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ABSTRACT: Phosphorescent organic light-emitting diodes (OLEDs) with high
electroluminescence (EL) efficiency and low efficiency roll-off are urgently
required to meet the continuously increasing market need in lighting industry
fields. There is an urgent demand for phosphorescent emitters with excellent
photoluminescence quantum yields (PLQYs) to realize a high EL performance of
OLEDs. In this work, four new orange phosphorescent iridium(III) emitters,
namely Ir-1−Ir-4, were designed and synthesized successfully, in which
functionalized 1,2-diphenylbenzimidazole and conjugated quinoline-benzimida-
zole moieties are employed as the main ligands and ancillary ligands, respectively.
The obtained phosphors show relatively high efficiency and broad full width at
half-maximums (FWHMs) of about 110 nm, which are favorable for constructing
high-quality white OLEDs. The optimized monochromatic orange-emitting
OLED of Ir-1 shows a maximum current efficiency (CE) of 27.2 cd A−1, a power
efficiency of 24.0 lm W−1, and an external quantum efficiency (EQE) of 10.6%. A two-color OLED employing Ir-1 as the orange-
emitting layer shows a maximum brightness of 43980 cd m−2, a CE of 27.7 cd A−1, a PE of 21.8 lm W−1, an EQE of 11.3%, and a low
CE efficiency roll-off ratio of 7.9%. Moreover, this device displays warm white emission with CIE coordinates of (0.39, 0.43) at 7 V
and high color stability with a CIE variation of (0.003, 0.001).

■ INTRODUCTION

Currently, OLEDs have developed rapidly in the field of large-
area plane display and solid-state lighting owing to their
outstanding features, including flexibility, color tunability, and
low power consumption.1−4 Phosphorescent OLEDs (PHO-
LEDs) based on transition-metal complexes can theoretically
achieve 100% internal quantum efficiency by harvesting singlet
and triplet excitons simultaneously.5−7 Notably, iridium(III)
complexes are the most widely studied phosphorescent
materials for high-performance PHOLEDs because of their
encouraging properties, such as photostability, thermal
stability, flexible color tunability, and short phosphorescence
lifetime.8 Highly efficient red/orange iridium(III) complexes
play an important role in the construction of high-performance
full-color displays and white OLEDs.9 Significant improve-
ments have been achieved in the efficiencies and stability of
green PHOLEDs.10−12 However, the electroluminescence
(EL) performance of red/orange phosphors has still fallen
behind with inferior EL efficiency and efficiency roll-off at high
brightness.13 The photoluminescence quantum yields
(PLQYs) of red/orange phosphorescent emitters tend to be
lower because of their narrow energy gap.14−16 Therefore, it is
desirable to design and synthesize more efficient red/orange
iridium(III) complexes with sufficient luminous efficiency for
high-performance monochromatic OLEDs.

White organic light-emitting diodes (WOLEDs) for lighting
applications have many issues to be addressed so that they can
successfully enter the commercial market.17−22 Usually,
WOLEDs are made up of three colors (red, green, and blue)
or more to cover the whole spectrum and thus have excellent
color rendering indexes (CRI).23−27 However, the short-
comings of complicated multilayer structure, high driving
voltage, and complex synthetic method have severely limited
their applications in the lighting market.24 Consequently,
WOLEDs comprising two colors (orange and blue) exhibit a
greater potential for practical application, owing to the
prominent characteristics of simpler device fabrication, lower
costs, fewer masks, etc.28,29 However, two-color WOLEDs
have higher requirements for the full width at half-maximums
(FWHMs) of the phosphorescent iridium(III) complexes. In
addition, most WOLEDs based on phosphors have suffered
from serious efficiency roll-offs,30 resulting mainly from
triplet−triplet annihilation (TTA),14,31 unbalanced carrier
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distribution, and field-induced quenching. Furthermore, the EL
spectra for two-color WOLEDs vary markedly under different
driving voltages, leading to a great variation in the Commission
Internationale de l’Eclairage (CIE) coordinates.32 Thus,
efficient two-color WOLEDs with high EL efficiency, low
efficiency roll-off, and good color stability are still highly
desirable but remain a challenge.
To date, many red/orange iridium(III) emitters have been

