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Introduction

Organic light-emitting diodes (OLEDs) attract considerable
attention for applications in multicolor displays and lighting
applications.[1] In OLEDs, visible light is generated by radia-
tive decay of excited states formed by the recombination of
holes and electrons injected into the organic semiconduc-
tor.[2] Spin statistics favor the formation of triplet over sin-
glet excited states, which poses a limitation to the internal
quantum efficiency of OLEDs based on fluorescent small
molecules or polymers (�25 %).[3] By using phosphorescent
emitters in the active layer, it is possible to capture both sin-
glet and triplet excited states and increase the internal quan-
tum efficiency as high as 100 %.[4] In recent years, considera-
ble progress in electrophosphorescent OLEDs has been ach-
ieved by using organometallic complexes as dopants in small
organic hosts.[4c,5] Along this line of frontier science, iridium-ACHTUNGTRENNUNG(III) complexes functionalized with orthometalated ligands
(C N) constitute one of the most important paradigms of the
device configuration. The large spin–orbit coupling associat-
ed with the iridium ACHTUNGTRENNUNG(III) ion causes the triplet metal-to-
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ligand charge transfer (3MLCT) and spin-forbidden ligand-
based 3p–p* states of the phosphors to couple radiatively to
the ground state, giving typically high phosphorescent emis-
sion efficiencies.

While multicolor emission can be easily achieved for cy-
clometalated IrIII complexes by adopting different synthetic
approaches in the literature,[6] the excited energy state can
be modulated by simple variation of the ligand type to
endow a phosphorescent complex with specific photophysi-
cal and electrochemical traits, color versatility, as well as in-
hibited aggregation properties. These include changing the
degree of conjugation in the structure of the ancillary li-
gands,[7] and modifying the symmetry and inductive elec-
tronic influence of a ligand with different substituents.[8]

Electronic effects with inductively electron-donating or
-withdrawing groups have also to be considered for their
impact on orbital energies.[8c] Many research groups have
synthesized and characterized a series of IrIII complexes
bearing substituted 2-phenylpyridines as the cyclometalating
ligands in which the emissive color of the materials can be
finely tuned by synthetic control of the nature and position
of the substituents on the aromatic rings.[5c,6a, d,9–11] These re-
search activities inspired us to initiate a systematic study to
devise a new strategy in the color tuning of IrIII phosphors
by choosing multifunctional ligand chromophores exhibiting
different electronic properties. We also pay attention to the
effect of isomerism in governing the functional properties of
these phosphors and the resulting device performance.[12]

Although iridium phosphors[13] and carbazole deriva-
tives[14] have been widely investigated in the OLED area
either as dopants or host materials, a smart combination of
both structural moieties is still in its infancy in the OLED
field and remains to be studied. Recently, carbazole-based
IrIII complexes have been recognized for their prominent
role in ensuring high electroluminescence (EL) efficiency by
elevating the highest occupied molecular orbital (HOMO)
levels and promoting the hole injection/hole transport (HI/
HT).[13] To our knowledge, there is no literature precedent
or a comprehensive understanding of carbazole derivatives
as the building unit in the phosphorescence color tuning of
this class of IrIII complexes and work is still limited in study-
ing the Ir–carbazolyl derivatives in the OLED area. Herein,
we chose the [3-(N-phenylcarbazolyl)]pyridine molecular
framework in the synthesis of a series of multifunctional and
color-tunable IrIII complexes in which some of them can

form pairs of geometrical isomers. The effect of the elec-
tronic nature and position of the aryl-ring substituents upon
the ground- and excited-state properties was systematically
evaluated. Fabrication of electrophosphorescent OLEDs re-
sults in remarkable device performance that spans a wide
range of emission colors that are suitable for various display
technologies and the future realization of promising white-
light illumination sources.

Results and Discussion

Preparation and Characterization

A series of [3-(N-arylcarbazolyl)]pyridine-based cyclometa-
lating ligands were synthesized and Scheme 1 outlines the
synthetic protocol for the ligands I–IV. Firstly, the N-aryla-
tion of carbazole was achieved by the modified Ullmann
condensation between carbazole and the appropriate p-io-
doarene (X=F, Me) by using CuI/phen/KOH as the catalyst
combination[14a] and the product can be prepared on a large
scale from the easily accessible carbazole. One equivalent of
N-bromosuccinimide (NBS) was used to produce the N-ary-
lated 3-bromocarbazole precursors in high yields, which
were then converted into their cyclometalating partners I
and II by using a Pd-catalyzed Stille-coupling reaction with
2-(tributylstannyl)pyridine.[13a] The precursors [3-(N-phenyl-
carbazolyl)]pyridines III and IV were synthesized from pal-
ladium-catalyzed cross coupling of 9-phenylcarbazole-3-bor-
onic acid[14] and the commercially available 2-chloro-5-fluo-
ropyridine or 2-chloro-4-methylpyridine, respectively.
Indeed, these methods can be readily extended to other sim-
ilar carbazole derivatives with different substituent groups.
Following the ligand syntheses, I–IV were easily converted
into new homoleptic multifunctional iridiumACHTUNGTRENNUNG(III) complexes
1–4 (Scheme 2) through a one-step cyclometalation with [Ir-ACHTUNGTRENNUNG(acac)3] (Hacac= acetylacetone) in refluxing glycerol at high
temperature (>200 8C).[15] In this case, the reaction is run
with an excess of ligand, which is easily recovered and
reused. On the other hand, the iridium-m-chloro-bridged
dimers were synthesized by the reaction of iridium trichlor-
ide hydrate with ligands I–IV according to a conventional
procedure.[9b] The diiridium ACHTUNGTRENNUNG(III) complexes were then con-
verted to mononuclear iridiumACHTUNGTRENNUNG(III) complexes 5–8 by re-
placing the two bridging chlorides with bidentate mono-
anionic acetylacetonate (acac) ligand. Complexes 1 and 3 (or
2 and 4 ; 5 and 7; 6 and 8) are isomeric to each other in their
respective group. A group of related complexes [Ir ACHTUNGTRENNUNG(Cz-py)3],
[Ir ACHTUNGTRENNUNG(Cz-py)2ACHTUNGTRENNUNG(acac)], [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)], [Ir ACHTUNGTRENNUNG(Cz-iq)3], and
[Ir ACHTUNGTRENNUNG(Cz-iq)2ACHTUNGTRENNUNG(acac)] (Cz =carbazole, py=pyridine, iq= isoqui-
noline) were also prepared for comparative studies.
1H NMR spectroscopy, mass spectrometry, and elemental
analysis of each of the eight complexes is consistent with the
expected formulation of their structures. The facial geome-
try of homoleptic complexes 1–4 is confirmed by the sim-
plicity of the 1H NMR spectral pattern, which indicates that
the number of coupled spins is equal to that of the protons
on one ligand because the three ligands are magnetically
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equivalent owing to the threefold symmetry of the mole-
cule.[16] The molecular structure of 4 was further confirmed
by X-ray crystallography (Figure 1).

Crystal Structure Analysis

The ORTEP drawing of 4 is shown in Figure 1. Important
bond distances and angles are listed in the Supporting Infor-
mation, Table S1. The X-ray crystal structure of 4 reveals

Scheme 1. Synthetic routes to the cyclometalating carbazole-derived ligands I--IV. NBS=N-bromosuccinimide.

Scheme 2. Synthetic routes to the cyclometalated iridium ACHTUNGTRENNUNG(III) complexes 1–8.
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the central Ir cation to be coordinated by three anionic C N
ligands, which reside in a pseudo-octahedral coordination
geometry with a facial [Ir ACHTUNGTRENNUNG(C N)3] arrangement sitting on a
threefold axis. Owing to the bulkiness of the cyclometalating
ligands, the Ir�C bond lengths are found to be shorter than
the Ir�N bond lengths. The Ir�C bond lengths, which range
from 1.998(6) to 2.013(5) �, are close to the values reported
for fac-[Ir ACHTUNGTRENNUNG(ppy)3] derivatives (Hppy = 2-phenylpyridi-
ne).[10b, 17] It should be noted that the sterically crowded

ligand results in a deformation with regard to the carbazole
and pyridine rings in the complex. The s-bonded C atoms in
the carbazolyl ligand are arranged in a trans disposition to
the dative-bonded N atoms.

