal complex involving 2-phenylpyridine (C3 symmetry)-type ligands in which
various possible transitions are indicated.

(ISC), resulting in an excited triplet state. The radiative process of
a singlet and triplet excited states to a singlet ground state are
termed fluorescence and phosphorescence, respectively. In cyclo-
metallated iridium complexes, the excited triplet state, which is
responsible for phosphorescence, is a combination of the LC and
the MLCT triplet excited state, that is a mixed (triplet) excited
state. As iridium complexes possess strong spin-orbit coupling, ex-
cited singlet states can undergo efficient ISC into the triplet state
resulting in high phosphorescence quantum yields. However, not
all the complexes are highly luminescent because of the different
deactivation pathways. The choice of iridium metal is of special
interest for a number of reasons: (a) because of its quasi-octahe-
dral geometry one can introduce specific ligands in a controlled
manner; (b) the photophysical and the electrochemical properties
of iridium complexes can be tuned in a predictable way; (c) the
iridium metal possess stable and accessible oxidation and reduc-
tion states; and (d) cyclometallated iridium complexes are known
to have highest triplet quantum yields.

2.2. Neutral tris-cyclometallated iridium complexes

Tris-cyclometallated iridium complexes are neutral complexes
of the type Ir(C*N)s. The archetype of such complexes is Ir(ppy)s
(ppy = 2-phenylpyridine), where the coordination of ppy ligand
to metal is analogous to that found in 2,2’-bipyridine except that
one nitrogen is replaced by carbon anion. The absorgktion spectra
of [Ir(ppy)s] display strong ligand-to-ligand (LC, m-mt ) and MLCT
transitions in the UV and the visible region, respectively. The MLCT
transition bands are lower in energy than the LC m-7mt transitions.
The excited triplet state shows strong phosphorescence in the
green region at around 515 nm, with an excited state lifetime of
2 ps [8]. Since the analysis of the spectral properties of Ir(ppy)s
complex using DFT by Hay, it is known that the HOMO in tris-
phenylpyridine Ir(Ill) [Ir(ppy)s] is principally composed of w
orbitals of the phenyl ring and the metal d-orbitals. The pyridine
is formally neutral and is the major contributor to the LUMO in
the [Ir(ppy)s] complex [9]. In a practical approximation, the emis-
sion maximum of luminescent iridium complexes is determined
principally by the HOMO-LUMO gap. An effective strategy to tune
the emission color in Ir(Ill) complexes relies on the selective stabil-
ization or destabilization of the HOMO and/or LUMO of the com-
plex. Watts et al. synthesized several substituted ppy-based
neutral iridium complexes (Table 1) [8,10].
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Table 1
Emission, lifetime and electrochemical data of complexes 1-8.

R, 1: H1=H R R2=H
2 : R1=H J R2=CH3
3 : R4=H ; Ro=C3sH7
4 :R4=H ; Rp=tBu
5: Hﬂ:H s R2=F
6 : H1=H ‘ R2=CF3
T R1=H s R2=OCH3
Rz 8: H1=OGH3 ; H2=H
Ry
Complex Emission Lifetime ° Potential vs. Fc"’®©  Hammett
Jmax. (M) (ps) E1j20x (V) constant ¢ [11]
1 494 1.9 0.37 0.00
2 493 1.9 0.30 -0.07
3 496 1.9 0.27 —0.06
4 497 2.0 0.26 -0.10
5 468 2.0 0.57 0.34
6 494 2.2 0.68 0.43
7 481 2.2 0.35 0.12
8 539 2.9 0.15 -0.27

@ Shortest wavelength feature in emission spectrum in ethanol/methanol glass
(1:1 by volume) at 77 K.
b Emission lifetime in degassed acetonitrile at room temperature.

