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Phosphorescent OLEDs are under intense investigation
because of their potential in greatly improving device
performances.[1] Electrophosphorescence is easily generated
from both singlet and triplet excited states so the internal
quantum efficiency of phosphorescent organic light-emitting
diodes (OLEDs) can reach a theoretical level of unity, rather
than the inherent 25% upper limit imposed by the formation
of singlet excitons for their fluorescent counterparts.[2] Thus, a
great deal of effort has been spent investigating the third-row
transition-metal complexes to develop highly efficient phos-
phors that can emit all three primary colors. Despite elegant
research on both red and green phosphors, there are only a
few reports on room-temperature blue phosphors.[3] Two well-
understood examples, bis(4’,6’-difluorophenylpyridinato)-
iridium(III) picolinate (FIrpic) and bis(4’,6’-difluoro-
phenylpyridinato)iridium(III) tetra(1-pyrazolyl)borate
(FIr6), have proven to be excellent dopants for greenish-
blue and sky-blue phosphorescent OLEDs.[4] Further
improvements were made by substituting the picolinate ions
with other ancillary ligands, such as triazolate or tetrazolate
ions to give FIrtaz or FIrN4, respectively,[5] and even by
employing a combination of cyanide and phosphine ligands.[6]

These modifications have produced a hypsochromic shift of
around 10 nm compared to the emission of FIrpic. However,
significant lowering of emission quantum yield was noted in

some cases, which has hampered the fabrication of true-blue
phosphorescent OLEDs.

In theory, some critical criteria have to be considered in
obtaining highly efficient blue phosphorescence. Of primary
importance is to increase the contribution of the metal-to-
ligand charge transfer (MLCT) in the lowest-lying triplet
manifold.[7] The direct involvement of the metal dp orbital
enhances the coupling of the orbital angular momenta to the
electron spin, such that the T1!S0 transition would have a
large first-order spin–orbit coupling term, which would result
in a drastic decrease in the radiative lifetime and hence the
possibility of increasing the quantum yield.

Conversely, care has to be taken to avoid enhanced
radiationless pathways arising from enlargement of the band
gap. One familiar deactivation pathway lies in the d–d
transition, which may weaken the metal–ligand bond, thus
resulting in a shallow potential-energy surface.[8] In an
extreme case, the shallow d–d potential-energy surface may
intercept surfaces of other states, which may result in
radiationless deactivation. This process, however, should be
minor for third-row transition metals owing to their high
coordination strength that increases the energy of the ds*

orbitals.[9] Furthermore, upon increasing the energy gap
towards blue, it becomes facile for the lowest-lying excited
state—a state perhaps comprising both p–p* (or intraligand
charge transfer, ILCT) and MLCT in character—to mix with a
thermally accessible ligand-to-ligand charge-transfer (LLCT)
state.[10] Mixing with the LLCT state may increase the
radiative lifetime owing to the largely charge-separated
character of this state and hence the probability of a partially
forbidden transition (versus the ground state). The net result
is a reduction in the corresponding emission quantum yield if
similar deactivation mechanisms operate.

In our view, the above scenario may be avoided by
selecting facially arranged homoleptic complexes or by using
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a heteroleptic coordination arrangement, for which the
excitation is equally spread among the degenerate states of
multiple chromophores or restrains to a single chromo-
phore.[11] Delocalization of the electron density not only
stabilizes the molecular framework but also reduces the
radiationless deactivation processes because of the resulting
steeper potential-energy surfaces. Herein, we report the
characterization of two isomeric IrIII complexes in anticipa-
tion of seeing the phenomenon that would confirm the above
theories and show efficient blue phosphorescence with better
chromaticity.

