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Strong Luminescent Iridium Complexes with C^N––N
Structure in Ligands and Their Potential in Efficient and
Thermally Stable Phosphorescent OLEDs
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Organic luminescent materials are an important class of mate-
rials for a multitude of optoelectronic applications, such as organic
light-emitting diodes (OLEDs),[1–3] luminescence-based sensors,[4]

and photocatalysts.[5] According to the nature of emission,
organic luminophors can be categorized as fluorescent emitters,
which emit light from their singlet excited states, and phos-
phorescent emitters, which conduct radiative decay from their
triplet excited states. It has been widely accepted that for excitons
generated by carrier injection, which is exactly the case in OLEDs,
the ratio of singlet and triplet exciton is 1:3. Due to this intrinsic
factor, although abnormal cases exist,[6,7] the internal quantum
efficiency (IQE) of OLEDs employing fluorescent emitters is
generally limited to 25%, while IQE of OLEDs utilizing phos-
phorescent emitters (PHOLEDs) can reach almost 100%.[3]

Hence, due to this higher efficiency and motivated by the
potential applications in flat panel displays (FPDs), solid-state
lighting (SSL), and backlights for liquid-crystal displays (LCDs)
based on OLED technology, PHOLED materials and devices have
been intensively studied since the seminal work in 1998.[3] Great
success has been achieved in device efficiency,[8–11] color
tuning,[12–14] and also white-light emission.[15–17] In contrast,
lifetimes of PHOLEDs have been less explored, and need to be
further improved.[18–20] For SSL applications, OLEDs perfor-
mances are far from satisfied.[15,21,22] It is believed that the OLED
must have an efficiency of 50 lm W�1 or more and an operation
lifetime of 20 kh or longer tailored to the SSL application. Thus,
the design of good emitters for this demanding device
performance is one of the challenging tasks.

From the practical point of view, the primary criteria for
phosphorescent emitters are strong phosphorescence coupling
with good thermal stability. Due to the spin conservation rule,
phosphorescence is generally limited to metal complexes, where
spin-orbital coupling effects exist. Usually, phosphorescence is
characterized by its 3MLCT (metal ligand charge transfer) nature,
or has mixed 3(p–p*) and 3MLCT features. Orthometalated
iridium complexes are the most intensively studied materials for
usage in PHOLEDs, due to several reasons: i) Benefiting from its
large atomic number, Ir is a heavy metal that can offer good
spin-orbital coupling leading to strong phosphorescence proper-
ties; ii) Ir has large d-orbital splitting, thus precluding the d–d
transition that may deactivate the MLCTprocess, which is one of
the important processes for room temperature phosphorescence;
iii) the stable oxidation state 3þ of Ir(III) can form neutral
complexes, allowing sublimation under vacuum. Regarding the
thermal stability of phosphorescent emitters, forming homoleptic
complexes other than their heteroleptic counterpart is one of the
strategies.[23] Besides metal, organic ligands drastically influence
the molecular frontier orbitals of a complex, such as the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), which determine the emission
wavelength and intensity of the complex.[24] There are two
driving forces to form a complex. One is the s-bonding between
the p electron of the ligand and the empty d orbital of the metal,
and the other is the p-bonding via delocalization of d-electrons
from the metal to the empty orbital of the ligand. The nature and
degree of interaction between metal and ligand determine the
MLCT transition, and thus, partially, the emission color and
intensity.
bH & Co. KGaA, Weinheim 339
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Scheme 1. Synthetic protocol and crystal structure of Ir(BPPa)3 and Ir(BPPya)3, iridium com-
plexes studied in this work.
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Recently, we have designed a new strong
phosphorescent homoleptic Ir complex with
the ligand 3,6-bis (phenyl) pyridazine (BPPya).
Devices based on this material have demon-
strated a significantly improved perfor-
mance.[25] In this work, following our previous
study, we have developed another new Ir
complex with the ligand 1,4-bis(phenyl) phtha-
lazine (BPPa), an analog of BPPya, having the
resemblance of an sp2-hybrid N adjacent to the
chelating N atom (represented as C^N––N).
Ir(BPPa)3 proves to be a strong red-
phosphorescent material with good thermal
stability. PHOLED devices with Ir(BPPa)3 as a
dopant emitter exhibit a saturated red emis-
sion with high efficiency as well as good
operational stability. Very recently, Tong et al.
reported a promising red OLED utilizing an Ir
complex with ligands also bearing the C^N––N
structure.[26] Based on the results from our
work and from ref. [[26], it is reasonable to
believe that ligands with a C^N––N structure
are beneficial for Ir complexes. In order to have
a full understanding of the various factors
controlling the photophysical properties of Ir
complexes, we performed quantum chemistry
calculations. It was found that ligands bearing
a C^N––N structure in Ir complexes could bond
to the Ir atom more strongly, and could also
create a ‘‘proximity effect,’’[27] compared to
their counterpart ligands with chelating N
atoms bearing adjacent sp2 C atoms (repre-
sented as C^N––CH), such as Ir(ppy)3 (tri-
Table 1. Bond Lengths of compound Ir(BPPa)3 from X-ray crystallography
data and from quantum chemical calculations.