The photophysical and electrochemical data (see Table 1) dem-
onstrate the influence of ligands bearing electron-withdrawing and
electron-donating substituents. It is interesting to note the differ-
ence between complexes 7 and 8, which is simply the effect of
the position of electron-donating substitution on the phenyl ring.
In complex 8 the electron-donating group is substituted at the
three-position of the phenyl ring. This destabilizes the HOMO by
0.2V as compared to complex 7 in which the electron-donating
group is substituted at four-position. This can be rationalized when
one look at the Hammet substituent constant for the substituent
depending on its position relatively to the carbon coordinated to
the iridium center. When in the meta position (complex 7) the
methoxy group is an acceptor group (¢ = 0.12) due to an inductive

Table 2
Photophysical properties of complexes 9-14.

effect, whereas in the para position (complex 8) the methoxy group
is a donor group (¢ =-0.27), due to a mesomeric effect (oxygen
lone pair donation to the aromatic m orbitals). From the electro-
chemical data of the complexes shown in Table 1, it is evident that
the less positive oxidation potential values result from ligands with
electron-donating substituents, and more positive oxidation po-
tential values result from ligands with electron-withdrawing sub-
stituents. In other words, electron-withdrawing substituents on
the phenyl of the C*N ligands decrease the donation to the metal
and therefore stabilize the metal-based HOMO. Electron-releasing
substituents on the phenyl of the C*N ligand lead, on the other
hand, to destabilization of the HOMO. When substituents are on
the pyridine rings, effect will mostly be a stabilization of the LUMO
for electron-acceptor groups and destabilization for electron-donor
groups.

Another tool for adjusting the HOMO-LUMO levels, is to replace
the phenyl or the pyridine in the C*N ligand by other groups (Table
2). For example, benzothienyl, quinoline, fluorene, triarylamine or
carbazole groups have been used for developing new red emitting
complexes [12]. This approach relies on the extension of the
aromatic delocalization for stabilizing the LUMO or destabilizing
the HOMO, leading to a reduced HOMO-LUMO gap. Reducing the
aromatic delocalization in an attempt to blue shift the emission,
using for example a vinyl group in place of the phenyl, failed [13].
To achieve a blue shift of the emission, replacing the pyridine with
moieties that destabilize the LUMO level relatively to the HOMO le-
vel of the phenyl has been achieved using pyrazolyl and carbenes
group [14]. It is also possible to stabilize even more the HOMO level
of the complex by replacing the phenyl with a pyridine, which coor-
dinates through the carbon in para position of the nitrogen [15].

An interesting feature of tris-cyclometallated iridium com-
plexes is that they can have either a facial (fac) or a meridional
(mer) configuration. It has been shown by Thompson et al., that
such isomers have pronounced differences in their photophysical
properties (Table 3) as red-shifted emission and decreased quan-
tum efficiencies have been observed for the meridional isomers
relative to their facial analogues [16].

It is possible to convert the meridional isomers to the facial one
using either thermal or photochemical routes, indicating that the

S
Ir-
N ’
g
3
Ir(btpy)s Ir(piq)s Ir(fliq); Ir(dfpypy)s

9 10 11 14
Complex Emission Amax (Nm) (2 Lifetime 7 (ps)
9 Ir(btpy)s* 596 0.12 4.0
10 Ir(piq)s* 620 0.26 0.74
11 Ir(fliq)s? 652 0.19 0.74
12 Ir(flz)s° 480 0.38 37
13 Ir(pmb);° 380 0.04 0.22
14 Ir(dfpypy)s© 438 0.71 -

Ligand abbreviation: btpy = 2-(benzo[b]thiophen-2-yl)bipyridine; piq = 1-phenylisoquinoline; fliq = 1-(9,9-dimethyl-9H-fluoren-2-yl)isoquinoline; flz = 1-[(9,9-dimethyl-2-
fluorenyl)|pyrazole; pmb = 1-phenyl-3-mathyl benzimidazole; dfpypy = 2,6-difluoro-2,3-bipyridine.

@ Deaerated toluene solution at 298 K.
b Deaerated 2-MeTHF solution at room temperature.
¢ Deaerated CH,Cl, at room temperature.



2664

Table 3
Properties of selected fac and mer isomers.

