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ABSTRACT: Two phosphorescent Ir(III) complexes Ir(ppm)2(acac) and Ir-
(dmppm)2(acac) were synthesized and characterized with emission ranged at 584/
600 nm and high photoluminescence quantum yields (PLQYs) of 0.90/0.92,
respectively. The angle-dependent PL spectra analysis reveals that the two orange
iridium(III) complexes embodied horizontal orientation property. The high photo-
luminescence quantum yield and high horizontal dipoles ratio determine their excellent
device performance. The devices based on Ir(ppm)2(acac) and Ir(dmppm)2(acac)
achieved efficiencies of 26.8% and 28.2%, respectively, which can be comparable to the
best orange phosphorescent devices reported in the literature. Furthermore, with the
introduction of FIrpic as sky-blue emitter, phosphorescent two-element white organic
light-emitting devices (OLEDs) have been realized with external quantum efficiencies
(EQEs) as high as 25%, which are the highest values among the reported two-element
white OLEDs.
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■ INTRODUCTION

Currently, ambient lighting applications consume ∼20% of
electricity power throughout the world; new technology such as
organic light-emitting devices (OLEDs) with high electricity−
light conversion efficiency have been considered, therefore, as
one of the most promising solutions for reducing overall energy
consumption.1−3 How to employ all the electrically generated
excitons is the key issue to achieve high efficiency in OLEDs.4

According to spin statistics, 25% singlet (S) excitons and 75%
triplet (T) excitons are generated under electrical excitation.
However, 75% of the electrogenerated energy is dissipated as
heat by triplet excitons in traditional fluorescence materials,
leading to an internal quantum efficiency (IQE) less than 25%.5

To increase the IQE of OLEDs, many efforts have been
devoted to using the nonemissive triplet excitons to surpass the
25% IQE limitation of the OLEDs. In this regard, various kinds
of phosphorescent light-emitting materials have been synthe-
sized and studied to promote the lowest triplet excited state
(T1) to the ground state (S0) transition (T1 → S0) for
phosphorescence luminescence.6−10 Among all the phosphors,
iridium (IrIII) complexes remain the most effective materials
because of their highly efficient emission properties, relatively
short excited state lifetime, and good tunability in color.11−18

Recently, many research efforts have been made for high
efficiency white OLEDs as they can be used for solid-state
lighting (SSL), flat panel display (FPD), and backlight for
liquid crystal display (LCD).19−21 White emission can be

composed of mixing three colors (red, green, and blue) or two
colors (e.g., blue and orange). The three primary color strategy
has its own advantage, especially in reaching the standard white
light with CIE coordinates (0.33, 0.33).22,23 Unfortunately, the
three primary color strategy always suffer from the disadvan-
tages of device complexity, high driving voltages, and undesired
spectral variations.24 However, from the viewpoint of lighting,
white OLEDs tend to be designed to emit yellow−white
emission, which is thereby considered as physiologically
friendly illumination.25 Typically, one important CIE coor-
dinate (0.448, 0.408) with a color temperature (CT) of 2856 K
is the so-called warm-white point. This chromaticity is observed
in incandescent lamps, which are widely considered as the most
comfortable artificial light sources for human perception.26 For
instance, Jou et al. demonstrated that the CT of light plays a
vitally important role in human physiological health. Lights
with high CT are suitable for illumination during the daytime,
while low CT lights provide a more warm and comfortable
sensation in the night.25 Alternatively, the two complementary
color strategies become a better option for fabrication of white
OLEDs for lighting. Moreover, the emission spectra of the
emitters should compensate to each other so that the whole
visible region can be covered by this generated white spectrum.
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For blue phosphorescent emitters, a conventional choice is
iridium(III) bis[(4,6-difluorophenyl)pyridinato-N,C2′]-
picolinate (FIrpic), a sky-blue emitter with a central wavelength
of 472 nm. However, most of the yellow or orange Ir(III)
complexes show emission peaks around 560 nm, which are
rather too short in wavelength to be complementary to the
FIrpic phosphor. Therefore, due to the lack of appropriate
orange phosphors, the performances of white OLEDs are still
moderate and need to be further enhanced. To solve this
problem, we focus on the design of C−N ligand for Ir(III)
complexes, because the organic ligand is the determinant for
the electroluminescence (EL) efficiency and the EL wavelength
of the device.27 Besides, some iridium(III) complexes have
been reported to have preferred horizontal orientation property
with improved EQEs over 30%.28,29 Therefore, both the
horizontal dipole ratio and the photoluminescence quantum
yield of the emitting materials determine the device efficiency.
In this paper, two iridium(III) complexes based on