Ligand 1 Ligand 2 Ligand 3 Average[a] Calcd[b]

R(Ir-C) [Å] 2.019(5) 2.021(5) 2.017(4) 2.019(5) 2.028

R(Ir-N) [Å] 2.102(4) 2.095(3) 2.089(4) 2.095(4) 2.152

[a] Average of ligands 1–3 from X-ray crystallography data; the average deviation is

calculated using D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1

D2
i

s
. [b] Average of ligands 1–3 from quantum chemical

calculation data.
s(2-phenylpyridine)iridium). Our result shows that for Ir
complexes the ligand with a C^N––N structure is superior to
the one with a C^N––CH structure, and that this kind of Ir
complexes are promising for optoelectronic applications due to
their strong phosphorescence and high thermal stability.

Since forming heteroleptic iridium complexes is generally
easier than obtaining their homoleptic counterparts,[28] our first
attempt toward forming iridium complexes utilizing the BPPa
ligand was aimed at the heteroleptic form. By following route (1)
in Scheme 1, the chloro-bridged diiridium precursor 1 was
synthesized, in order to further develop the initial target
compound, (BPPa)2Ir(acac), where acac is 2,4-pentanedionate.
After the reaction, the initially formed product, containing a
yellow precipitate (main product) and a dark-red crystalline
precipitate (minor product), was washed with ethanol and
acetone. The red precipitate, which presented red emission
under UV illumination, was later identified as Ir(BPPa)3 by mass
spectroscopy. The strong red emission of Ir(BPPa)3 and its simple
synthesis spurred our interest in preparing Ir(BPPa)3 directly via
route (2) in Scheme 1. Using Ir(acac)3 and BPPa as the starting
materials, and following a previously described method,[29]

Ir(BPPa)3 can be produced with a moderate yield of about
40%. Deep-red Ir(BPPa)3 crystals were grown from slow solvent
evaporation of a CH2Cl2/MeOH mixture. Characterization data
from 1H-NMR, elemental analysis, MS, and UV spectroscopy are
summarized in the Experimental Section.
� 2009 WILEY-VCH Verlag Gm
The structure of the Ir(BPPa)3 molecule, as determined by
X-ray analysis, is shown in Scheme 1. The molecule has
octahedral geometry, with three BPPa ligands cyclometalated to
the central iridium atom. The nonchelating phenyl part of the
ligand is almost perpendicular to the phthalazine groups. This
renders the molecules sterically bulky, which is generally
beneficial for reducing concentration quenching of emission.