E. Baranoff et al./Journal of Organometallic Chemistry 694 (2009) 2661-2670

Ri 15:Ry=H;Ry=H
16 : Ry=H ; R,=CHj
17 : R4=F ; R=F
fac-Ir(CAN); mer-Ir(C*N);
Ligand C*N [somer Emission at 77 K Lifetime at 77 K Emission at Lifetime at Potential vs. Potential vs.
)Lnlaxa (nm) 7 (us) 298 K Zmax (nm) 298Kt (uS) FCC+/O El/20xb (V) FCCHO El/Zredb (V)
15 fac 492 3.6 510 1.9 0.31 -2.70
mer 493 4.2 512 0.15 0.25 -2.63
16 fac 492 3.0 510 2.0 0.30 -2.78
mer 530 4.8 550 0.26 0.18 -2.73
17 fac 450 25 468 1.6 0.78 -2.51
mer 460 5.4 482 0.21 0.69 -2.50
¢ In 2-MeTHF.
" In DMF.

facial isomers is thermodynamically more stable than the meridi-
onal analogue. On the other hand, in the case of Ir(C*C:); com-
plexes, that is complexes containing a carbene moiety,
isomerization could not be achieved either thermally or photo-
chemically, and degradation of the compound is observed. This
failure is presumed to come from the stronger Ir-Ce;pene bond than
Ir-Npyrigine bond making the dissociation of the ligand needed for
isomerization more difficult for the Ir(C*C:); complexes. Interest-

Table 4
Photophysical and electrochemical properties of complexes 18-25.

ingly, having pure samples of non-interconvertible facial and
meridional isomers gives the opportunity to prepare OLEDs using
either the facial isomer or the meridional isomer as the phospho-
rescent dopant [17]. This has been done using Ir(pmb)s complex.
It is surprising that while the fac-Ir(pmb); complex has a photolu-
minescence quantum yield roughly one order of magnitude higher
than the mer-Ir(pmb); complex in solution, OLEDs prepared with
mer-Ir(pmb)s; have efficiencies about twice higher than those pre-

Ir-B Ir-Si Ir-Ge Ir-N
18 19 20 21
o [ 00
el O e O
Ir-PO Ir-0 Ir-S Ir-SO,
22 23 24 25
Complex Emission® Amax at 293 K (nm) Quantum yield* @, Lifetime® 7 (ps) Potential® Ei1j20x (V) Potential® Ei/2rea (V)
18 605 0.18 2.67 0.36 -2.41
—-2.63
—2.88
19 535 0.39 2.44 0.38 —2.69
20 530 0.40 2.17 0.42 —2.72
21 533 0.14 5.00 0.31 —2.82
22 541 0.19 2.56 0.58 —-2.40
—2.64
23 505 0.40 1.66 0.42 -2.80
24 527 0.52 4.87 0.41 —2.72
25 550 0.86 3.13 0.66, 0.83 -2.26
—2.48

¢ In degassed toluene solution.
5 In THF solution.
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Table 5
Photophysical and electrochemical properties of complexes 26-29.
F — /—> F /:) CF3; /=
N
N7 N Nen A\ N7 S NS
. \ N~ | N . | N | N
Q IR CIr FF I
F
i Sy I\ s [y
N = N N‘ _N N= N N=
N \<CF N N \X N \<CF
F \—/\— ° \—\/— F oo \= CFs \—\/— 8
26 27 28 29
Complex Emission® Amax at RT (nm) Quantum yield® @, Lifetime® 7 (ps) Potential vs. Fc*/%
Eippox (V) Eijorea (V)
26 437, 460 0.10 0.10 1.00 —2.55
27 464, 488 0.45 2.77 0.85 —2.74
28 456, 480 0.20 1.23 0.83 -3.11
29 434, 457 0.04 0.07 1.09 —2.53

¢ In degassed dichloromethane solution.
b In dichloromethane and THF solutions.

pared with fac-Ir(pmb)s. This result is said to come from the differ-
ent HOMO and triplet energies of the two species.

2.3. Neutral bis-cyclometallated iridium complexes

Mixed ligand Ir complexes with C*N cyclometallating ligands,
are particularly appealing for tuning the photophysical properties
of the complexes, since the two types of ligands, the main cyclo-
metallated ligand and the ancillary ligand, can be almost indepen-
dently functionalized to obtain the desired color tuning [18].