Photophysical and Thermal Properties

The thermal properties of 1–8 were investigated through
thermogravimetric analysis (TGA) under a nitrogen stream
(Table 1). All of the new IrIII phosphor groups are thermally
stable up to 340 8C as determined from TGA, which is bene-
ficial for the long-term stability of OLED devices fabricated
from these materials. The temperatures that induce a 5 %
weight reduction are notably different between homoleptic
and heteroleptic complexes (420 vs 346 8C for 1 and 5 ; 473
vs 377 8C for 2 and 6 ; 389 vs 374 8C for 3 and 7; 479 vs
413 8C for 4 and 8). These results indicate that the com-
plexes with the acac ligand tend to thermally decompose at
relatively lower temperatures but are still sufficiently stable
enough for sublimation in vacuum-evaporated OLED fabri-
cation without decomposition. Fluorination of the C�H
bonds leads to lower Tdec (decomposition temperature) in
fluorinated complexes as compared with the unsubstituted
complexes (compare 476 8C for [IrACHTUNGTRENNUNG(Cz-py)3]; 404 8C for [Ir-ACHTUNGTRENNUNG(Cz-py)2ACHTUNGTRENNUNG(acac)]) owing to reduced intermolecular interac-
tions.[18]

The absorption and photoluminescence (PL) spectra
(298 K and 77 K) of all the iridium complexes in CH2Cl2 sol-
utions are depicted in Figure 2 and the data are summarized
in Table 1. The strongest absorption bands in the ultraviolet
region are assigned to the spin-allowed intraligand 1p–p*
transitions. The next lower energy in the shoulder region of
1p–p* transitions and the weak broad shoulders extending
into the visible region with appreciable intensity are be-
lieved to be associated with an admixture of the typical
spin-allowed metal-to-ligand charge transfer (1MLCT), spin-
orbit coupling enhanced 3p–p*, and spin-forbidden 3MLCT
transitions. These assignments are made by analogy with
previously reported IrIII complexes[6b, 19] and the calculations
of Hay[20] as well as our computational study (see below).
The weakest MLCT absorptions are red-shifted from homo-
leptic to the corresponding heteroleptic complexes owing to
the strong ligand field of the acac ligand. By changing only
the X unit on the 9-phenyl ring of the carbazole chromo-
phore from F to Me, there is no apparent difference in the
features of the absorption spectra. This suggests that the
electronic nature of the lowest excited state is very similar
between 1 and 2 (or 5 and 6 ; Figure 3). However, when
compared with their isomeric complexes, different absorp-
tion profiles are observed. The 5-fluoro-substituted pyridyl
ligands in 3 and 7 can stabilize the triplet excited states,
thereby red-shifting their absorption bands with respect to
their isomers 1 and 5. On the other hand, the 4-methyl sub-
stituent on the pyridyl ring tends to destabilize the phos-
phorescent states, which contributes to a blue-shift in the ab-
sorption bands for 4 and 8 relative to their isomeric counter-
parts 2 and 6. The present approach appears to be different

Figure 1. An ORTEP drawing of 4, with thermal ellipsoids shown at the
25% probability levels. Labels on the carbon atoms (except for those
bonded to Ir) and all hydrogen atoms are omitted for clarity.
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from the strategy of inducing the color tuning by carbon-to-
nitrogen atom substitution at the cyclometalating ligand
framework described recently by Chi and co-workers on
iridium ACHTUNGTRENNUNG(III) complexes with orthometalated quinoxaline li-
gands.[8d]

Highly intense phosphorescence from the lowest-energy
3MLCT transition was observed for all the iridiumACHTUNGTRENNUNG(III) com-
plexes 1–8 in CH2Cl2. Different color was emitted upon pho-
toexcitation depending on the nature and position of the
substituents (X, X1, or X2) on the cyclometalating ligand.
For complexes 1 and 2 and 5 and 6, they are all strongly lu-
minescent with a bright-green color and their triplet energy
levels (T1~2.42 eV) are close to each other and that of fac-
[Ir ACHTUNGTRENNUNG(ppy)3] (2.43 eV).[4c] In other words, varying the substitu-
ents on the phenyl ring of 9-phenylcarbazole, no matter if
they are fluoro or methyl groups, does not show much influ-
ence on the spectral feature in terms of peak emission wave-
length and the associated vibronic fine structures. These re-
sults indicate that the 9-phenyl ring substituent on the car-
bazole unit plays a minor role in the energy of the lower-
lying transitions, which may plausibly be caused by blocking
of electron conjugation from the carbazolyl nitrogen atom.
For their corresponding geometrical isomers (3 and 4 and 7
and 8), we note, however, that a greater substituent effect
on the emission position is achieved by attaching an F or
Me group to the pyridine ring. Although the pyridine ring
mostly contributes to the lowest unoccupied molecular orbi-

tal (LUMO) level, the electron-withdrawing fluoro group
tends to lower the LUMO energy and thereby decreases the
energy gap of the emitting excited state (compare 1 vs 3,
Dl=15 nm; 5 vs 7, Dl=17 nm). The electron-donating 4-
Me-substituted complexes 4 and 8 (Me group located para
to the N atom coordinated to the metal center) show the
highest energy gap, resulting in a slight spectral blue-shift
from 2 and 6, respectively (compare Dl=9 nm for both 2 vs
4 and 6 vs 8). This can be attributed to the notion that an
electron-donating group on pyridine would increase the
LUMO energy and the HOMO–LUMO gap.[21] The steric
effect of the Me group also forces the carbazole–pyridine ar-
omatic rings out of coplanarity and twists the ligand, which
results in reduced delocalization and p-acceptor ability of
the molecule. This makes the charge-transfer event more
difficult, and a blue spectral shift was observed. Therefore,
the phosphorescence wavelength maxima follow the order
of 4<1�2� [IrACHTUNGTRENNUNG(Cz-py)3] (515 nm)[13a]<3< [IrACHTUNGTRENNUNG(Cz-iq)3]
(620 nm)[13c] and 8<5�6� [Ir ACHTUNGTRENNUNG(Cz-py)2ACHTUNGTRENNUNG(acac)] (515 nm)[13e]<

7< [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)] (555 nm)[13e]< [Ir ACHTUNGTRENNUNG(Cz-iq)2 ACHTUNGTRENNUNG(acac)]
(628 nm)[13c] . The broad emission structure of the PL spectra
of 1–8 at room temperature confirms that this kind of com-
plex contains less 3p–p* character and is mainly in the well-
equilibrated 3MLCT state. This is commonly observed with
IrIII complexes that bear smaller cyclometalating ligands.[22]

Another significant feature of these highly emitting IrIII

complexes is the short lifetime of the triplet excited state in

Table 1. Photophysical and thermal data for 1-8.