The selected bonding lengths of Ir(BPPa)3 obtained using
X-ray diffraction are compared with those calculated using
density functional theory (DFT) in Table 1. The calculated bond
lengths of Ir–C (2.028 Å) and Ir–N (2.152 Å) are very close to the
average values from experiments, with 2.019 Å for Ir–C and
2.095 Å for Ir–N, indicating good agreement between experi-
mental data and calculation results. The accuracy of this
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 339–343
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Figure 1. Calculated frontier orbital distributions from DFT for a) Ir(ppy)3
and b) Ir(ppya)3. Insets are their molecular structures and calculated
bonding lengths (Å).

Figure 2. Absorption and PL of Ir(BPPya)3 in toluene and Ir(BPPa)3 in
CH2Cl2.
calculation method for metal complexes has also been demon-
strated by works of other groups.[10,30,31]

In order to study the effect of ligands with the C^N––N
structure, we compare the calculated results of Ir(ppy)3 with those
of model compound Ir(ppya)3 (tris(3-phenylpyridazine)iridium),
as shown in Figure 1. The only difference between the molecular
structures of Ir(ppy)3 and Ir(ppya)3 arises from the atom adjacent
to the chelating N in the ligand, which is C for Ir(ppy)3 and N for
Ir(ppya)3, and which accounts for the property difference between
them. It is clear from Figure 1 that, different from Ir(ppy)3, the
LUMO, LUMOþ 1, and LUMOþ 2 of Ir(ppya)3 are very close to
each other, leading to a larger probability of transition between the
HOMO and these orbitals, hence increasing the transition
cross-section, which is favorite for absorption and emission. As
studied later by UV spectrometry, the more intensive absorptions
of Ir(BPPya)3 and Ir(BPPa)3 are consistent with the above
calculation results. Meanwhile, it can be noticed from Figure 1
that the HOMO and LUMO of the model compound Ir(ppya)3
appear to have slightly higher energies than those of Ir(ppy)3. This
is understandable, taking into account the contributions
corresponding to frontier orbitals from each segment in the
molecules (see Fig. S1a and b in Supporting Information, and
explanation therein).

Furthermore, as shown in Figure 1, while the calculated Ir–C
bond lengths of the model compound Ir(ppya)3 are the same as
those of Ir(ppy)3 (2.03 Å), the calculated Ir–N bond lengths
(2.15 Å) are shorter (2.19 Å), indicating a stronger Ir–N bond in
the complex with the C^N––N type ligand. In addition to a more
intensive transition, the benefits of C^N––N replacing C^N––CH in
the ligand include: i) strong bonding between metal and ligand,
which leads to efficient mixing of the singlet and triplet excited
states, and is beneficial for phosphorescence, and moreover,
stronger bonding of Ir–N results in more thermally stable
complexes, as confirmed by experimental data (the 5% weight
loss temperature is 413 8C for Ir(ppy)3,

[23] 439 8C for Ir(BPPya)3,
and 426 8C for Ir(BPPa)3, respectively); and ii) compared to C^N––
N, the C^N––CH has one excess H atom, which may result in
more steric hindrance toward the N chelating to the metal.
Partially due to the small steric hindrance in the C^N––N type
Adv. Mater. 2009, 21, 339–343 � 2009 WILEY-VCH Verlag Gm
ligand, the stable tris-cyclometalated complex is the most easily
achieved form. Also, in the case of a C^N––CH type ligand, it is
sometimes difficult to get stable tris-cyclometalated complex via
Ir–N chelating; instead the introduction of another ancillary
ligand (usually b-diketonates[28,32–35]) is generally needed.

To further illustrate the merits of complexes with C^N––N type
ligands, we compared the absorption of Ir(BPPya)3 and Ir(BPPa)3
(as shown in Fig. 2) to that of Ir(ppy)3.