Overall there is no difference in tuning strategies between tris-
cyclometallated complexes and bis-cyclometallated complexes
when the main cyclometallating ligand is involved. The main
advantage of bis-cyclometallated complexes compared to the tris-
cyclometallated family, is the synthesis requiring less harsh condi-
tions. Consequences are higher yields and no issue with isomers as
shown in Section 2.2. A recent report about color tuning based on
modification of the main ligand is worth noting [19]. The series of
complexes studied is based on Ir(ppy),(acac) with substituents on
the four-position of the phenyl and is named Ir-N (Table 4).

Table 6
Photophysical properties of complexes 30-35.

F
I\ X
. L |/N % %
Ir<> r\

2

~N
N~
/L — Ir/N 7 |/N = Ir/ r
Ir\X N N N\

oo oo (SN
33 34 35
Complex Emission (nm) HOMO (eV) D, AE Mo (eV)
30 468 58 0.42 0.000
31 478 5.9 0.31 0.000
32 573 5.9 0.35 —0.048
33 581 5.8 0.27 —0.196
34 587 5.9 0.31 —0.466
35 666 5.8 0.39 -0.801

The complexes Ir-N exhibit fair to high photoluminescence
quantum yield in toluene solution. In addition, the lifetimes of
the excited state are in the microseconds range, which is expected
from phosphorescent cyclometallated iridium complexes. The
emitted color varies from bluish-green for 23 to orange-red for
18. Interestingly, the color is not directly tuned due to the accep-
tor/donor properties of the substituents. Indeed, the complexes
22, 25, and 18, where the substituents are electron-withdrawing
groups, show bathochromic shifts in their emission maxima rela-
tive to the parent Ir(ppy),(acac) complex. Such effect was already
observed for example when trifluoromethane groups are used [20].

Another approach to tune the emitted color, particularly suit-
able for blue-emitting complexes, rely on the breaking of the con-
jugation in the cyclometallating main ligand [21]. The introduction
of the methylene bridge in complexes 26-29, Table 5, stabilizes the
7 orbitals and destabilizes the 7t orbitals of the ligand. As a result
the LUMO orbital of the complexes is located on the pyridyl azolate
ligand, and in the case of complex 27, the HOMO as well is located
on the ancillary ligand. In commonly used conjugated cyclometal-
lating ligand, substitution on one part of the ligand usually induces
adverse effects on the other part. This results in only small gains if
one wants to blueshift the emission of a complex. In the case of
non-conjugated ligands, each part can be substituted indepen-
dently as the communication between both sides of the ligand is
broken by the —CH,- bridge.

The complexes 26-29 can be understood as an application of
the color tuning strategy developed by Park et al. using the ancil-

Metal
€y Orbitals

Ligand
n* orbitals

Energy

Metal

tog Orbitals
Ligand
orbitals

==

[r(ppy)2(CN)ol™  [Ir(ppy)2(NCS),l"  [Ir(ppy)2(NCO),I

Fig. 3. Schematic drawing of HOMO and LUMO orbitals for complexes 36-38.
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lary ligand. They have demonstrated that a broad range of color
tuning can be achieved by controlling the energy level of the ancil-
lary ligand relative to the LUMO level of the main ligand [22]. By
using ancillary ligand with different band gap energy, while keep-
ing the cyclometallating ligand unchanged, emission color ranging
from sky blue to red could be observed. The mechanism is said to
come from efficient inter-ligand energy transfer (ILET) to the
“emitting ancillary ligand”, after excitation from the iridium-cen-
tered HOMO to the cyclometallating difluorophenylpyridine-cen-
tered LUMO. If considered unchanged HOMO levels within this
family of complexes, the more negative is AE;ymo, that is the lower
the LUMO of the ancillary ligand compared to the LUMO of the
main ligand, the smaller the HOMO-LUMO gap, that is the stronger
the red-shift observed (Table 6).