The preparation of the isomeric iridium complexes [Ir-
(dfppy)(fppz)2] (dfppyH: 2-(2,4-difluorophenyl)pyridine,
fppzH: 5-(2-pyridyl)-3-trifluoromethylpyrazole) (1) and (2)
was best executed by heating of a 1:1 mixture of (dfppy)H and
IrCl3·3H2O in methoxyethanol (140 8C, 4 h) with subsequent

addition of 2.1 equivalents of
(fppz)H in the presence of
Na2CO3 (140 8C, 8 h). This syn-
thetic logic relies on the prior
generation of an intermediate of
hypothetical formula
[(dfppy)IrCl2]x, which would react
with fppz anions in the subsequent
reaction. Moreover, heating a
diethyl glycol monoethyl ether so-
lution of 2 at reflux for 4 h yielded
the strongly emissive isomer 1 in 42% yield, thus confirming
its nature as the thermodynamic product.

Single-crystal X-ray crystallography was carried out to
differentiate the molecular structures of the two isomers (see
Figure S1 and S2 of the Supporting Information).[12] Both
complexes have a slightly distorted octahedral geometry with
one cyclometalated dfppy ligand and two chelating fppz
ligands. They differ in the functional group of both fppz
ligands that is located trans to the dfppy ligand: the pyridyl
group in 1 and the pyrazolyl group in 2. Moreover, the Ir�N
bond that lies opposite the Ir�C bond (2.157(10) @ in 1 and
2.100(8) @ in 2) is significantly longer than other Ir�N bonds
(2.028–2.063 @ in 1 and 1.997–2.075 @ in 2). This observation
confirms the anticipated trans effect imposed by the more-
covalent Ir�C bonding in this class of IrIII complexes.[13]

Next we realized a remarkable difference in the photo-
physical behavior of 1 and 2. Figure 1 shows the UV/Vis
absorption and emission spectra of both 1 and 2 in CH2Cl2
(see also Table 1). In general, the lower-lying absorption band
(shoulder) with peak wavelengths at 345–355 nm can be
reasonably assigned to a mixed p–p* and MLCT transition
(see below). Note that the difference in the absorption cross

section is significant, especially in the ligand 1p–p*
(� 300 nm) transition, as a consequence of the different
ligand orientations of complexes 1 and 2. With regard to
emission properties, complex 1 in a degassed solution of
CH2Cl2 at 298 K exhibited strong phosphorescence with a
quantum yield of 0.50, for which four vibronic peaks

correspond to approximately 450, 479, 511, and 554 nm. The
observed lifetime (tobs) was 3.8 ms and the radiative lifetime
(tr) was deduced to be 7.7 ms. As for complex 2, despite its
emission profile being similar to that of 1, the quantum yield
of 0.14 was significantly inferior to that of 1. With an observed
lifetime of 4.4 ms, the radiative lifetime of 2 was deduced to be
31.1 ms, which is about four-times longer than that of 1.
Accordingly, the nonradiative decay rate constant (knr) is
calculated to be 1.30 G 105 and 1.97 G 105 s�1 for 1 and 2,
respectively. The similarity in knr leads to the conclusion that
the higher emission quantum yield of 1mainly originates from
its shorter radiative lifetime.

To gain insight into the photophysical behavior of the two
isomers, density functional theory (DFT) was applied to
molecular orbitals involved in the transition (see Figure S3
and S4 of the Supporting Information for the unoccupied and
occupied frontier orbitals that are mainly involved in the
lowest-lying transition). A description and details of the
energy gap of each transition are listed in Table 2. The
calculated lowest triplet states for 1 (426 nm) and 2 (425 nm)
are close in energy to the 0–0 onset of phosphorescence
obtained experimentally (see Figure 1), if one neglects the

Figure 1. Absorption and luminescence spectra of 1 and 2 in degassed
CH2Cl2 at room temperature; dotted lines indicate emissions recorded
in a CH2Cl2 matrix frozen at 77 K.