diphenylpyrimidine ligand were successfully conceived and
prepared. Additionally, the thermal stability, electrochemical
properties, and photophysical behaviors associated with the two
new complexes were carefully investigated. Interestingly,
Ir(ppm)2(acac) and Ir(dmppm)2(acac) show high photo-
luminescence quantum yield (PLQY) and horizontally oriented
ratio. The devices based on Ir(ppm)2(acac) and Ir-
(dmppm)2(acac) achieved EQEs of 26.2% and 28.2%,
respectively, which can be comparable to the best orange
phosphorescent devices reported in the literature. Furthermore,
Ir(dmppm)2(acac) exhibited complementary wavelength to
sky-blue emitting FIrpic for fabricating two-element white
OLEDs (WOLEDs).30 For example, at an optimal doping
concentration of 1.0 wt % Ir(dmppm)2(acac), the two-element
white OLED exhibits incandescent lamp-like emission with an
EQE of 28.6%. Besides, all devices show negligible efficiency
roll-off. Thus, these excellent electroluminescent results
demonstrate that pyrimidine-type ligands are efficient for
iridium(III) complexes.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The key ligand-sub-
stituted pyrimidine and the Ir complexes were prepared by
procedures described in Scheme S1 in the Supporting
Information. The detailed synthetic routes and analyses are
elucidated in the Supporting Information. Both Ir(ppm)2(acac)
and Ir(dmppm)2(acac) were purified by temperature-gradient
vacuum sublimation twice. Their chemical structures were well-
characterized by 1H NMR and 13C NMR spectroscopies, time-
of-flight (MALDI) mass spectrometry (MS), and elemental
analysis.
Thermal Properties. The thermal properties of the

compounds were evaluated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under N2
atmosphere with a heating rate of 10 °C per minute. The TGA
and DSC data revealed that the two Ir complexes are thermally
and morphologically stable materials as summarized in Table 1.

From the onset of the DSC curves (Figure 1), Ir(ppm)2(acac)
and Ir(dmppm)2(acac) exhibited evident glass transition

temperatures at 118 and 129 °C in the heating tests,
respectively. On the other hand, Ir(ppm)2(acac) and Ir-
(dmppm)2(acac) are thermally stable up to 387 and 403 °C,
respectively, without degradation (see Figure S1 in the
Supporting Information). These suggest that the two Ir
complexes could form good quality thin films by vacuum
deposition during device fabrication.

Optical Properties. Figure 2 depicts the optical absorption
(UV−vis) and photoluminescence (PL) spectra of Ir-
(ppm)2(acac) and Ir(dmppm)2(acac). The absorption spectra
were recorded in toluene solutions at ambient temperature and
showed similar trends. Comparatively, the UV absorption
bands of Ir(dmppm)2(acac) show a slight bathochromic shift.
Their absorption spectra can be divided into three parts: the
strong absorption bands ranging from 250−360 nm closely
resemble those for the free ligand and thus they can be assigned
to the spin-allowed ligand-centered 1π−π* intraligand charge-
transfer transitions (1ILCT); the absorption bands between 360
and 460 nm are assigned to spin-allowed metal-to-ligand charge
transfer (S0 → 1MLCT) mixed with an interligand charge
transfer (1LLCT); and the weak absorption bands above 460
nm, which are likely ascribed to an admixture of the S0 →
3MLCT and 3π−π* excited states, stem from the strong spin−
orbit coupling of the iridium complex. These couplings can also
give rise to the 3MLCT and 3π−π* bands. These features are
similar to other complexes with (C−N)2Ir(acac) molecular
formula in previous reports.31 On the basis of the absorption
edges of Ir(ppm)2(acac) and Ir(dmppm)2(acac) at 588 and 595
nm, their corresponding optical energy gaps (Eg

opt) were
estimated to be 2.10 and 2.08 eV, respectively.
The ambient temperature luminescence spectra of the two Ir

complexes are reported in Figure 2. The Ir complexes
Ir(ppm)2(acac) and Ir(dmppm)2(acac) emit strong phosphor-
escence at 584 and 600 nm, showing orange emissions. Iridium
complex Ir(dmppm)2(acac) with two extra methyl units on the

Table 1. Physical Properties for the Iridium Complexes

complex λabs
a (nm) λpeak

a (nm) ηb (%) τp
b (μs) kr × 106b (S−1) Td/ Tg

c (°C) HOMO/LUMOd (eV)

Ir(ppm)2(acac) 271, 310, 387, 522 584 0.90 0.68 1.33 387/118 5.33/3.15
Ir(dmppm)2(acac) 292, 433, 522 600 0.92 0.58 1.59 403/129 5.18/3.08

aMeasured in toluene solution (r. t.). bMeasured in 8 wt % TCTA film. cTd = decomposition temperature. Tg = glass transition temperature.
dHOMO levels were measured by UPS; LUMO levels were calculated from HOMO and Eg

opt.