Absorption (293 K) Emission (293 K) Emission (77 K) Tdec [8C]
labs [nm][a]

CH2Cl2

lem [nm]
CH2Cl2

[b]
FP

[c] tP [ms] [d] kr [s�1] knr [s�1] lem [nm]
CH2Cl2

tP [ms]
[d]

1 281 (5.45)
315 (7.65)
400 sh (0.16)

513ACHTUNGTRENNUNG(2.42)
0.43 0.18 2.3� 106 3.2� 106 505 33.9 420

2 286 (3.25)
318 (4.10)
399 sh (0.85)

514ACHTUNGTRENNUNG(2.42)
0.43 0.21 2.0� 106 2.7� 106 501

525 sh
12.2 473

3 288 (7.00)
312 (7.34)
402 sh (0.63)

528ACHTUNGTRENNUNG(2.35)
0.30 0.16 1.9� 106 4.4� 106 527 5.1 389

4 293 (2.08)
315 (2.69)
396 sh (0.54)

506ACHTUNGTRENNUNG(2.46)
0.47 0.18 2.6� 106 2.9� 106 497

528 sh
5.9 479

5 300 (4.79)
325 (4.81)
356 (3.60)
434 sh (0.26)

514ACHTUNGTRENNUNG(2.42)
0.45 0.16 2.8� 106 3.4� 106 498

530 sh
33.0 346

6 302 (2.02)
323 (2.20)
434 sh (0.44)

515ACHTUNGTRENNUNG(2.41)
0.41 0.27 1.5� 106 2.2� 106 510 10.4 377

7 308 (5.34)
356 (2.59)
398 (1.66)
440 sh (0.28)

531ACHTUNGTRENNUNG(2.34)
0.35 0.22 1.6� 106 3.0� 106 521 12.8 374

8 297 (7.72)
325 (9.19)
359 (5.41)
424 sh (0.57)

506ACHTUNGTRENNUNG(2.46)
0.41 0.20 2.1� 106 3.0� 106 495

530 sh
6.3 413

[a] e values (104
m
�1 cm�1) are shown in parentheses. [b] Triplet T1 levels in eV are shown in parentheses. [c] Measured in degassed CH2Cl2 relative to fac-

[Ir ACHTUNGTRENNUNG(ppy)3] (FP =0.40), lex =400 nm. [d] Measured in degassed CH2Cl2. sh= shoulder.
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the sub-microsecond range. These data are indicative of
strong spin-orbit coupling, leading to effective intersystem
crossing from the singlet to the triplet state.[18,23]

The phosphorescence quantum yields (FP) of the com-
plexes were recorded in degassed solutions at 293 K by
using fac-[Ir ACHTUNGTRENNUNG(ppy)3] as the standard (FP =0.40).[24] Most of
the complexes exhibit high solution quantum yields (FP =

0.30–0.47) at room temperature. Assuming that the emitting
state of a complex is formed with unit efficiency, one can
calculate the radiative (kr) and non-radiative (knr) rate con-
stants by using the relationships kr = FP/tP and knr = (1�FP)/
tP.

[25] The values are listed in Table 1 and shows that all of
the kr and knr values have similar orders of magnitude (1.5–
2.8 � 106 s�1 and 2.2–4.4 �106 s�1, respectively).

All of the complexes are also intensely luminescent in
glassy matrices at 77 K with longer lifetimes than those at
ambient temperature. The more structured phosphorescent
emission features of the complexes appear at higher ener-
gies. In general, most of the complexes show a rigidochro-
mic blue-shift as compared with that recorded at room tem-
perature. The hypsochromic shifts of the peak maximum are
caused by solvent reorganization in a fluid solution at room
temperature, which stabilizes the charge-transfer states prior

to emission. The process is significantly impeded in a rigid
matrix at 77 K, and therefore, emission occurs at a higher
energy.[7] The structured emission profile also reveals that
the mixing between the 3MLCT and 3p–p* levels is so effec-
tive that the ligand-centered emission predominates upon
freezing the matrix. The longer lifetime at 77 K is largely be-
cause of the suppression of the thermally nonradiative
decay process.

Density Functional Theory (DFT) Calculations

To provide an excellent method for modelling orbital config-
urations and understanding the nature of excited states of
our phosphors, DFT and time-dependent DFT (TDDFT)
calculations were carried out by using B3LYP hybrid func-
tional theory (see the Experimental Section). Our TDDFT
calculations show that the S0!S1 transitions correspond to
the HOMO!LUMO transitions with non-zero oscillator
strengths (Table 2). Therefore, we can place special empha-
sis on the HOMO–LUMO analyses in the following discus-
sion. The results of DFT calculations show that [Ir ACHTUNGTRENNUNG(Cz-
py)3]

[13a] and 4 have similar HOMOs and LUMOs in terms
of their orbital character (Figure 4). The contour plots show
that the HOMOs mainly consist of the “t2g” d orbitals from
the metal center that mix with the p orbitals of the phenyl
rings that are directly bonded to the metal center. The
LUMOs correspond to the lowest p orbital of the conjugat-
ed organic ligands, to which the N-containing rings contrib-
ute more. In general, electronic effects have been consid-
ered owing to their profound influence on orbital energies
as well as the relative ease with which electron-withdrawing
(e.g., -F, -CF3) and electron-donating (e.g., -Me) groups can
be incorporated into the ligand structure. Electron-with-
drawing substituents on pyridine tend to stabilize the
HOMO by removing electron density from the metal,
whereas the donating moieties have an inverse effect. This
relationship is convoluted by the fact that withdrawing
groups may also lower the energy of the LUMO (i.e., in-
creasing the electron affinity of the parent ligand). From
Figure 4, it is clear that the methyl groups essentially con-
tribute to the LUMO of 4 ; the inductive effect is brought
about by the electron-donating substituent, which raises the
LUMO orbital energy and increases the HOMO–LUMO
gap. This is consistent with the DFT results (Eg =3.28 and
3.61 eV for [IrACHTUNGTRENNUNG(Cz-py)3] and 4, respectively).

Electrochemistry and Electronic Characterization

The electrochemical properties of these IrIII complexes was
studied by cyclic voltammetry (CV) by using ferrocene as
the internal standard and THF solutions of the complexes
containing 0.1 m tetrabutylammonium hexafluorophosphate
as the supporting electrolyte at a scan rate of 100 mV s�1.
The results are summarized in Table 3. For the redox behav-
ior of the IrIII species, it is generally accepted that the oxida-
tion process involves the iridium moiety of the complexes,
and the HOMO levels are mostly owing to the d orbitals of

Figure 2. Optical absorption and photoluminescence (PL) spectra of a) 1–
4 and b) 5–8 in CH2Cl2 at 293 K (conc. ~10�5

m). The PL spectra at 77 K
are shown as dashed lines.
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iridium with some p-orbital contributions from the ligand.
The cyclic voltammograms of all the complexes display one-
electron reversible oxidation waves assigned to the metal-
centered IrIII/IrIV oxidation couple, which is in accordance
with the reported cyclometalated IrIII systems.[26] This elec-
trochemical behavior is consistent with a description of the
ligand-localized LUMO states and a HOMO with substan-
tial metal character, as seen in our DFT calculations. These
oxidation potentials are lower for the homoleptic complexes
than their corresponding heteroleptic complexes, which are
in accordance with the fact that the acac ligand with the
stronger ligand-field strength could stabilize the HOMO
level. From the literature data, the HOMO and LUMO
energy levels could be tuned by modification of the substitu-
ents on the ppy ring in various fac-[Ir ACHTUNGTRENNUNG(ppy)3] derivatives.[8c]

The LUMO level of this kind of complex is mainly attribut-
ed to the pyridyl ring of the cyclometalating ligands.[27] As
pointed out above, electron-withdrawing substituents tend
to stabilize the LUMO level, whereas electron-donating

groups show an opposite trend.
It is observed that the frontier
orbital energy levels are rela-
tively independent of the iden-
tity of X on the 9-aryl ring of
carbazole. On the contrary,
they show a strong dependence
on the nature of X1/X2 (H, F, or
Me) with the stabilizing order
of the LUMO level of the pyr-
idyl group substituent being:
-Me (4 and 8)< -H (1 or 2 and
5 or 6)< -F (3 and 7; most sta-
bilized) in both homoleptic and
heteroleptic series (see Fig-
ure S47 in the Supporting Infor-
mation). Although the moder-
ately electron-donating Me
group on pyridine is situated at
the para position on the pyri-
dine ring in 4 and 8, which has
been shown to be the most sen-
sitive position with respect to
both the photophysical and
structural aspects, it also has a
great influence on the electro-
chemical properties.[19a] Clearly,
the attachment of the electron-
withdrawing groups tends to in-
crease the electron affinities of
the parent ligands, thereby low-
ering the LUMO energy levels.
As seen in the data in Table 3
for the heteroleptic series, we
note the following order for the
frontier orbital levels: [Ir ACHTUNGTRENNUNG(Cz-
py)2ACHTUNGTRENNUNG(acac)]�5�6� [IrACHTUNGTRENNUNG(Cz-iq)2ACHTUNGTRENNUNG(acac)]> [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)]