2.4. Anionic bis-cyclometallated iridium complexes

Color tuning can be achieved by tuning the HOMO energy level
in Ir pseudohalogen complexes of the type TBA[Ir(ppy)2(CN),] (36),
TBA[Ir(ppy)2(NCS),] (37), and TBA[Ir(ppy)2(NCO),] (38) as shown
in Fig. 3 [6d].

The cyclic voltammograms of 36, 37, and 38 show a quasi-
reversible oxidation potential at 0.91, 0.45, and 0.18 V vs. ferroce-
nium-ferrocene, respectively. Changes in the electron-donating or
electron-withdrawing nature of the ancillary ligands can result in a
variation of electronic properties at the metal center. It is interest-
ing to compare these three complexes that contain cyanide, thiocy-
anate, and isocyanate ligands. The 0.73 V anodic shift in oxidation
potential of 36 compared to complex 38 shows the extent of 7
back-bonding to the cyanide ligand from the Ir(Ill) center. The
enormous enhancement in 7 back-bonding leads to significant
blue shift of the emission maxima of complex 36 compared to
complexes 37 and 38.

The absorption spectra of these complexes disPlay bands in the
UV and the visible region due to intraligand (n-mn ) and MLCT tran-
sitions, respectively [23]. The MLCT band in 36 (463 nm) is signif-
icantly blue-shifted compared to 37 (478 nm), and 38 (494 nm),
indicating the extent of -acceptor strength of the CN~ ligand com-

Table 7
Photophysical and electrochemical properties of complexes 39-41.

E. Baranoff et al./Journal of Organometallic Chemistry 694 (2009) 2661-2670

pared to the NCS™ and NCO™ ligands. The spectral shifts are consis-
tent with the electrochemical data of these complexes.

2.5. Cationic bis-cyclometallated iridium complexes

The tuning aspect of the MLCT transitions in cationic Ir com-
plexes is illustrated by considering the following complexes:
[Ir(2-phenylpyridine),(4,4'-tert-butyl-2,2’-bipyridine)|PFg (39),
[Ir(2,4-difluorophenylpyridine),(4,4’-dimethylamino-2,2'-bipyri-
dine)|PFs (40), and [Ir(2-phenylpyridine),(4,4’-dimethylamino-
2,2'-bipyridine)|PFs (41). The cyclic voltammogram of complex
41 shows a reversible wave at 0.72 V vs. Fc° due to oxidation of
Ir(IIN-Ir(IV), which is cathodically shifted by 210 mV compared
to complex 39 due to the donor strength of 4,4'-dimethylamino-
2,2'-bipyridine [24]. The three reversible reduction waves at
—2.17 and —2.61 and —2.87 V vs. Fc*° are assigned to the reduction
of 4,4'-dimethylamino-2,2’-bipyridine and the two ppy ligands,
respectively. It is interesting to note that the ligand-based reduc-
tion potential of 41 is significantly shifted cathodically (390 mV)
compared to complex 39, demonstrating that the destabilization
of the LUMO orbitals of 4,4’-dimethylamino-2,2’-bipyridine, which
offsets more than the destabilization of the Ir HOMO orbitals
caused by the electron-donating 4,4'-dimethylamino-2,2’-bipyri-
dine ligand, ensuing an increase in the gap between the HOMO
and the LUMO of 41 compared to the HOMO-LUMO gap of com-
plex 39.

The cyclic voltammogram of complex 40 shows a reversible
couple at 1.0V vs. Fc”° due to oxidation of Ir(Ill)-Ir(IV), and two
reversible reduction waves at —2.13 and —2.49 V vs. Fc*/° arising
from the reduction of the 4,4'-dimethylamino-2,2’-bipyridine and
2-(2,4-difluorophenyl)pyridine ligand, respectively. The HOMO
orbitals in 40 are stabilized upon insertion of fluoro substituents
on the ppy ligands, thus ensuing an increase of the HOMO and
LUMO gap of 40 compared to the HOMO and LUMO gap of 39
and 41 (Table 7) [24b].