used to fabricate excellent performance two-color WOLEDs,
providing many new molecular design concepts.33−35 Recently,
our group reported a new orange iridium(III) complex which
used 2-(1H-benzo[d]imidazol-2-yl)quinoline (HBIQ) with
strong structural rigidity as an ancillary ligand. Using this
complex as an orange dopant, the two-color WOLED achieved
a maximum current efficiency (CE) of up to 22.1 cd A−1 and
maximum power efficiency (PE) of up to 25.5 lm W−1.
However, the two-color WOLED displays serious efficiency
roll-off, which limits its practical application.36 Alkyl
substituents introduced on the main ligand can suppress self-
quenching to some extent, thereby enhancing efficiency and
dropping efficiency roll-off.37 On the basis of the above
discussion, in this work, the four phosphors (mPBI)2Ir(BIQ)
(Ir-1), (tbPBI)2Ir(BIQ) (Ir-2), (mPBI)2Ir(BISQ) (Ir-3), and
(tbPBI)2Ir(BISQ) (Ir-4) using 1-phenyl-2-p-tolyl-1H-benzo-
[d]imidazole (HmPBI) and 2-(4-tert-butylphenyl)-1-phenyl-
1H-benzo[d]-imidazole (HtbPBI) as the main ligands and
rigid 2-(1H-benzo[d]imidazol-2-yl)quinoline (HBIQ) and 1-
(1H-benzo[d]imidazol-2-yl)isoquinoline (HBISQ) as the
ancillary ligand have been designed and characterized (Figure
1). Ir-1 and Ir-2 show high luminous efficiency with PLQYs of

up to 57.5% and 56.4% in dilute solution, respectively. The
optimized orange-emitting OLED based on Ir-1 exhibits a
maximum CE of 27.2 cd A−1 and an external quantum
efficiency (EQE) of 10.6%. Then, two-color WOLEDs
employing orange emitters were fabricated due to the broad
FWHMs. W1 exhibits warm white emission with CIE
coordinates of (0.39, 0.43) at 7 V and shows a maximum
brightness of 43980 cd m −2, a highest CE of 27.7 cd A−1, a
highest PE of 21.8 lm W−1, and a highest EQE of 11.3%. In
addition, a small efficiency roll-off was achieved in W1.
Interestingly, the device W1 displays excellent color stability
with a CIE variation of (0.003, 0.001) when the driving
voltages were varied from 4 to 6 V.

■ RESULTS AND DISCUSSION

Syntheses. The iridium(III) complexes were prepared by
the reaction of dichloro-bridged diiridium complex with the
ancillary ligands HBIQ and HBISQ (Scheme 1). All crude
products were purified by silica chromatography. Mass
spectrometry and 1H NMR spectroscopy were used to identify
the structures of iridium(III) emitters (see Figures S1−S4 in
the Supporting Information). In addition, the structures of Ir-
1, Ir-3, and Ir-4 were further confirmed by X-ray
crystallography.

X-ray Crystallographic Analysis. The molecular struc-
tures of Ir-1, Ir-3, and Ir-4 analyzed via X-ray crystallography
of single crystals are illustrated in Figure 2. Single crystals were
grown from a mixed solvent of CH2Cl2 and CH3OH. The
iridium(III) centers of these three complexes are coordinated
with the same two main ligands (HmPBI or HtbPBI) and an
ancillary ligand (HBIQ or HBISQ), resulting in a distorted-
octahedral coordination geometry. In all cases, these molecular
structures contained trans-nitrogen and cis-metalated carbon
dispositions, similarly to the other previously reported
analogous phosphors.38−40 As shown in Table S1 in the
Supporting Information, the Ir1−N1 and Ir1−N3 bond
lengths of all three complexes are slightly shorter than the
Ir1−N5 and Ir1−N6 bond lengths due to the trans disposition
of the main ligands. In addition, the two Ir−C bonds of Ir-3
and Ir-4 have almost the same length, while the Ir1−C21 bond
length is longer than the Ir1−C1 bond length of Ir-1 due to
the influence of the ancillary ligand HBIQ. The bond lengths
of three complexes are given in Table S1 in the Supporting
Information. The detailed crystal data and structure refinement
are summarized in Table S2 in the Supporting Information.