(for HOMO) and [Ir ACHTUNGTRENNUNG(Cz-py)2ACHTUNGTRENNUNG(acac)�5�6> [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)]> [IrACHTUNGTRENNUNG(Cz-iq)2ACHTUNGTRENNUNG(acac)] (for LUMO). Although electron-
withdrawing groups located in the meta position to the site
of coordination in 7 and [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)] increase the
field strength of the ligand and concomitantly enhance d-or-
bital splitting, the notable difference in the observed emis-
sion energies between them has been attributed to the
mesomeric and inductive effect of the F atom as opposed to
the purely inductive ability of the CF3 group. Therefore,
simply changing the electron-donating and electron-with-
drawing nature of the pyridyl ligands results in a variation
in the electronic properties at the metal center, which in
turn will be manifested in the redox propensity and hole/
electron-transport features of the resulting complexes. The
good reversibility in the electrochemical behavior in each
case would be favorable for the overall stability of OLEDs
prepared from these Ir phosphors.

As compared with fac-[Ir ACHTUNGTRENNUNG(ppy)3] (�5.05 eV) and [IrACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(acac)] (�5.28 eV),[28] the HOMO levels of both series of

Table 2. Percentage contribution of the metal dp orbitals to HOMO and LUMO together with the TDDFT
calculation results.

Complex Contribution
of d orbitals
to HOMO

Contribution
of d orbitals
to LUMO

The largest coefficient in the
CI expansion of the S1 state[a]

The oscillator strength (f) of the
S0!S1 transition

[Ir ACHTUNGTRENNUNG(Cz-py)3] 24.5 % 3.6% H!L: 0.53 0.018
4 37.8 % 0.9% H!L: 0.64 0.015

[a] H!L represents the HOMO to LUMO transition. CI stands for configuration interaction.

Figure 3. Color tuning of the phosphorescence spectra of various carbazole-based heteroleptic iridium ACHTUNGTRENNUNG(III)
phosphors (5–8, [Ir(Cz-py-CF3)2 ACHTUNGTRENNUNG(acac)] , and [Ir ACHTUNGTRENNUNG(Cz-iq)2 ACHTUNGTRENNUNG(acac)]) in CH2Cl2 at 293 K.
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our Ir–carbazolyl homoleptic and heteroleptic complexes
are elevated when the electron-rich and electron-donating
carbazolyl units are attached to the pyridyl rings, signaling
that they have a lower ionization potential than their ppy
congeners. This leads to a better HI/HT ability and thus our
complexes can serve as dual-functional triplet emitters.
Likewise, the HOMO levels of [Ir ACHTUNGTRENNUNG(Cz-iq)3] and [IrACHTUNGTRENNUNG(Cz-iq)2ACHTUNGTRENNUNG(acac)] are shifted to higher-energy levels relative to their 2-
phenylisoquinoline congeners, signaling a greater propensity
for our carbazole-derived Ir complexes to lose an elec-
tron.[13c] This would have a positive contribution in the hole
transport and carrier mobility of the thin films in the devices
as well as the resulting OLED performance (see below).

Electrophosphorescent OLED
Characterization

A good combination of the
high phosphorescence quantum
efficiencies and thermal stabili-
ties, good film-forming proper-
ties, and short triplet-excited-
state lifetimes renders this kind
of IrIII complex advantageous
for efficient optoelectronic de-
vices. Most of the complexes
have been utilized for OLED
device fabrication by using
vacuum-evaporation techniques
in varied structures (Figure 5
and Table 4, also see Figure S2
in the Supporting Information).
Preliminary studies have been
performed on the devices with
the following configuration:
ITO/NPB (40 nm; ITO=

indium tin oxide, NPB= 4,4’-
bis[N-(1-naphthyl)-N-phenyl-ACHTUNGTRENNUNGamino]biphenyl)/7 % 1 in CBP
(20 nm; CBP= 4,4’-N,N’-dicar-
bazolebiphenyl)/BCP (8 nm;
BCP= 2,9-dimethyl-4,7-diphen-
yl-1,10-phenanthroline)/Alq3

(20 nm; Alq3 = tris[8-hydroxy-
quinoline)/Mg:Ag (200 nm;
device I).[13a] ITO acts as the
anode and NPB as the hole-
transporting material. A thin
hole and exciton blocking barri-
er layer of BCP inserted be-
tween CBP and the electron-
transporting Alq3 was necessary
to confine excitons within the
luminescent zone and hence
maintain high efficiencies. We
chose CBP as the host material
for our complexes because of

its theoretical confirmation of favorable triplet energy.[3,11a, 29]

For devices II–IX, LiF (1 nm) acts as the electron-injection
layer and Al as the cathode. For comparison, devices with
4,7-diphenyl-1,10-phenanthroline (BPhen) to replace BCP/
Alq3 as the electron-transporting and electron-injection
layer were also prepared with the configuration of ITO/
NPB (60 nm)/x % Ir in CBP (30 nm)/BPhen (20 nm)/LiF
(1 nm)/Al (60 nm; devices II–VI). Different dopant concen-
trations were used to find out the optimum weight percen-
tages for devices with the highest efficiencies.

Each of the devices exhibits a strong voltage-independent
electroluminescent (EL) signal with no guest-concentration
dependence, which is only slightly blue-shifted from the cor-
responding photoluminescence spectrum observed in the so-

Figure 4. Contour plots of the frontier molecular orbitals for [Ir ACHTUNGTRENNUNG(Cz-py)3] and 4 (1 a.u.=27.2114 eV).

Table 3. Electrochemical properties and frontier orbital energy levels of 1-8.

Complex E1/2
ox [V][a] HOMO [eV] E1/2

red [V][a] LUMO [eV] Eg [eV] Eg (DFT) [eV]

1 0.16 �4.96 �2.84 �1.96 3.00
2 0.13 �4.93 �2.85 �1.95 3.00
3 0.24 �5.04 �2.72 �2.08 2.96
4 0.08 �4.88 �2.96 �1.84 3.04 3.61
5 0.23 �5.03 �2.82 �1.98 3.05
6 0.23 �5.03 �2.82 �1.98 3.05
7 0.30 �5.10 �2.65 �2.15 2.95
8 0.21 �5.01 �2.88 �1.92 3.09
[Ir ACHTUNGTRENNUNG(Cz-py)3] 0.15 �4.95 �2.91 �1.89 3.06 3.28 [13a]
[Ir ACHTUNGTRENNUNG(Cz-iq)3] 0.16 �4.96 �2.37 �2.43 2.53 2.92 [13c]
[Ir ACHTUNGTRENNUNG(Cz-py)2 ACHTUNGTRENNUNG(acac)] 0.23 �5.03 �2.86 �1.94 3.09 3.36 [13e]
[Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)] 0.40 �5.20 �2.60 �2.20 3.00 3.15 [13e]
[Ir ACHTUNGTRENNUNG(Cz-iq)2 ACHTUNGTRENNUNG(acac)] 0.24 �5.04 �2.31 �2.49 2.55 2.84 [13c]