Table 1: Photophysical data of IrIII complexes 1 and 2 (unless otherwise specified, the decay of emission
was monitored at 450 nm for the relaxation dynamics (lexc=350 nm)).

lmaxabs. [nm] (eC10�3 [m�1 cm�1]) lmaxem. [nm][a] Q.Y. tobs [ms] tr [ms]

1 264 (50.4), 299 (29.7), 311 (26.3), 326
(16.7) 356 (8.2)

450, 479, 511(sh),
554(sh)

0.50[a]

0.45[c]
3.8,[a] 6.7,[b]

0.4 (78%), 1.2 (22%)[c]
7.7[a]

2 263 (31.7), 306 (18.5), 326 (11.9) 357
(5.5)

450, 480, 515(sh),
545(sh)

0.14[a]

0.28[c]
4.4,[a] 8.2,[b]

0.1 (88%), 1.3 (12%)[c]
31.1[a]

[a] Obtained from samples in degassed CH2Cl2. [b] Obtained from samples at 77 K in a CH2Cl2 matrix.
[c] Obtained from samples in a doped thin film by using CzSi as the host material.
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associated vibronic and solvation broadening. Therefore, the
theoretical level adopted in this work is suitable for inter-
preting the photophysical properties of the complexes
concerned. The lowest-lying electronic transition (S1 and T1)
is composed of MLCT (dp!pyridyl fragment) and to a
certain extent ILCT (pyrazolyl!pyridyl (fppz) fragment)
mixed with LLCT (phenyl!pyridyl (fppz) fragment; see
Figure S3 of the Supporting Information), which is consistent
with our original design strategy. Furthermore, the contribu-
tion of MLCT, which serves as a key factor in spin–orbit
coupling enhancement, is substantial and calculated to be
26.6% and 16.9% for 1 and 2, respectively. From an energetic
point of view, it is reasonable to assume that the major
component to breaking down the forbidden transition is the
S1–T1 mixing. Accordingly, the phosphorescence radiative
decay rate, kp, is given by Equation (1) in which a denotes a

kp ¼ ajhS1jhsojT1ij2 ð1Þ

proportional factor and hso is the Hamiltonian for the spin–
orbit coupling. The larger dp contribution in 1 compared to
that in 2 should give a larger first-order spin–orbit coupling
term and hence a shorter radiative lifetime, which is
consistent with the experimental results.

Complex 1 also exhibits a promisingly high quantum yield
of 0.45 when it is doped in a wide-gap host, such as 9-(4-tert-
butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi) (see
Table 1) or p-bis(triphenylsilyl)benzene (UGH2), which have
large triplet energies of 3.02 eV and 3.18 eV, respectively.[14]

Therefore, fabrication of electroluminescent (EL) devices by
using 1 was carried out in an attempt to achieve true-blue
emission (see the Supporting Information for experimental
details).

The configuration of the device is as follows: ITO/a-NPD
(
 30 nm)/TCTA (30 nm)/CzSi (3 nm)/CzSi doped with
10 wt% of 1 (25 nm)/UGH2 doped with 10 wt% of 1
(3 nm)/UGH2 (2 nm)/TAZ (50 nm)/LiF (0.5 nm)/Al
(150 nm), in which ITO is indium tin oxide, a-NPD is 4,4’-
bis[N-(1-naphthyl)-N-phenylamino]biphenyl, TCTA is
4,4’,4’’-tris(N-carbazolyl)triphenylamine, and TAZ is 3-
(biphenyl-4-yl)-4-phenyl-5-(4-tert-butylphenyl)-1,2,4-triazole
(the chemical formulae are given in Figure S5 of the
Supporting Information). In this device, a-NPD and TCTA

were used as the hole-transport layer (HTL), while a thin CzSi
layer (3 nm) was applied for hole transport and for blocking
the high-energy triplet excitons (on 1) from migrating to
TCTA, which has a lower triplet energy than 1).[14] Double
emitting layers (hole-transporting CzSi and electron-trans-
porting UGH2 doped with 10 wt% of 1) were used to
improve carrier balance between hole and electron injection/
transport to move the exciton formation zone away from the
interfaces of both carrier-transport layers. Moreover, a thin
UGH2 layer (2 nm) was applied as the buffer to block high-
energy triplet excitons from migrating to TAZ, which also has
a lower triplet energy gap than 1. Finally, TAZ and LiF were
used as the electron-transport layer[15] and the electron-
injection layer,[16] respectively.