Photophysical Properties. Figure 3 shows the UV−
visible absorption and PL spectra of these four complexes in
dichloromethane solution at room temperature. All complexes
display intense absorption bands between 230 and 350 nm
assigned to π→ π* transitions of cyclometalated ligands,26 and
the relatively weak absorption bands above 350 nm are
probably related to the singlet metal to ligand charge transfer
transitions (1MLCT) and spin-forbidden metal to ligand
charge transfer transitions (3MLCT).41,42

At room temperature, the spectra of all phosphors reveal
intense structureless emission bands. The emission maxima of
of Ir-3 and Ir-4 are red-shifted by ∼15 nm in comparison to Ir-
1 and Ir-2, which were observed at 605, 603, 620, and 619 nm,
respectively. Simultaneously, the neat films of four complexes
give featureless and broadened PL spectra centered at 607,
601, 610, and 613 nm, respectively (see Figure S5 in the
Supporting Information). The structureless and broad
emission indicates that the emissive excited states of these
complexes have predominantly 3LLCT and/or 3MLCT
characters rather than 3LC characters, which often exhibit
vibronically structured emission spectra.43 When Ir-1−Ir-4
were cooled to 77 K, the PL spectra, showing evident blue
shifts relative to their spectra at room temperature, are also
structureless, implying that the emissive excited-states 3LLCT
and/or 3MLCT transitions play a significant role (see Figure
S6 in the Supporting Information).44−46 As shown in Table 1,
the emission lifetimes (τ) for Ir-1−Ir-4 in dichloromethane
solution are 0.73, 1.20, 0.50, and 1.24 μs, respectively.
Emission lifetimes in the microsecond range suggest the origin
of triplet emission. In addition, in degassed dichloromethane,
Ir-1 and Ir-2 exhibit similar PLQYs of 57.5% and 56.4%,

Figure 1. Chemical structures of the four orange emitters studied in
this work.
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respectively, and phosphors Ir-3 and Ir-4 show relatively lower
PLQYs of 32.9% and 32.0%. To gain a deeper understanding of
the emission properties of all the complexes, the radiative (kr)

and nonradiative decay rate constants (knr) were determined
and are given in Table 1. kr and knr for Ir-1 are 7.88 × 105 and
5.82 × 105 s−1, for Ir-2 are 4.70 × 105 and 3.63 × 105 s−1, for
Ir-3 are 6.58 × 105 and 13.42 × 105 s−1, and for Ir-4 are 2.58 ×
105 and 5.48 × 105 s−1, respectively.

Theoretical Calculations. To gain insight into the
photophysical properties of all the iridium(III) complexes,
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels and distributions
of Ir-1−Ir-4 were calculated. As shown in Figure 4, it is found
that all complexes exhibit similar electronic cloud distributions,
indicating that the substituents have a negligible influence on
molecular orbital energy levels and distributions. The LUMOs
of Ir-1−Ir-4 distributed over the ancillary ligand with a slight
extension to the iridium(III) atom, while their HOMOs spread
across the iridium(III) atom, the main ligands, and the
ancillary ligand. The triplet excited states (T1) were calculated
to understand the emission characteristics. As shown in Table
S3, the T1 of Ir-1 and Ir-2 were almost a HOMO → LUMO
transition (90%), and the T1 of Ir-3 and Ir-4 were mainly a
HOMO → LUMO transition (71% for Ir-3, 72% for Ir-4),

Scheme 1. Synthetic Routes for Designed Iridium(III) Emitters

Figure 2. Single-crystal structures of three complexes with ellipsoids drawn at the 50% probability level: Ir-1 (CCDC no. 1980337), Ir-3 (CCDC
no. 1969397), and Ir-4 (CCDC no. 1980338).

Figure 3. UV−vis and PL spectra of Ir-1−Ir-4 in dichloromethane
solution with a concentration of 10−5 M at room temperature.
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indicating that their T1 emission contains a mixture of 3MLCT
and 3LLCT (see the Supporting Information).
Electrochemical Properties. The electrochemical proper-

ties of the four phosphors have been studied by cyclic
voltammetry (CV), and the corresponding data are shown in
Figure 5 and Table 1. The energy gaps for Ir-1−Ir-4 were
calculated to be 2.17, 2.18, 2.07, and 2.11 eV, respectively, and
so it is reasonable that iridium(III) complexes could show
orange emissions. Using the ferrocene/ferrocenium (Fc/Fc+)
pair as a reference, the Eox(onset) values are 0.39, 0.38, 0.37,
and 0.35 V for Ir-1−Ir-4, respectively. Their HOMO energy
levels were deduced to be −5.19, −5.18, −5.17, and −5.15 eV,
respectively according to the Eox(onset) values. Consequently,
the corresponding LUMO energy levels were calculated to be

−3.02, −3.00, −3.10, and −3.04 eV, respectively, on the basis
of the energy gaps.