[a] 0.1m [Bu4N]PF6 in THF, scan rate 100 mV s�1, versus Fc/Fc+ couple.
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lution state. The close resemblance between their PL and
EL spectra indicates the absence of aggregation or p stack-
ing at all the doping levels examined, and the origin of EL
emission from the triplet excited states was confirmed. In
the majority of cases, the EL spectra consist only of the
phosphor emission without any residual emission from the
host and/or adjacent layers, even at high drive currents,
which is an indication of complete energy transfer from the
host exciton to the phosphor in the EL process. Figure 6
shows the EL spectra of devices fabricated with selected
dopants as well as those for [Ir ACHTUNGTRENNUNG(Cz-iq)3], [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)], and [Ir ACHTUNGTRENNUNG(Cz-iq)2ACHTUNGTRENNUNG(acac)]. Most of the devices exhibit
remarkable OLED performance with a narrow full width at
half maximum (FWHM) in each case. We can surmise that
it is probably the carbazolyl structural moiety that brings
about a more balanced electron and hole recombination in
the host matrix of CBP. This therefore increases the overall
device efficiency in many cases. Although all attempts to
obtain the homoleptic counterpart of [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)]
with 5-trifluoromethyl-2-[3-(N-phenylcarbazolyl)]pyridine
ligand have met with little success so far (presumably owing
to the unfavorable steric hindrance in the presence of three
bulky CF3 groups in the molecule), it is clear from Figure 6 b
(for the heteroleptic series) that the EL color change fol-
lows the same trend as the PL spectra, which shifts from
blue–green, green–yellow, and orange to deep red for differ-
ent ligand structures. Saliently, it was also recently demon-

strated that the orange phos-
phor [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)] can
be used to afford high-perfor-
mance white light OLEDs by
combining with some suitable
blue dopants.[13b, e] Although the
carbazolyl group is critical in
improving the EL efficiency
and charge transport, versatile
color tuning of this class of
highly efficient OLEDs was
readily achieved by modifying
the substituent on the pyridyl
ring. Thus, the present work fo-
cuses on methods for syntheti-
cally tailoring the properties of
bis-cyclometalated iridiumACHTUNGTRENNUNG(III)
materials. All of the devices
with BPhen as the electron-
transporting layer show low
turn-on voltages of no more
than 3.6 V, which is lower than
that of device I (4.8 V). This
can be attributed to a more bal-
anced electron transport for
BPhen[30] as compared with the
combined BCP/Alq3 layer in I.
The decreased device-operation
voltage will result in an in-
creased power efficiency owing

to the more effective injection and transport of charges.[31]

In addition, the LUMO offset (approximately 0.2 eV) be-
tween CBP and BPhen is smaller than that for BCP (0.3 eV;
LUMO of CPB: �3.2 eV; BPhen: �3.0 eV; BCP: �2.9 eV).
Therefore, electron injection from BPhen to CPB is more
efficient and recombination of charges occurs predominantly
on CPB (given that BPhen and BCP have the same HOMO
value of �6.4 eV such that there would be negligible influ-
ence on hole transportation). For 4 and 7 (with the PL maxi-
mum at 506 and 531 nm, respectively), the Commission In-
ternationale de l’Eclairage (CIE) coordinates are shifted
from (0.23,0.61) for device IV to (0.31,0.62) for device V,
with the color shift from bright green to greenish–yellow.

Among all the complexes, the best performance was ach-
ieved in the device based on complex 2 at 10 wt. % doping
concentration. A maximum brightness of 28 400 cd m�2 was
achieved at a current density of J=200 mAcm�2, with the
maximum luminance (hL), quantum (hext), and power (hp) ef-
ficiencies of 43.42 cd A�1, 12.93 %, and 33.36 Lm W�1, re-
spectively. Figure 7 depicts the current–voltage–luminance
(I–V–L) characteristics of device II at different doping con-
centrations. The gradual decrease of the OLED efficiency
with increasing current density is predominantly attributed
to the triplet–triplet annihilation of the phosphor-bound ex-
citons[32] and field-induced quenching effects.[33] No aggrega-
tion or self-quenching was observed even at the doping con-
centration of up to 10 wt. % for the devices. Obviously, re-

Figure 5. The general structure for OLED devices and the molecular structures of the relevant compounds
used in these devices.
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placement of the CPB layer by 1,3-bis(9-carbazolyl)benzene
(mCP) as the host material resulted in lower efficiencies. So,
the EL performance of device VII is much poorer than
those of II at each dopant level. This may arise from the
higher LUMO level of mCP (�2.3 eV) than CBP (LUMO:
�3.0 eV), which lead to insufficient electron blocking at the
interface of NPB/mCP. A minor emission from NPB (at
~450 nm)[30] was found in device VII when a mCP host was
employed (see the Supporting Information). The lower trip-
let energy of CBP (lmax ~460 nm)[35] compared with that of
mCP (lmax ~410 nm)[36] ensures a more efficient energy
transfer for the triplet of CBP to the triplet states of the Ir
dopant.

As compared with its isomer (4 in device IV), the best
performance was achieved at 6 wt. % of 4 with the expected
blue-shift in the EL peak, but the efficiencies are still re-
spectable with a maximum brightness of 22 710 cd m�2 at
8.4 V, hL of 35.62 cd A�1, hext of 11.50 %, and hp of
28.23 Lm W�1 at ~4.0 V, which are slightly higher than those
for device II at the same doping concentration (Figure 8).
However, the efficiencies are depressed as the doping con-
centration increases. The performance of its heteroleptic
congener is also impressive (device VI). The best EL effi-
ciencies were observed at 6 wt. % with a maximum hext of
10.77 %, hL of 36.00 cd A�1, and hp of 30.67 Lm W�1.

Fluorinated pyridyl-substituted complexes 3 (device III)
and its heteroleptic analogue 7 (device V) also show satis-
factory EL results. The luminance of device V was
26 730 cd m�2 at 9.4 V for the 8 wt. % level. This resulted in
the maximum hext of 10.23 %, hL of 37.70 cd A�1, and hp of
26.15 Lm W�1. A poorer performance with the homoleptic
counterpart (device III) was noted. Moreover, these two
complexes (3 and 7) can be used to fabricate efficient
OLEDs with another configuration: ITO/NPB (40 nm)/
CBP:3 or 7 (20 nm)/BCP (10 nm)/Alq3 (30 nm)/LiF/Al. Our
results show that optimum device performance is achieved
at the doping level of 8 wt. % of 7 (device IX) with a maxi-
mum luminance of 48 340 cd m�2 at 14 V, hL of 37.96 cd A�1

at 9.5 V, hext of 10.38 % at 9.5 V, and hp of 13.14 Lm W�1 at
8.7 V. A lower power efficiency was observed as compared
with device V when BCP/Alq3 was used as the electron-
transporting layer for the same reason as mentioned previ-
ously. A similar observation was also found with the com-
plex 3 (device III vs VIII). Additionally, the effect of substi-
tution in the ligand structure would have a clear impact on
the device performance. For instance, the HOMO levels for
3 and 7 (�5.04 and �5.10 eV, respectively) are elevated to a
lesser extent than the other three phosphors in each series
relative to [Ir ACHTUNGTRENNUNG(ppy)3] and [Ir ACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(acac)], resulting in their
lower EL efficiencies among 1–4 and 5–8.

Table 4. Key data for the performance of vacuum-evaporated electrophosphorescent OLEDs.