UV-vis absorption spectra of the complexes 39, 40, and 41 in
dichloromethane solution at 298 K display bands in the UV and
the visible region due to intraligand (n-m ) and MLCT transitions,

| |
N\ N\
PFg PFe PFg
N~ N~
| |
39 40 41
Complex Absorption? Amax (NmM) Emission® Jmay (Nm) Potential® vs. Fc*/° Lifetime? 7 (pis)
El/zax (V) E1/2red (V)
39 - 581¢ 0.88° -1.83¢ 0.557¢
40 266 (8.27), 316 (2.89), 344 (2.20), 376 (1.45), 410 (0.41), 444 (0.14) 463, 493 1.0 -2.13 411
-2.49
-2.77
M 268 (5.62), 290 (3.49), 356 (0.95), 376 (0.85), 444 (0.19) 491, 520 0.75 -2.17 243
-2.61
-2.87
3 Absorption data were measured in CH,Cl, solution. Brackets contain values for molar extinction coefficient (&) in 10*M~' cm™".
> Emission data were collected at 298 K by exciting at 380 nm.
¢ Electrochemical measurements were carried out in acetonitrile solution and the potentials are V vs. ferrocenium/ferrocene (Fc*/°).
d Lifetime data are collected in degassed solutions.
e

Data taken from Ref. [24a].
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Fig. 4. Absorption and emission spectra of 40 (solid line) and 41 (dashed line) in
dichloromethane solution at 298 K.

respecti\lely (Table 7 and Fig. 4) [23]. When excited at 298 K within
the -1 or MLCT absorption bands, complex 40 shows emission
maxima at 463 and 493 nm due to the 4,4-dimethylamino-2,2’-
bipyridine ligand that increases the gap between LUMO of 4,4'-
dimethylamino-2,2’-bipyridine and HOMO of Ir, resulting in a blue
shift of the emission maxima compared to 39 [8,24a]. It is worth
noting that the argon-degassed dichloromethane solutions of 40
and 41 show bright luminescence in a lighted room, and display
unusual phosphorescence quantum yields of 80 + 10% in solution
at room temperature. Such result is of importance for unraveling
the factors controlling the photoluminescence quantum yield of
the complexes.

2.6. Controlling the phosphorescence quantum yield

Orthometallated iridium complexes are indeed known to have
highest triplet emission quantum yields due to several factors
[25]: (a) iridium has a large d-orbital splitting compared to other
metals in the group; (b) strong ligand field strength of the ppy an-
ionic ligand increases the d-orbital splitting, leading to an enlarged
gap between the eg*orbitals of iridium and the LUMO of the ligand;
(c) close-lying m-mt and MLCT transitions, together with the heavy
atom effect, enhance the spin-orbit coupling. However, the mixed
ligand cationic Ir complexes show appreciably lower quantum
yields compared to the tris-orthometallated Ir complexes because
of the lower LUMO orbitals of the 2,2’-bipyridine ligand [8,24a,26].
One strategy to increase the quantum yields of Ir complexes is to
introduce F and/or CF3 substituents. This results in a stabilization
of both the HOMO and the LUMO. Since the HOMO stabilization
is larger than that of the LUMO, this leads to an increase in the
HOMO-LUMO gap [27]. Another strategy, however, is to decrease
the gap between the lowest  orbitals of the ppy ligand and the
2,2'-bipyridine ligand by introducing donor substituents such as
dimethylamino groups at the 4,4’-positions of 2,2’-bipyridine that
are known to have a strong destabilization effect on the LUMQ
(see complexes 40 and 41). In such type of complexes, the -7
and MLCT states associated with the ppy and 4,4'-dimethyl-
amino-2,2’-bipyridine ligands are expected to be located closely

|
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X
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Fig. 5. Chemical structures of 42 and its isomer 42b.
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Fig. 6. Absorption and emission spectra in acetonitrile of 42 (dashed line) and 42b
(solid line).

together, which enhances the excited state decay through radiative
pathways.

The quantum yields of Ir complexes can also be modulated by
introducing ligands having strong ligand field stabilization energy,
such as NCS™ and CN, as seen previously. In these complexes, the
gap between the metal e, and the ligand LUMO orbitals increases,
resulting in a decay of the excited charge transfer states through
radiative pathways [6d].