Monochromatic OLED Characterization. To evaluate
the EL performances of the designed iridium(III) complexes,
the phosphorescent devices D1−D4 based on Ir-1−Ir-4 were
fabricated with the same device structure of ITO/TAPC (4,4′-
(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline, 35 nm)/
TCTA (tris(4-(9H-carbazol-9-yl)phenyl)amine, 5 nm)/
26DCzPPy (2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine):Ir-
1−Ir-4 (5 wt %, 20 nm)/TmPyPB (1,3,5-tris(3-pyridyl-3-
phenyl)benzene, 40 nm)/LiF (0.5 nm)/Ag:Mg (1:15, 120
nm). LiF acts as the electron injection material. In addition,
TAPC was used as the hole-transporting layer (HTL) because
of its high hole mobility of ∼10 −2 cm 2 V −1 s−1, and TCTA
served as a electron/exciton blocking layer (EBL). Further-
more, the bipolar material 26DCzPPy, which has equivalent
electron and hole transport capabilities, was chosen as the host
material.47 TmPyPB acts as an electron-transporting layer
(ETL).48 Figure S7 in the Supporting Information shows the
molecular structures of these materials. The corresponding EL
characteristics and key data are shown in Figure 6 and Table 2.
As depicted in Figure 6b, devices D1 and D2 exhibit the

same strong orange EL at 590 nm, with the same CIE
coordinates of (0.53, 0.46). Furthermore, the EL spectra of the
devices are in good agreement with those of the PL
counterparts, indicating that the orange emission mainly
comes from iridium(III) dopants. D3 and D4 show orange
emission peaks at 590 and 625 nm and at 588 and 625 nm,
respectively, with the same CIE coordinates of (0.60, 0.40). In
addition, no significant emission from 26DCzPPy was
observed in any spectra, indicating complete efficient energy
transfer from 26DCzPPy to the iridium(III) dopants during

Table 1. Electrochemical and Photophysical Data for Ir-1−Ir-4

complex λPL,max
a−c (nm) τa (μs) Eox(onset)

d (V) Eg
e (eV) HOMOf/LUMOg (eV) Φp

ac (%) kr
h (105 s−1) knr

h (105 s−1)

Ir-1 605, 581, 607 0.73 0.39 2.17 −5.19/−3.02 57.5, 38.4 7.88 5.82
Ir-2 603, 572, 601 1.20 0.38 2.18 −5.18/−3.00 56.4, 12.0 4.70 3.63
Ir-3 620, 602, 610 0.50 0.37 2.07 −5.17/−3.10 32.9, 32.4 6.58 13.42
Ir-4 619, 605, 613 1.24 0.35 2.11 −5.15/−3.04 32.0, 29.5 2.58 5.48

aIr-1−Ir-4 measurements were performed in dichloromethane solution (10−5 M) at room temperature. bIr-1−Ir-4 measurements were measured
in 10−5 M dichloromethane at 77 K. cMeasured in the neat film at room temperature. dMeasured by CV with ferrocene as the standard. eEstimated
from the UV−vis absorption spectra. fObtained from the onset oxidation potentials according to HOMO = −Eox(onset) + 4.8 eV. gObtained
according to LUMO = HOMO + Eg.

hCalculated from τ and Φ (kr = Φ/τ, knr = (1 − Φ)/τ).

Figure 4. HOMO and LUMO distributions of Ir-1−Ir-4 (isocontour
0.02).

Figure 5. CV curves of Ir-1−Ir-4.
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electroluminescence.49−52 Here, the four orange devices also
possess broad FWHMs of 107 nm for device D1, 109 nm for
device D2, and 110 nm for devices D3 and D4, which are very
favorable for the development of outstanding color quality
WOLEDs.26 These orange devices can be driven at low
voltages from 3.5 to 3.8 V. Figure 6c,d exhibits the EL
performance of the four devices. As shown in Table 2, devices
D1 and D2 have better performance with maximum
luminances of 28440 cd m−2 for D1 and 39420 cd m−2 for
D2, maximum CEs of 16.1 cd A−1 for D1 and 19.5 cd A−1 for
D2, maximum PEs of 10.1 lm W−1 for D1 and 12.2 lm W−1 for
D2, peak EQEs of 6.6% for D1 and 8.1% for D2. Although the
maximum PEs and EQEs of D3 and D4 have better results
(10.9 and 13.3 lm W−1, 8.7% and 10.6%) in comparison D1
and D2, D3 and D4 exhibit lower performance in the
maximum luminance and maximum CE (16930 and 21260 cd
m−2, 13.9 and 16.9 cd A−1). In addition, devices D1 and D2
show tiny CE efficiency roll-offs of 2.5% and 1.5%, respectively,
outperforming the CE efficiency roll-offs of D3 and D4 (24.5%
and 21.9%). Encouraged by the better EL performances of Ir-1
and Ir-2, the optimized devices D5 and D6 were prepared.
MoO3, which act as a hole injection material, was introduced,53