Device Dopant Vturn�on [V] Luminance L [cd m�2][a] hL [cd A�1][a] hext [%][a] hp [Lm W�1][a] lmax [nm][b] CIE

I 1 (7 %) 4.8 19360 (12) 21.35 (5.6) 6.69 (5.6) 12.33 (5.2) 508 (57) 0.27, 0.60
II 2 (6 %) 3.5 25800 (9.8) 34.73 (4.0) 10.54 (4.0) 27.51 (3.9) 504 (57) 0.23, 0.60

2 (8 %) 3.4 28240 (8.9) 39.55 (3.9) 11.88 (3.9) 33.16 (3.6) 508 (58) 0.24, 0.61
2 (10 %) 3.6 28400 (9.2) 43.42 (4.2) 12.93 (4.0) 33.36 (4.0) 508 (54) 0.25, 0.62

III 3 (6 %) 3.6 22080 (9.8) 12.91 (4.8) 4.09 (4.8) 8.46 (4.8) 512 (63) 0.25, 0.57
3 (8 %) 3.5 31160 (9.8) 23.36 (4.0) 6.85 (4.0) 18.71 (3.8) 512 (60) 0.26, 0.57
3 (10 %) 3.4 21270 (9.1) 21.94 (4.0) 6.70 (4.0) 17.63 (3.9) 512 (65) 0.27, 0.62

IV 4 (6 %) 3.5 22710 (8.4) 35.62 (4.0) 11.50 (4.0) 28.23 (3.7) 500 (55) 0.22, 0.58
4 (8 %) 3.5 22800 (8.2) 33.26 (4.9) 10.36 (4.9) 22.32 (4.3) 504 (59) 0.23, 0.61
4 (11 %) 3.5 20650 (7.3) 24.70 (5.0) 7.80 (5.0) 19.92 (3.8) 504 (56) 0.23, 0.61

V 7 (6 %) 3.7 23190 (9.7) 20.13 (4.6) 5.71 (4.6) 14.34 (4.3) 524 (65) 0.30, 0.58
7 (8 %) 3.5 26730 (9.4) 37.70 (4.8) 10.23 (4.8) 26.15 (4.2) 524 (64) 0.31, 0.62
7 (10 %) 3.5 24560 (8.7) 23.48 (4.0) 6.38 (4.0) 19.40 (3.7) 528 (64) 0.31, 0.61

VI 8 (4 %) 3.5 23880 (9.4) 23.98 (4.0) 7.31 (4.0) 18.76 (3.8) 508 (54) 0.23, 0.61
8 (6 %) 3.3 22100 (8.7) 36.00 (3.8) 10.77 (3.8) 30.67 (3.6) 508 (54) 0.23, 0.63
8 (8 %) 3.3 22100 (8.7) 29.36 (3.8) 8.76 (3.8) 25.45 (3.5) 508 (57) 0.24, 0.63

VII 2 (6 %) 3.9 18230 (9.9) 17.97 (4.1) 5.99 (4.1) 13.94 (4.1) 506 (60) 0.21, 0.43
VIII 3 (4 %) 5.8 33955 (16.1) 15.64 (10.9) 4.99 (11.7) 4.65 (10.5) 530 (90) 0.36, 0.59

3 (6 %) 6.2 35791 (15.9) 18.38 (11.5) 5.33 (11.5) 5.23 (10.9) 530 (90) 0.36, 0.59
3 (8 %) 6.0 38836 (16.5) 17.31 (11.7) 5.54 (12.3) 4.92 (10.9) 530 (90) 0.36, 0.59
3 (10 %) 6.5 30719 (16.7) 13.81 (11.5) 4.01 (11.5) 3.81 (10.9) 530 (90) 0.36, 0.59

IX 7 (4 %) 4.0 48270 (15.3) 24.41 (9.3) 6.68 (9.3) 8.24 (9.3) 533 (76) 0.37, 0.59
7 (6 %) 3.7 48438 (15.3) 32.36 (9.1) 8.85 (9.1) 11.17 (9.1) 533 (76) 0.37, 0.59
7 (8 %) 3.6 48340 (14.1) 37.96 (9.5) 10.38 (9.5) 13.14 (8.7) 533 (76) 0.37, 0.59
7 (10 %) 3.6 47570 (13.9) 37.41 (8.7) 10.23 (8.7) 13.50 (8.7) 533 (76) 0.37, 0.59
[IrACHTUNGTRENNUNG(Cz-py)3] (4 %) [13a] 4.4 14730 (12) 38.01 (5.2) 11.56 (5.2) 23.92 (4.8) 508 (57) 0.24, 0.63
[IrACHTUNGTRENNUNG(Cz-py)2 ACHTUNGTRENNUNG(acac)] (6 %) [13e] 3.6 24730 (10.0) 21.56 (4.4) 6.15 (4.4) 16.39 (4.1) 512 (58) 0.25, 0.63
[Ir(Cz-py-CF3)2 ACHTUNGTRENNUNG(acac)] (4 %) [13e] 3.6 48587 (11.7) 12.36 (5.5) 40.22 (5.5) 23.95 (4.9) 556 (70) 0.44, 0.51
[IrACHTUNGTRENNUNG(Cz-iq)3] (4 %) [13c] 4.6 5846 (24.7) 11.00 (5.5) 10.87 (5.5) 6.16 (5.3) 624 (65) 0.66, 0.34
[IrACHTUNGTRENNUNG(Cz-iq)2 ACHTUNGTRENNUNG(acac)] (4 %) [13c] 4.2 10750 (19.5) 10.15 (6.3) 11.76 (6.3) 5.25 (5.1) 628 (60) 0.68, 0.33

[a] Maximum values of the devices. Values in parentheses are the voltages at which they were obtained; [b] Full width at half maximum (FWHM) in nm
shown in parentheses.
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Conclusions

Herein, we focus on the interesting work in the design and
utility of multicomponent iridiumACHTUNGTRENNUNG(III)–carbazolyl metallo-
phosphors with improved charge-transporting properties for
high-performance color-switchable OLEDs. We have shown

that luminescent iridiumACHTUNGTRENNUNG(III) compounds can be incorporat-
ed into multifunctional conjugated organic architectures,
which offer a very versatile avenue for emission-color
tuning of iridophosphors through the facile derivatization of
the carbazolylpyridyl moiety. The short triplet-excited-state
lifetime together with the high phosphorescence yield would

Figure 6. EL spectra of a) 1–4 and [Ir ACHTUNGTRENNUNG(Cz-iq)3] and b) 7--8, [Ir(Cz-py-
CF3)2ACHTUNGTRENNUNG(acac)] and [IrACHTUNGTRENNUNG(Cz-iq)2 ACHTUNGTRENNUNG(acac)].

Figure 7. I–V–L characteristics of the electrophosphorescent OLED devi-
ces II at different doping levels.

Figure 8. Luminance (&), power (*), and external quantum (~) effi-
ciencies as a function of current density for OLED devices a) II at
10 wt. %, b) IV at 6 wt. % and c) V at 8 wt. %.
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favor the realization of highly efficient devices. These mole-
cules are capable of performing separate functional roles
(i.e., hole transport as well as triplet emission) in a single
molecule, and the resulting OLED devices show superior
performance to that of a state-of-the-art phosphor with the
neat 2-phenylpyridine group. We have extensively investi-
gated the effect of the position of aryl/heteroaryl ring sub-
stituents on the photophysics, electrochemistry, and electro-
phosphorescent properties of the materials. The perfor-
mance of these materials in photophysical applications de-
pends heavily on the ligand substituent effects and their ex-
cited-state properties. It is possible to control the energy of
the lowest triplet excited state by deliberately adjusting the
energy of metal and ligand orbitals, which can be achieved
through substituent effects or by changing the ligand parent
structure entirely (e.g., Cz-py vs Cz-iq). Although the redox
and luminescence properties of these metalated phosphors
are rather insensitive to the position of the aryl-ring sub-
stituent on carbazole, there is a strong dependency between
the emission energy and the electronic properties of the pyr-
idyl-ring substituent. Given the ease of synthesis and color
tunability as well as performance advantages, the present
demonstration of Ir–carbazole derivatives as highly efficient
electrophosphors blows fresh air into the OLED field and
may lead to the ultimate goal to realize a full-color spec-
trum for flat-panel displays and practical white-light illumi-
nation sources.