[36] It can be seen that due to
the similarity in ligands, Ir(BPPya)3 and Ir(BPPa)3 exhibit similar
absorption (Abs) and photoluminescence (PL) characteristics,
with bathochromic shifts of approximately 40 nm for absorption
and 80 nm for emission in Ir(BPPa)3, which are consistent with
the enlargement of the conjugated p system in the BPPa ligand.
The absorption for Ir(BPPya)3, with a maximum of 50000 M

�1 cm�1

at 284nm and 14000 M
�1 cm�1 at 400nm, and that for Ir(BPPa)3,

with maximum of 41 000 M
�1 cm�1 at 316nm and 12000 M

�1 cm�1

at 395–456nm, are much more intensive than that for Ir(ppy)3, with
maximum of 29 000 M

�1 cm�1 at 284 nm and 8 000 M
�1 cm�1 at

377 nm.[36] This is in agreement with our computational
calculations. According to the ‘‘proximity effect’’,[27] the increased
absorption transition can be attributed to the nonbonding lone
electron-pair located at the N atom adjacent to the chelating N in
the ligand with C^N––N structure. Moreover, in the absorption of
Ir(BPPya)3 and Ir(BPPa)3, the triplet transitions are well
recognized and quite intensive, with intensities of 4500 M

�1 cm�1

�1 at 471 �475 nm for Ir(BPPya)3, and at 557–564 nm for
Ir(BPPa)3, indicating efficient spin-orbital coupling, which is a
prerequisite for phosphorescent emission. Ir(BPPa)3 emits a red
light peaked at 625 nm in a CH2Cl2 solution, with a PL quantum
yield of 0.20measured with Rhodamine B (inmethanol, f¼ 0.66)
as a calibration standard. According to computational calculations
(not shown), the HOMO of Ir(BPPa)3 has contributions both
from the metal (M) and ligands (L, p), and the contribution in the
LUMO is mainly from the ligand (L, p*), thus the emission of
Ir(BPPa)3 is assigned to a mixture of MLCT and ligand-centered
(p–p*) transitions.

With regard to the electroluminescence (EL) properties of
these Ir complexes, our previous work showed that Ir(BPPya)3-
bH & Co. KGaA, Weinheim 341
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Figure 3. The efficiency of devices based on Ir(BPPa)3. Figure 4. Stability of Ir(BPPa)3-based device.
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based devices could achieve an efficiency of 52 cd A�1 with low
roll-off, demonstrating its great potential in OLED applications.[25]

In this study, the new Ir(BPPa)3-based OLED devices were preli-
minary tested by doping Ir(BPPa)3 into a 4,40-dicarbazolyl-
1,10-biphenyl (CBP) host. The devices have a configuration of
ITO/NPB (15 nm)/NPB:1% Ir(BBPa)3 (5 nm)/CBP:x% Ir(BBPa)3
(20nm)/BCP (6nm)/AlQ3 (40nm)/MgAg, where 4.40-di-1-naphythyl-
N,N0-diphenyl-biphenyl-4,40-diamine (NPB), 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP), and tris(8-hydroxyquinolinato)
aluminum(III) (AlQ3) are used in the preparation of the hole-
transport layer (HTL), hole-block layer (HBL), and electron-transport
layer (ETL), respectively. As shown in Figure 3, devices with 2, 5,
and 10% of Ir(BPPa)3 show maximum external quantum
efficiencies (EQE) of 4.0, 8.3, and 5.1%, and CIE (Commission
International de L’Eclairage) coordinates of (0.64,0.32), (0.69,0.30),
and (0.70,0.30), respectively. It can be seen that at the higher
doping concentration of 10%, the efficiency dropped significantly,
and was probably related to triplet–triplet annihilation at this high
excitation density. The 5% Ir complex doped device presented the
best performance, with EL efficiency of 8.3% and CIE coordinates
of (0.69,0.30).