and Bphen (4,7-diphenyl-1,10-phenanthroline) replaced
TmPyPB as the new electron-transporting layer during the

optimization process. As shown in Figure S8c in the
Supporting Information, the two orange devices exhibit
maximum luminances of 38799 cd m−2 for D5 and 31274 cd
m−2 for D6. From Figure S4d in the Supporting Information,
the efficiency of D5 attained a peak CE of 27.2 cd A−1, a peak
PE of 24.0 lm W−1, and a peak EQE of 10.6%, respectively.
Relative to D5, D6 shows slightly lower efficiencies for a
maximum CE of 22.2 cd A−1, a maximum PE of 17.4 lm W−1,
and a maximum EQE of 8.7%. In addition, the two devices
both show low CE and EQE efficiency roll-offs. They retained
CE and EQE values of 24.3 cd A−1, 9.4% for D5 and 20.4 cd
A−1 and 8.0% for D6 at a luminance of 1000 cd m−2,
suggesting a well-balanced charge-transport characteristic in
the devices.54 The excellent performances of devices D1, D2,
D5, and D6 indicate that Ir-1 and Ir-2 can act as efficient
orange emitters for efficient white OLEDs.55

WOLED Characterization. Encouraged by the broad
FWHMs and high efficiency of the monochromatic devices,
warm WOLEDs which comprise blue and orange emitters
were prepared with the structure ITO/MoO3 (3 nm)/TAPC
(4,4′-(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline), 35
nm)/TCTA ((tris(4-(9H-carbazol-9-yl)phenyl)amine), 5
nm)/26DCzPPy (2,6-bis(3-(9H-carbazol-9-yl)phenyl)-
pyridine):FIrpic (10%, 5 nm)/26DCzPPy:Ir-1 (W1) and Ir-

Figure 6. (a) Schematic energy-level diagram of monochromatic OLEDs. (b) EL spectra for monochromatic OLEDs. (c) Current density and
luminance characteristics of monochromatic OLEDs. (d) CE, PE, and EQE curves of monochromatic OLEDs.

Table 2. EL Performance of OLEDs Based on Ir-1−Ir-4

device Vturn‑on
a (V) λEL (nm) Lmax

b (cd m−2) CEb,c (cd A−1) PEb,c (lm W−1) EQEb,c CIE [(x, y), V]

D1 3.8 590 28440 16.1, 15.7 10.1, 9.3 6.6, 6.3 (0.53, 0.46), 7.0
D2 3.8 590 39420 19.5, 19.2 12.2, 11.9 8.1, 8.0 (0.53, 0.46), 7.0
D3 3.7 590, 625 16930 13.9, 10.5 10.9, 6.5 8.7, 6.8 (0.60, 0.40), 7.0
D4 3.5 588, 625 21260 16.9, 13.2 13.3, 8.5 10.6, 8.2 (0.60, 0.40), 7.0
D5d 3.1 581 38799 27.2, 24.3 24.0, 14.8 10.6, 9.4 (0.52, 0.47), 7.0
D6e 3.5 581 31274 22.2, 20.4 17.4, 12.0 8.7, 8.0 (0.52, 0.47), 7.0

aDriving voltages at 1 cd m−2. bMaximum values (luminance, current efficiency, power efficiency, external quantum efficiency). cEfficiency values at
1000 cd m−2. dOptimized device based on Ir-1. eOptimized device based on Ir-2.
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2 (W2) (7%, 15 nm)/Bphen (4,7-diphenyl-1,10-phenanthro-
line, 40 nm)/LiF (0.5 nm)/Ag:Mg (1:15, 120 nm). Figure 7a
displays the schematic energy-level diagram. The HOMO and
LUMO energy levels of Ir-1 and Ir-2 were embedded between
the HOMO and LUMO levels of 26DCzPPy, which is
expected to have good carrier-trapping performance. In
addition, significantly different energy levels between the
emitters and the host indicate efficient energy transfer from
26DCzPPy to the dopants. Furthermore, TCTA not only
facilitates hole injection but also acts as an electron-blocking
layer to block the migration of electrons from the host
material, making carriers well confined within the emitting
layers (EML). The EL spectra, current density, luminance
characteristics, and CE, PE, and EQE curves for two-color
warm WOLEDs are illustrated in Figure 7, and related EL data
are given in Table 3.
From Figure 7b, two main emission peaks (470 and 577 nm