2.7. Sublimation not an innocent technique

Bis-cyclometallated iridium complexes have been always re-
ported as having both neutral N-heterocycle (for example the pyr-
idine in phenyl-pyridine based C*N ligand) in a trans position and
the phenyl rings in a cis-position to each other. Very recently the
first bis-cyclometallated iridium complex having the two pyridine
fragments of the main cyclometallating ligand in a cis-position has
been reported (Fig. 5) [28]. Emission spectra of 42 and 42b are
identical (Fig. 6) which is different from what is observed in the
case of tris-cyclometallated complexes. Interestingly this isomer
has been observed during the sublimation of the dopant during
the preparation of vacuum processed OLED. This implies that when
an iridium complex can be thermally isomerized, it would not be
possible to prepare devices having a pure dopant, but rather a mix-
ture of isomer as dopant. Such mixture may have a profound im-
pact on the properties of the devices as it has been shown with
tris-cyclometallated complexes, where fac-, and mer-complexes
behave very differently in device. Characteristic of solution pro-
cessed device containing pure 42 [29] and vacuum processed de-
vice containing a mixture of 42 and 42b [28] are shown in Fig. 7.
However, in this case, differences in devices architecture may be
the main reason for observed differences (see references for
details).

3. Iridium complexes for DSSC

Fig. 8 shows the operating principles of the dye-sensitized solar
cell. The adsorbed sensitizer is excited by absorption of light,
which leads to injection of electrons into the conduction band of
the TiO,. The oxidized dye is subsequently reduced by electron
donation from an electrolyte containing the iodide/triiodide redox
system. The injected electron flows through the semiconductor
network to arrive at the back contact and then through the exter-
nal load to the counter electrode. At the counter electrode, reduc-
tion of triiodide in turn regenerates iodide, which completes the
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circuit. Under illumination, the device constitutes a regenerative
and stable photovoltaic energy conversion system.
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Fig. 8. Operating principles and energy level diagram of dye-sensitized solar cell. S/
S*/S represent the sensitizer in the ground, oxidized, and excited state, respec-
tively. R/R™ represents the redox mediator (I"/I57).

Table 8
Structure of the dyes 43-45 and photoelectrochemical data of devices?®

Some reactions are undesirable as resulting in losses in the cell
efficiency. Those reactions are recombination of injected electrons
either with oxidized sensitizer or with the oxidized redox couple at
the TiO, surface. The surface of the nanocrystalline film is covered
with a monolayer of the sensitizer S. The high surface area of the
mesoporous metal oxide film is critical to efficient device perfor-
mance as it allows strong absorption of solar irradiation to be
achieved by only a monolayer of adsorbed sensitizer. The high sur-
face area of such mesoporous films does however have a significant
downside, as it also enhances interfacial charge recombination
losses.

Ruthenium dyes are actually giving the most efficient devices.
Efficiency is coming in a first approximation from the balance in
the separation/recombination dynamics. The injection efficiencies
are actually unity, and further improvement of devices could
therefore come from a general strategy for reducing the recombi-
nation of charges. In this respect, dyes with injecting state having
MLCT characters are very sensitive to the spatial separation with
the electrode surface. An increase of this separation would de-
crease the back recombination but at the same time may be detri-
mental to the injection efficiency. LLCT are appealing as increased

43 44 45

Dye jsc (mA Cmiz) Voc (mV) ff b Eff® (%) ¢d (%) Edaurke (V)
43[Ir(ppz),(dcbq)]* 1.99 —380 0.66 0.5 60 —386
44(Ir(ppz),(dcbpy)]* 224 —438 0.67 0.65 100 —436
45[Ru(bpy),(dcbpy)]* 3.35 —458 0.65 1.0 100 —476

¢ Acetonitrile with 0.50 M Lil, 0.040 M I, 20 mM pyridine, 20 mM pyridinium triflate under simulated AM 1.0 conditions.

b The fill factor (ff).

¢ The efficiency (Eff) is calculated as (—Jsc Vo ff 100%)/Is, where Is = 100 mW cm 2.