Experimental Section

General

All reactions were performed under nitrogen. Solvents were carefully
dried and distilled from appropriate drying agents prior to use. Commer-
cially available reagents were used without further purification unless
otherwise stated. 9-Arylcarbazoles (X =F, Me),[37] [IrACHTUNGTRENNUNG(Cz-py)3],[13a] [IrACHTUNGTRENNUNG(Cz-
py)2ACHTUNGTRENNUNG(acac)] ,[13e] [Ir(Cz-py-CF3)2ACHTUNGTRENNUNG(acac)] ,[13e] [Ir ACHTUNGTRENNUNG(Cz-iq)3],[13c] and [Ir ACHTUNGTRENNUNG(Cz-iq)2ACHTUNGTRENNUNG(acac)][13c] were prepared according to the published methods. All reac-
tions were monitored by TLC with Merck pre-coated glass plates. Flash
column chromatography and preparative TLC were carried out by using
silica gel from Merck (230–400 mesh). Fast atom bombardment (FAB)
mass spectra were recorded on a Finnigan MAT SSQ710 system. NMR
spectra were measured in deuterated solvent on a Varian Inova 400 MHz
FT-NMR spectrometer; chemical shifts were quoted relative to the inter-
nal standard tetramethylsilane for 1H and 13C{1H} NMR data.

Physical Measurements

Optical absorption spectra were obtained on a HP-8453 spectrophotome-
ter. The photoluminescent properties and lifetimes of the compounds
were probed on the Photon Technology International (PTI) Fluorescence
Master Series QM1 system. The phosphorescence quantum yields were
determined in CH2Cl2 solutions at 293 K against fac-[Ir ACHTUNGTRENNUNG(ppy)3] as a refer-
ence (FP =0.40).[24] For phosphorescence lifetime measurements, samples
were prepared in CH2Cl2 solutions and were degassed using at least three
freeze–pump–thaw cycles on a grease-free, turbo-pumped, high-vacuum
line to a pressure of approximately 5 � 10�5 Torr in each cycle. Phosphor-
escence lifetimes were measured in degassed toluene with a Lecroy Wave
Runner 6100 digital oscilloscope by using the third harmonic of a
Nd:YAG laser (l= 355 nm, pulse width =8 ns) as the excitation source
(Spectra-Physics Quantum-Ray). The decay curves were analyzed by
using a Marquardt-based nonlinear least-squares fitting routine and were
shown to follow a single-exponential function in each case according to

I= I0 +AexpACHTUNGTRENNUNG(-t/t). The associated error with measured lifetimes is �5%.
A conventional three-electrode configuration consisting of a glassy
carbon working electrode and Pt-wire counter and reference electrodes
was used. The solvent in all measurements was THF and the supporting
electrolyte was 0.1m [Bu4N]PF6. Ferrocene was added as an internal stan-
dard after each set of measurements, and all potentials reported were
quoted with reference to the ferrocene–ferrocenium (Fc/Fc+) couple at a
scan rate of 100 mV s�1. The oxidation (E1/2

ox) and reduction (E1/2
red) po-

tentials were used to determine the HOMO and LUMO energy levels by
using the equations EHOMO =�(E1/2

ox+4.8) eV and ELUMO =

�(E1/2
red+4.8) eV, which were calculated by using the internal standard

ferrocene value of �4.8 eV with respect to the vacuum level. Thermal
analyses were performed with Perkin–Elmer TGA6 thermal analyzers.
DFT calculations at the B3LYP level were performed based on experi-
mental geometries from the X-ray diffraction data. The basis set used for
C, N, O, and H atoms was 6–31G, whereas effective core potentials with
a LanL2DZ basis set were employed for Ir atom.[38] All the calculations
were carried out by using the Gaussian 03 program. Molecular orbitals
obtained from the B3LYP calculations were plotted by using the Molden
3.7 program written by Schaftenaar.[39]

General Procedures of Synthesis of Homoleptic Iridium ACHTUNGTRENNUNG(III) Complexes
1–4

All of the homoleptic iridium ACHTUNGTRENNUNG(III) complexes were synthesized by the
same synthetic routes by heating a solution of [Ir ACHTUNGTRENNUNG(acac)3] and 3.5 molar
equivalents of the corresponding ligand in glycerol (15 mL) and the mix-
ture was heated to 200 8C under a N2 atmosphere. After 18 h, the reac-
tion mixture was then cooled down to room temperature and water was
added. The resulting mixture was extracted with CH2Cl2 and the organic
layer was dried over MgSO4. Upon solvent removal under vacuum, a
pure sample of each complex was obtained by column chromatography
eluting with a CH2Cl2/hexane mixture.

1: A pale-yellow solid was obtained in 53 % yield. MS (FAB): m/z 1204
[M+]. 1H NMR (CDCl3): d=8.34 (s, 3H, Ar), 8.04–8.02 (d, 6 H, J=

6.8 Hz, Ar), 7.66–7.61 (m, 6 H, Ar), 7.28–7.22 (m, 9H, Ar), 6.87–6.82 (m,
9H, Ar), 6.70 (s, 3H, Ar), 6.30 (t, 6H, J=8.9 Hz, Ar) ppm. Anal. calcd.
for C69H42N6F3Ir: C 68.81, H 3.52, N 6.98; found: C 68.65, H 3.44, N 6.64.

2 : A pale-yellow solid was obtained in 20% yield. MS (FAB): m/z 1192
[M+]. 1H NMR ([D6]DMSO): d=8.54 (s, 3H, Ar), 8.30–8.23 (m, 3H,
Ar), 8.11 (d, 3H, J=8.1 Hz, Ar), 7.82–7.80 (m, 6 H, Ar), 7.37–7.13 (m,
18H, Ar), 6.97 (d, 4 H, J= 8.1 Hz, Ar), 6.59 (s, 1H, Ar), 6.45 (d, 4 H, J =

8.1 Hz, Ar), 1.42 ppm (s, 9H, CH3). Anal. calcd. for C72H51N6Ir: C 72.52,
H 4.31, N 7.05; found: C 72.33, H 4.40, N 7.24.

3 : A pale-yellow solid was obtained in 30% yield. MS (FAB): m/z 1204
[M+]. 1H NMR (CDCl3): d=8.21 (s, 3H, Ar), 8.02--7.97 (m, 6H, Ar),
7.62 (m, 3 H, Ar), 7.44–7.40 (m, 3H, Ar), 7.32–7.30 (m, 6 H, Ar), 7.21–
7.19 (m, 3H, Ar), 6.87 (d, 6H, J= 5.4 Hz, Ar), 6.60 (t, 6H, J =10.8 Hz,
Ar), 6.46 (s, 3 H, Ar), 6.36 ppm (d, 3H, J =8.1 Hz, Ar). Anal. calcd. for
C69H42N6F3Ir: C 68.81, H 3.52, N 6.98; found: C 68.63, H 3.44, N 6.64.

4 : A pale-yellow solid was obtained in 20% yield. MS (FAB): m/z 1192
[M+]. 1H NMR ([D6]acetone): d =8.51 (s, 3 H, Ar), 8.09 (d, 3 H, J=

5.4 Hz, Ar), 8.04 (s, 3 H, Ar), 7.72 (d, 3H, J=2.7 Hz, Ar), 7.35--7.29 (m,
6H, Ar), 7.21–7.17 (m, 3 H, Ar), 7.05–7.03 (m, 6 H, Ar), 6.89–6.88 (m,
3H, Ar), 6.81 (s, 3 H, Ar), 6.72 (t, 6 H, J= 10.8 Hz, Ar), 6.48 (t, 3 H, J=

10.8 Hz, Ar), 2.44 ppm (s, 9H, Me). Anal. calcd. for C72H51N6Ir: C 72.52,
H 4.31, N 7.05; found: C 72.34, H 4.45, N 6.84.