for W1, 471 and 569 nm for W2) which can be observed from
the EL spectra of W1 and W2 correspond to emissions of
FIrpic and Ir-1 and Ir-2. In addition, the main emission
intensity is located at the orange band in EL spectra, which
makes the device W1 have a lower correlated color
temperature (CCT) of 4024 K in comparison to W2 (5709
K) at 6 V.56 W1 shows warm white emission with CIE
coordinates of (0.39, 0.43) at 7 V. It is worth mentioning that
W1 also displays excellent color stability. When the voltage
changes from 4 to 6 V, the CIE coordinates change slightly
from (0.392, 0.432) to (0.395, 0.433) (Figure 8). Additionally,

the CIE coordinates of W2 remain almost invariable when the
voltage goes from 4 V (0.321, 0.414) to 6 V (0.326, 0.415)
(see Figure S9 in the Supporting Information). However,
WOLEDs have a lower color rendering index (CRI) of 69 for
W1 and 67 for W2, which probably is due to limited blue-
emitting spectra not covering the whole spectral region well.26

Due to the good matching of the energy levels, W1 and W2
have the same low turn-on voltage of 3.3 V. The devices W1
and W2 reach maximum luminances of 43980 and 39811 cd
m−2, respectively (Figure 7c). As depicted in Figure 7d, a

Figure 7. (a) Schematic energy-level diagram of two-color warm WOLEDs. (b) EL spectra for two-color warm WOLEDs. (c) Current density and
luminance characteristics of two-color warm WOLEDs. (d) CE, PE, and EQE curves of two-color warm WOLEDs.

Table 3. EL Performance of White OLEDs Based on Ir-1 and Ir-2

device Vturn‑on
a (V) Lmax

b (cd m−2) CEb,c (cd A−1) PEb,c (lm W−1) EQEb,c CRI CIE [(x, y), V]

W1 3.3 43980 27.7, 25.5 21.8, 15.7 11.3, 10.4 69 (0.39, 0.43), 7.0
W2 3.3 39811 26.1, 23.6 20.5, 14.8 10.9, 9.9 67 (0.32, 0.41), 7.0

aDriving voltages at 1 cd m−2. bMaximum values (luminance, current efficiency, power efficiency, external quantum efficiency). cEfficiency values at
1000 cd m−2.

Figure 8. EL spectra of a WOLED (W1) with the designed emitter
Ir-1 at various voltages.
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maximum CE of 27.7 cd A−1, PE of 21.8 lm W−1, and EQE of
11.3% are realized in W1. The performance of W2 has a slight
drop in comparison with W1, which possesses a maximum CE
of 26.1 cd A−1, PE of 20.5 lm W−1, and EQE of 10.9%.
Importantly, both W1 and W2 show negligible CE and EQE
efficiency roll-offs. At a luminance of 1000 cd m−2, CE and
EQE of W1 are still maintained at 25.5 cd A−1 and 10.4%,
respectively, revealing an attenuation of about 7.9% and 8.0%
relative to the maximum value. For W2, CE and EQE declined
to 23.6 cd A−1 and 9.9% when the luminance was 1000 cd m−2.

■ CONCLUSIONS

In summary, tye four efficient orange iridium complexes Ir-1−
Ir-4 were successfully designed and synthesized, of which Ir-1
and Ir-2 had PLQYs of 57.5% and 56.4%, respectively. The
corresponding OLEDs based on these complexes have broad
FWHMs of about 110 nm. The optimized device D5 based on
Ir-1 achieved the best performance with a maximum CE of
27.2 cd A−1, PE of 24.0 lm W−1, and EQE of 10.6%. The
corresponding two-color warm WOLED comprising Ir-1 as
the orange dopant achieves a maximum brightness of 43980 cd
m−2, a peak CE of 27.7 cd A−1, a peak PE of 21.8 lm W−1, and
a peak EQE of 11.3% accompanied by a small CE roll-off of
7.9%. Importantly, the warm WOLED also displays excellent
color stability with ΔCIE = (0.003, 0.001) when driving
voltages were varied from 4 to 6 V. In view of the achieved
high PLQYs and promising device efficiency associated with
the tiny roll-off at high luminance, we believe that the two
complexes have great prospects in the field of solid-state
lighting and displays.