4 The integrated quantum yield (U) was determined by comparing the experimentally measured value of J;. with the maximum calculated J,. assuming a unity quantum
yield when the measured absorbance of the dyes on TiO, electrodes were convoluted with the spectral irradiance of the solar simulator between 1100 and 360 nm.
¢ Potential vs. the Nernst potential of the cell required to drive a cathodic current density of —0.1 mA cm~2 in the dark.
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Table 9
Structure of the dyes 46-49 and photoelectrochemical data of devices.

Dye J (mA cm~2) V (mV)

49

ff Efficiency

46 0.27 457
47 2.70 500
48 2.70 408
49 4.30 590

0.75 0.09
0.69 0.94
0.72 0.79
0.74 1.87

50

34 404

304

IPCE (%)
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Fig. 9. I-V curve at full sun for DSSC using 49 as a dye. Inset shows the IPCE curve
for the device.

separation distance may be obtained. To this end, cyclometallated
iridium complexes have been investigated as sensitizers in TiO,-
based photoelectrochemical cells [5]. The two first iridium com-
plexes reported for DSSC are shown in Table 8. LLCT transition from
the cyclometallating phenylpyrazole (ppz) ligand to the dcbpy
(4,4'-dicarboxy-2,2'-bipyridine) or dcbq (4,4'-dicarboxy-2,2’-
biquinoline) ligand was observed in the absorption spectra and
confirmed by DFT calculations.

The iridium dye containing the 4,4’-dicarboxy-2,2’-bipyridine,
44, is noteworthy as giving device with characteristic very close
from the DSSC made using the ruthenium complex 43, beside J,.
inducing a drop in efficiency. Despite poor characteristics of de-
vices, iridium complexes may have some advantages compared
to usual ruthenium complexes, like higher stability and less acces-
sible MC states. In particular the authors think about the possibility
engineering iridium complexes for dual sensitization, through LLCT
and MLCT, which could improve the efficiency of the device.

Following the idea of increasing the separation distance, we
prepared complex 46, which contains a bipyridine ancillary ligand
extended with carboxy-styrene moiety. Js. is very low but V. is
higher than with iridium complexes 44 and 45 (Table 9, unpub-
lished data). Unexpectedly, when a simple dicarboxy-2,2'-bipyri-
dine is used as ancillary ligand in complex 47, the device
characteristics increased dramatically and the efficiency is an order
of magnitude higher compared to the complex 46.

A modification of the phenyl-pyridine ligand like in complex 48,
leads to a drop of voltage, with no change of current. All those
three complexes are expected to have a LUMO localized on the
bipyridine ligand as seen previously in complexes for OLED appli-
cation. When the attaching carboxy group is directly attached to
the main ligand, as in complex 49, the device characteristics are
dramatically improved. The current-voltage characteristics and
IPCE data for the complex 49 are shown in Fig. 9.

The main drawback in iridium sensitizers when compared to
ruthenium sensitizers is that IPCE response, which does not extend
beyond 600 nm in the former case where as in the latter case it ex-
tends close to 900 nm. Improving the absorption properties of irid-
ium dye for DSSC is certainly a first point to focus on.

4. Future prospects

Cyclometallated iridium complexes are very efficient dopant for
OLEDs applications. In two decades of research, deep understand-
ing and large progress have been achieved in this respect and some
devices reached in the market. However, challenge still remains in
obtaining a stable white light-emitting device. Such goal will cer-
tainly be attained once a long-term stable dopant emitting blue
light is designed. The main difficulty is on finding a relevant host
for such wide gap material.

In the DSSC field, cyclometallated iridium complexes are just a
nascent dye family. Large d-orbitals splitting leading to high MC
states, likely to render the molecule more stable compared to
ruthenium complexes, may be very advantageous for long-term
stability issue. However, iridium complexes are not usually consid-
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ered as strong absorbers, which is a key importance for device
efficiency. By finding inspiration in the well known ruthenium
dyes, it is however an exciting challenge to increase the molar
extinction coefficient of iridium complexes to enhance light har-
vesting properties, which significantly improves the short-circuit
current resulting in useful power conversion efficiencies.
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