Limited to our current device study, we tentatively tested the
lifetime of an Ir(BPPa)3-based device with the structure of ITO/
NPB/NPB:1% Ir(BPPa)3/CBP:5% Ir(BPPa)3/TPBi/AlQ3/MgAg,
where TPBi is 1,3,5-tri(phenyl-2-benzimidazolyl)-benzene. These
materials are the same in the Ir(ppy)3-based device presented in
the work by Kwong et al.,[19] where a lifetime of 350 h was deduced
for an initial luminance of 100 cd m�2. As shown in Figure 4, our
red PHOLED device achieved a lifetime of 610 h at an initial
luminance of 100 cd m�2, which is considerably better than the
previously reported results mentioned above. As disclosed in
the literature, device lifetime is strongly influenced by thermal
and electrochemical stabilities of materials, as well as device
structure. For example, when replacing the HBL of TPBi with the
more thermally stable BAlq (bis(2-methyl-8-quinolinolato)
(p-phenylphenolato) aluminum(III)), the lifetime of an Ir(ppy)3-
based device was observed to changed from 70 to 10 000 h at
initial brightness of 500 cd m�2.[19] Also, by improving the redox
properties of the host for a red-emitting phosphorescent material,
the decay time for a 20% brightness drop in a PHOLED
device increased from 267 to 1000 h.[37] In addition, charge/
� 2009 WILEY-VCH Verlag Gm
exciton confinement has been claimed to play a major role in the
long-term stability of the phosphorescent device.[38] Cyclic
voltammetry (CV) measurements revealed that both Ir(BPPa)3
and Ir(BPPya)3 are electrochemical stable, with reversible
oxidation and reduction (vs. Ag/AgCl) of 1.03 and �1.88V for
Ir(BPPya)3, and 0.91 and �1.57V for Ir(BPPa)3 (Fig. S2 in the
Supporting Information). Taking into account the above insights,
together with the fact that Ir(BPPa)3 and Ir(BPPya)3 are both
thermally and electrochemically stable, it is reasonable to expect
that the lifetimes of Ir(BPPa)3- and Ir(BPPya)3-based devices will
be significantly improved, and may meet the requirement for
commercial applications, with the optimization of the device
structure using a matched host for good energy transfer and
suitable layer-stacks for better carrier and exciton confinement.-
Work is currently being undertaken in our laboratories, and will
be reported later.

In summary, we have studied iridium complexes with ligands
bearing C^N––N type ligands. It is suggested that in complexes
containing these ligands the bonding strength between the N
atom and iridium should be stronger compared to those bearing
C^N––CH type ligands, based on the shorter Ir–N bonding length
obtained from calculations. Using a newly synthesized
red-emission Ir complex as an example, along with the previously
reported green-emission complex, it is demonstrated that Ir
complexes with C^N––N type ligands are easy to synthesize and
thermally stable, and show a proximity effect and an intensive
MLCT transision. Ir(BPPa)3 is proved to be a potential material for
saturated red PHOLEDs. Furthermore, by changing the
conjugation length of the C^N––N type ligand, the emission
color can be tuned from green to saturated red. We also expect
that with minor modifications in the molecular structure of this
type of ligand, efficient phosphorescent metal complexes in a
wide range of colors could be obtained, with promise for
optoelectronic applications.
Experimental

Instrumentation is described in the Supporting Information.
Computational Simulations: DFT calculations were performed using the

B3LYP hybrid functional, with the 6–31G basis set in Gaussian 03 programs [39].
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 339–343
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Ir(BPPa)3CharacterizationData: m.p. 385.3 8C; 1H-NMR (300MHz,
Chloroform-d) d (ppm): 8.81 (d, j¼ 7.8Hz, 3H), 8.14 (d, j¼ 7.8Hz,
3H), 7.91 (d, j¼ 8.4Hz, 3H), 7.71 (m, 3H), 7.66 (m, 6H), 7.12 (m, 9H),
6.87 (t, j¼ 7.7Hz, 6H), 6.78 (d, j¼ 7.5, 6H); MS:m/z 1037.0 (Mþ 1); Anal.
calcd. for C60H39N6Ir (FW¼ 1036.32): C, 69.55; H, 3.76; N, 8.11. Found: C,
69.38; H, 3.84; N, 8.40; UV/Vis (CH2Cl2): lmax (e)¼ 316 (41 000), 395–456
(12 000), and 557–564nm (4500 cm�1

M
�1).
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