■ EXPERIMENTAL SECTION
General Information. All reagents and solvents used in the

experiment were commercially available. The molecular weights of Ir-
1−Ir-4 were measured by using a matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometer. Photo-
luminescence (PL) emission spectra of emitters were recorded by
using a FL-4600 fluorescent spectrophotometer. UV−vis absorption
spectra of emitters were tested on a Cary 500 UV−vis−NIR
spectrophotometer, and lifetimes were performed with an Edinburgh
FLSP920 spectrofluorimeter at room temperature. The spin-coating
method was used to fabricate the neat films. Cyclic voltammetry (CV)
investigations were conducted on a workstation (BAS 100 W
instrument) using dichloromethane or acetonitrile containing 0.1 M
n-Bu4NPCl6 as a supporting electrolyte under a N2 atmosphere. The
ferrocene/ferrocenium (Fc/Fc+) couple was chosen for calibration.
PLQYs in solution were measured on a C9920-02 system under a N2
atmosphere. PLQYs in neat films were measured in an integrating
sphere.
Synthesis of 2-(1H-Benzo[d]imidazol-2-yl)quinolone (HBIQ)

and 1-(1H-Benzo[d]imidazol-2-yl)isoquinoline (HBISQ). The
preparations of HBIQ and HBISQ are given in previously reported
literature.57

Synthesis of 1-Phenyl-2-p-tolyl-1H-benzo[d]imidazole
(HmPBI). A 50.00 mmol amount (9.21 g) of N-phenyl-o-phenyl-
enediamine was dissolved in 30 mL of N,N-dimethylacetamide. Under
nitrogen, 20 mL of an N,N-dimethylacetamide solution of 4-
methylbenzoyl chloride (50.00 mmol, 7.73 g) was slowly added
dropwise to the above solution and stirred at room temperature for 2
h. After the reaction, a large amount of water was added to obtain a
solid. After washing and drying, the resulting intermediate was added
to 20 mL of glacial acetic acid and refluxed for 16 h. Water was added
to obtain the product after the mixture was cooled to 25 °C. Then,
the product was purified by silica gel column chromatography. 1H
NMR (500 MHz, CDCl3, δ): 7.89 (d, J = 8.0 Hz, 1H), 7.52−7.45 (m,

5H), 7.35−7.31 (m, 3H), 7.27−7.23 (m, 2H), 7.11 (d, J = 8.0 Hz,
2H), 2.34 (s, 3H).

Synthesis of 2-(4-tert-Butylphenyl)-1-phenyl-1H-benzo[d]-
imidazole (HtbPBI). The synthesis of HtbPBI was similar to that of
HmPBI with 4-tert-butylbenzoyl chloride as the starting material. 1H
NMR (500 MHz, CDCl3, δ): 7.88 (d, J = 8.0 Hz, 1H), 7.53−7.48 (m,
5H), 7.35−7.30 (m, 5H), 7.26−7.21 (m, 2H), 1.29 (s, 9H).

Synthesis of Dichloro-Bridged Diiridium Complex [Ir-
(mPBI)2Cl]2. IrCl3·3H2O (1.06 g, 3.00 mmol), HmPBI (2.05 g,
7.20 mmol), 2-ethoxyethanol (60 mL), and water (20 mL) were
mixed together and refluxed under argon for 24 h. The reaction
mixture was then cooled to 25 °C and filtered. After washing and
drying, the product was collected.

Synthesis of [Ir(tbPBI)2Cl]2. The synthetic method of [Ir-
(tbPBI)2Cl]2 is similar to that of [Ir(mPBI)2Cl]2, in which the
HmPBI is replaced by HtbPBI.

Synthesis of Ir-1. The ancillary ligand HBIQ (0.15 g, 0.60 mmol),
dichloro-bridged diiridium complex [Ir(mPBI)2Cl]2 (0.38 g, 0.24
mmol), and K2CO3 (0.08 g, 0.60 mmol) were dissolved in
dichloromethane (60 mL) and ethanol (20 mL). Then the mixture
was refluxed for 24 h under the protection of argon in the dark. After
it was cooled to room temperature, the mixture was distilled off the
solvent, and then the crude product was purified through silica gel
column chromatography to afford complex Ir-1 in 68% yield. 1H
NMR (600 MHz, DMSO-d6, δ): 8.65 (s, 2H), 8.12 (d, J = 9.0 Hz,
1H), 8.04 (d, J = 7.8 Hz, 1H), 7.71−7.80 (m, 7H), 7.52−7.56 (m,
4H), 7.30 (s, 1H), 7.03−7.15 (m, 6H), 6.71−6.94 (m, 2H), 6.62 (d, J
= 8.4 Hz, 2H), 6.54 (d, J = 8.4 Hz, 1H), 6.45−6.49 (m, 2H), 6.40 (s,
1H), 6.22 (s, 1H), 5.95 (d, J = 8.4 Hz, 1H), 5.91 (d, J = 7.8 Hz, 1H),
5.43 (d, J = 8.4 Hz, 1H), 2.07 (s, 3H), 2.03 (s, 3H). MS (MALDI-
TOF, m/z): 1004.3 [M + H]+.