Figure 2 shows representative current–voltage–lumines-
cence characteristics, an EL spectrum, and EL efficiencies of
the device. In general, the EL of the device shows a dominant
emission from 1, with the main band at 450 nm. The 1931
Commission Internationale de LLEclairage (x,y) coordinates
(CIEx,y) calculated from the EL spectrum are (0.16,0.18). The
device has a turn-on voltage of � 4 V, an external quantum
efficiency of up to 8.5% photons per electron, a peak power
efficiency of 8.5 lmW�1, and a maximum brightness of
4000 cdm�2 at 16 V. Efficiency roll-off at higher currents
that are typical in phosphorescent OLEDs is also observed
here.[2,4, 5] However, at a practical brightness of around
100 cdm�2, the efficiency remains high at around 7.5%.
Such efficiency characteristics are comparable to those
reported for blue-phosphorescent OLEDs.[4,5, 14] However, as
shown in Figure 2c, the CIE coordinates of the device
incorporating 1 indicate a substantially bluer emission than
for other blue-phosphorescent dopants. For example, devices
using the well-known FIrpic dopant usually exhibit CIE
coordinates around (0.17,0.32), while devices with other
dopants, such as FIr6, FIrtaz, FIrN4, show CIE y values
substantially higher than 0.2.[4,5, 14]

Indeed, to our knowledge, the present device is only the
second blue-phosphorescent OLED showing a CIE y value
below 0.2 (thus giving true blue) yet still with a respectable
EL efficiency. Another example involves the use of the
meridional isomer of the tris(N-methyl-N-phenylbenzimida-
zolyl) IrIII complex, [Ir(pmb)3], which exhibits CIE coordi-
nates of (0.17, 0.06) but inferior external quantum and peak
power efficiencies of only 5.8% and 1.7 lmW�1, respec-
tively.[17] Furthermore, such a low CIE y value mainly
corresponds to hardly visible near-UV emission (395 nm),
which is not suitable for display or lighting applications.

In conclusion, two isomeric heteroleptic IrIII complexes, 1
and 2, have been synthesized with the goal of producing
authentic blue OLEDs. Salient differences in their photo-
physical behavior despite their structural isomerism make our
approach of prime importance. The lower quantum yield of
complex 2 relative to that of 1 is mainly attributed to a longer
radiative lifetime. These results, in combination with a
computational DFT approach, confirm that the MLCT
contribution in the lowest excited state is the key factor in
enhancing room-temperature phosphorescence. Complex 1
exhibits a high quantum yield of 0.45 in a doped thin film; the
resulting OLED is nearly true blue, shows a maximum

Table 2: Calculated energy levels of the lowest singlet and triplet states
for 1 and 2.

l [nm] Assignment MLCT [%]

1 S1 398 HOMO!LUMO (+89%)
HOMO!LUMO+1(+7%)

T1 426 HOMO!LUMO+2 (+33%)
HOMO!LUMO (20%)
HOMO�1!LUMO+2 (+13%)
HOMO�2!LUMO+2 (10%)
HOMO!LUMO+1 (7%)

26.6

2 S1 400 HOMO!LUMO (+97%)
T1 425 HOMO�1!LUMO (+34%)

HOMO�4!LUMO (27%)
HOMO�3!LUMO (+22%)
HOMO�2!LUMO (7%)

16.9
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external quantum efficiency of 8.5% and a CIE of (0.16,0.18).
Therefore, a similar conceptual design may equally apply to
other heteroleptic IrIII complexes or even to the homoleptic
complexes, if synthetically accessible, to produce a highly
emissive, true-blue phosphorescence.
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Figure 2. EL characteristics of the device incorporating complex 1:
a) Current–voltage–luminescence characteristics; b) external EL quan-
tum efficiency (hext) and power efficiency (hp) versus current density;
c) comparison of CIE coordinates of the EL from several blue-
phosphorescent dopants. The inset of (a) shows the EL spectrum of
the device.
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