General Procedures of Synthesis of Heteroleptic Iridium ACHTUNGTRENNUNG(III) Complexes
5–8

The heteroleptic iridium ACHTUNGTRENNUNG(III) complexes were synthesized by reacting
IrCl3·3H2O with 3 equivalents of the corresponding cyclometalating
ligand in a mixture of 2-ethoxyethanol and water (6:2, v/v). The mixture
was refluxed for 24 h and then cooled to room temperature. A precipitate
gradually formed during the reaction. The precipitate was collected by
filtration and washed with ethanol followed by hexane. The solid was
then dried under vacuum to give the crude IrIII dimer for subsequent re-
action. Without further purification, this crude dimer was mixed with
10 equivalents of Na2CO3 in 2-ethoxyethanol. Acetylacetone (3 equiva-
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lents) were added and the reaction mixture was then refluxed for 16 h.
After the mixture was cooled to room temperature, water was added and
extracted with CH2Cl2. The organic layer was collected and the solvent
was subsequently removed. The residue was then purified by using prepa-
rative TLC plates eluting with CH2Cl2/hexane.

5 : A pale-yellow powder was obtained in 19% yield. MS (FAB): m/z 966
[M+].1H NMR (CDCl3): d= 8.46 (d, 2 H, J =8.1 Hz, Ar), 8.25 (s, 2 H, Ar),
7.96 (d, 4H, J=8.1 Hz, Ar), 7.68 (t, 2H, J =8.1 Hz, Ar), 7.25--7.02 (m,
16H, Ar), 6.12 (s, 2 H, Ar), 5.23 (s, 1 H, acac), 1.79 ppm (s, 6 H, CH3).
13C NMR (CDCl3): d=184.44 (CO), 168.65, 147.93, 146.05, 142.25,
139.80, 137.48, 136.36, 133.58, 128.32, 128.20, 124.63, 124.24, 120.19,
119.84, 118.72, 117.92, 117.67, 115.95, 115.62, 112.00, 109.23 (Ar), 100.53
(CH), 28.91 ppm (CH3). Anal. calcd. for C51H35N4F2O2Ir: C 63.41, H 3.65,
N 5.80; found: C 63.22, H 3.70, N 5.89.

6 : A pale-yellow powder was obtained in 23% yield. MS (FAB): m/z 958
[M+].1H NMR (CDCl3): d= 8.46 (d, 2 H, J =6.4 Hz, Ar), 8.26 (s, 2 H, Ar),
7.96 (d, 4 H, Ar), 7.68–7.64 (d, 2 H, J =8.6 Hz, Ar), 7.21–7.19 (m, 4 H,
Ar), 7.17 (s, 8 H, Ar), 7.13–7.09 (m, 2H, Ar), 7.03–6.99 (m, 2 H, Ar), 6.21
(s, 2H, Ar), 5.23 (s, 1 H, acac), 2.43 (s, 6 H, CH3), 1.79 ppm (s, 6H, CH3).
Anal. calcd. for C53H41N4O2Ir: C 66.44, H 4.31, N 5.85; found: C 66.32,
H 4.43, N 5.98.

7: A bright-yellow powder was obtained in 17% yield. MS (FAB): m/z
966 [M+]. 1H NMR (CDCl3): d =8.34 (t, 2H, J =5.4 Hz, Ar), 8.16 (s, 2 H,
Ar), 7.94--7.86 (m, 4 H, Ar), 7.47--7.37 (m, 6 H, Ar), 7.31--7.29 (m, 4 H,
Ar), 7.23--7.09 (m, 6H, Ar), 6.97--6.96 (m, 1H, Ar), 6.54 (s, 1 H, Ar), 6.14
(s, 2 H, Ar), 5.25 (s, 1H, acac), 1.73 ppm (s, 6 H, CH3). Anal. calcd. for
C51H35N4F2O2Ir: C 63.41, H 3.65, N 5.80; found: C 63.50, H 3.77, N 5.87.

8 : A bright-yellow powder was obtained in 55 % yield. MS (FAB): m/z
958 (M+).1H NMR (CDCl3): d=8.28 (d, 2H, J= 2.7 Hz, Ar), 8.21 (s, 2H,
Ar), 7.94 (d, 2H, J=5.4 Hz, Ar), 7.75 (s, 2H, Ar), 7.38--7.09 (m, 15H,
Ar), 6.82 (d, 3H, J =2.7 Hz, Ar), 6.16 (s, 2 H, Ar), 5.19 (s, 1 H, acac),
2.56 ppm (s, 6H, CH3), 1.76 (s, 6 H, CH3). Anal. calcd. for C53H41N4O2Ir:
C 66.44, H 4.31, N 5.85; found: C 66.29, H 4.40, N 5.99.

X-ray Crystallographic Details

Yellow crystals of 1 that were suitable for X-ray diffraction studies were
grown by slow evaporation of its solution in CH2Cl2/diethyl ether at
room temperature. Geometric and intensity data were collected at 293 K
by using graphite-monochromated MoKa radiation (l=0.71073 �) on a
Bruker Axs SMART 1000 CCD diffractometer. The collected frames
were processed with the software SAINT[40] and an absorption correction
(SADABS)[41] was applied to the collected reflections. The structure was
solved by the Direct methods (SHELXTL)[42] in conjunction with stan-
dard difference Fourier techniques and subsequently refined by full-
matrix least-squares analyses on F2. Hydrogen atoms were generated in
their idealized positions and all non-hydrogen atoms were assigned with
anisotropic displacement parameters. Crystal data for 4 :
C72H51N6Ir·3CH2Cl2, Mw =1447.17, monoclinic, space group P1̄, a=

12.361(1), b=12.4573(9), c =22.587(2) �, a=104.016(1), b= 99.343(1),
g=94.759(2)8, V =3302.5(4) �3, Z =2, 1calcd =1.455 Mg m�3, mACHTUNGTRENNUNG(MoKa)=

2.312 mm�1, F ACHTUNGTRENNUNG(000) =1456, T =293 K. 16530 reflections measured, of
which 11 423 were unique (Rint =0.0332). Final R1 =0.0447 and wR2 =

0.1138 for 9266 observed reflections with I>2s(I). CCDC-687 862 con-
tains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre at www.ccdc.cam.ac.uk/data_request/cif.

OLED Fabrication and Measurements

Commercial ITO-coated glass with sheet resistance of 20–30 W/& was
used as the starting substrates. Before device fabrication, the ITO glass
substrates were cleaned by ultrasonic baths in organic solvents followed
by ozone treatment for 20 min. For device I, 40-nm thick NPB film was
first deposited on the ITO glass substrates. The phosphor (7 %) and CBP
host were co-evaporated to form the emitting layer (20 nm). Successively,
BCP (8 nm), Alq3 (20 nm), and Mg:Ag (200 nm) were evaporated. Devi-
ces II–VI were similarly assembled in the sequence: ITO on glass sub-
strate, 60 nm of NPB, 30 nm of the emitting layer made of CBP host and
phosphorescent dopant (x %), 20 nm of BPhen, 1 nm of LiF, and 60 nm

of Al. Device VII was fabricated as for device II but mCP was used as
the triplet host. Devices VIII and IX were constructed in the following
sequence: ITO on glass substrate, 40 nm of NPB, 20 nm of the emitting
layer made of CBP host and phosphorescent dopant (x %), 10 nm of
BCP, 30 nm of Alq3, and 1:100 nm of LiF/Al co-layer, respectively. The
electrical and optical characteristics of these devices were measured by
using R6145 DC voltage current source, FLUKE 45 dual display multi-
meter, Keithley 2400/2000 or Keithley 236 source meter and Spectrascan
or PHOTORESEARCH PR650 spectrophotometer in a dark room
under ambient air conditions at room temperature. All the measurements
finished within 20 min after the device was unloaded from the vacuum
chamber.
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