Synthesis of Ir-2. The synthetic method of Ir-2 is similar to that
of Ir-1, in which the dichloro-bridged diiridium complex [Ir-
(mPBI)2Cl]2 is replaced by [Ir(tbPBI)2Cl]2.Yield: 67%. 1H NMR
(600 MHz, DMSO-d6, δ): 8.72 (s, 2H), 8.04 (d, J = 7.2 Hz, 1H), 7.98
(d, J = 9.0 Hz, 1H), 7.74−7.80 (m, 7H), 7.66−7.67 (m, 2H), 7.50 (s,
1H), 7.31 (d, J = 5.4 Hz, 1H), 7.26 (d, J = 6.6 Hz, 1H), 7.07−7.14
(m, 3H), 6.98−7.02 (m, 3H), 6.86 (d, J = 8.4 Hz, 1H), 6.77−6.81 (m,
2H), 6.73 (s, 1H), 6.59 (s, 1H), 6.45−6.50 (m, 3H), 6.35 (s, 1H),
6.06 (d, J = 8.4 Hz, 1H), 5.59 (d, J = 7.8 Hz, 1H), 5.46 (s, 1H), 0.93
(s, 9H), 0.87 (s, 9H). MS (MALDI-TOF, m/z): 1088.4 [M + H]+.

Synthesis of Ir-3. The synthetic method of Ir-3 is similar to that
of Ir-1, in which the ancillary ligand HBIQ is replaced by HBISQ.
Yield: 63%. 1H NMR (600 MHz, DMSO-d6, δ): 10.79 (s, 1H), 8.05−
8.07 (m, 2H), 7.71−7.93 (m, 11H), 7.58 (t, J = 3.6 Hz, 2H), 7.45 (d,
J = 6.0 Hz, 1H), 6.95−7.10 (m, 5H), 6.81 (t, J = 7.8 Hz, 1H), 6.73 (s,
1H), 6.69 (t, J = 7.5 Hz, 1H), 6.49−6.58 (m, 4H), 6.37 (d, J = 13.2
Hz, 2H), 6.26 (d, J = 8.4 Hz, 1H), 5.83 (d, J = 8.4 Hz, 1H), 5.64 (d, J
= 4.8 Hz, 1H), 2.03 (d, J = 9.0 Hz, 6H). MS (MALDI-TOF, m/z):
1004.3 [M + H]+.

Synthesis of Ir-4. The synthetic method of Ir-4 is similar to that
of Ir-2, in which the ancillary ligand HBIQ is replaced by HBISQ.
Yield: 62%. 1H NMR (600 MHz, DMSO-d6, δ): 10.86 (s, 1H), 8.05
(d, J = 7.2 Hz, 1H), 7.98 (d, J = 6.0 Hz, 1H), 7.92−7.94 (m, 2H),
7.70−7.85 (m, 10H), 7.27−7.32 (m, 2H), 7.14−7.15 (m, 1H), 7.06−
7.09 (m, 2H), 6.99 (d, J = 8.4 Hz, 2H), 6.91 (t, J = 7.8 Hz, 1H),
6.79−6.81 (m, 1H), 6.75−6.76 (m, 1H), 6.72 (t, J = 7.8 Hz, 1H),
6.58−6.60 (m, 2H), 6.47−6.52 (m, 3H), 5.97−6.00 (m, 2H), 5.75−
5.76 (m, 1H), 0.89 (d, J = 7.2 Hz, 18H). MS (MALDI-TOF, m/z):
1088.4 [M + H]+.

Single-Crystal X-ray Diffraction Analysis. Single crystals of Ir-
1, Ir-3, and Ir-4 were grown from mixed solution of CH2Cl2 and
CH3OH by slowly evaporating the solutions. The single-crystal X-ray
diffraction data for the complexes were confirmed on a Bruker Apex
CCD II area-detector diffractometer.

Computational Details. Theoretical calculations on Ir-1−Ir-4
were performed with the Gaussian 09 software package.58 The
ground-state (S0) and triplet-state (T1) structures of the phosphors
were fully optimized with B3LYP spin-unrestricted open-shell B3LYP,
respectively. The standard 6-31G(d,p) basis set was used for C, H,
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and N atoms, and the LANL2DZ basis set was employed for the
iridium(III) atom in all calculations.
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