Figure 1. DSC curves of Ir complexes at a heating rate of 10 °C/min.
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phenyl is red-shifted by ∼26 nm relative to the iridium complex
without the methyl substituent Ir(ppm)2(acac). This fact
implies that the electron-donating methyl group in benzene
ring can efficiently promote the highest occupied molecular
orbital (HOMO) energy level to decrease the energy gap
between the HOMO and lowest unoccupied molecular orbital
(LUMO) energy levels. Compared with the emission spectra at
ambient temperature of the two Ir complexes, the PL spectra at
77 K (see Figure S2 in the Supporting Information) shows
apparent vibrational fine structures, indicating that the mixing
between the 3MLCT and 3π −π* levels is so effective that
almost ligand-centered emission could be observed in the
frozen matrix.32 All the spectroscopic data of Ir(ppm)2(acac)
and Ir(dmppm)2(acac) are listed in Table 1.
The PLQYs (ΦP) of Ir(ppm)2(acac) and Ir(dmppm)2(acac),

which were dispersed in tris(4-carbazoyl-9-ylphenyl)amine
(TCTA) (8 wt %) film, were measured as 0.90 and 0.92 at
ambient temperature. These high ΦP values can be attributed to
the introduction of a pyrimidine unit into the molecules, which
reduces the rate of radiationless deactivation. Such high ΦP
should be advantageous to fabricate highly efficient OLED
devices. In addition, the emission lifetimes of Ir(ppm)2(acac)
and Ir(dmppm)2(acac) dispersed in TCTA (8%) film at
ambient temperature were also measured as 0.68 and 0.58 μs,
respectively. Accordingly, the radiative lifetimes (τr) of the
triplet excited state calculated from τr = τp/ΦP are 0.75 and 0.63
μs, respectively. From the ΦP and the τp values, assuming a
unitary intersystem crossing efficiency, the radiative and the
overall nonradiative rate constants (kr and knr, respectively)

were calculated using the relationships ΦP = ΦISC × (kr/(kr +
knr)) and τp = (kr + knr)

−1. Here, ΦISC is the intersystem-
crossing yield, which typically can be assumed to be 1.0 for
iridium complexes with strong heavy-atom effect. Factually, no
fluorescence could be observed for each compound at 293 or
77 K.33,34 Complexes Ir(ppm)2(acac) and Ir(dmppm)2(acac)
have similar kr values, because they share the same core with
slight difference at the appending small methyl group. As a
result, it is found that the kr values for Ir(ppm)2(acac) and
Ir(dmppm)2(acac) are 1.33 × 106 s−1 and 1.59 × 106 s−1,
respectively. These high radiative rate constants would be
beneficial for the highly efficient devices because the triplet
excitons can decay rapidly through the radiative pathway.
Additionally, the orientations of the transition dipole moments
of Ir(ppm)2(acac) and Ir(dmppm)2(acac) in the TCTA films
were determined by analyzing the angle-dependent PL spectra
of the films. Figure S3 in the Supporting Information exhibits
the measured angle-dependent PL intensities of the Ir-
(ppm)2(acac) and Ir(dmppm)2(acac) from the 40 nm thick
8% TCTA film. The results fit the horizontal transition dipole
ratios of 0.76 for Ir(ppm)2(acac) and 0.78 for Ir-
(dmppm)2(acac). Thus, the high horizontal orientation ratios
combined with high photoluminescence quantum yields of
Ir(ppm)2(acac) and Ir(dmppm)2(acac) will determine their
excellent performance in OLEDs.

Electrochemical Properties. To study the charge carrier
injection properties of the complexes, the electrochemical
behaviors of the Ir(ppm)2(acac) and Ir(dmppm)2(acac) were
investigated by cyclic voltammetry (CV) using ferrocene as the
reference, and the results are listed in Table 1. During the
anodic scan in CH2Cl2 (Figure 3), the two complexes present

reversible oxidation peaks at 0.51 and 0.68 V, respectively. It is
believed that this positive oxidation potential is attributed to
the metal-centered IrIII/IrIV oxidation couple, consistent with
the previous reported Ir complexes.35 On the other hand, the
attachment of the electron-donating methyl groups to the
phenyl ring produces a cathodic shift (∼0.17 eV) as compared
to the unsubstituted one, which is consistent with the
theoretical calculations (∼0.20 V), because the HOMO largely
locates at the phenyl rings of the ligands. Therefore,
Ir(dmppm)2(acac) has a smaller band gap than that of
Ir(ppm)2(acac). From the oxidation potentials and the
absorption edge data in UV spectra, the HOMO and LUMO
energy levels of two complexes relative to the energy level of
ferrocene (4.8 eV under vacuum) can be calculated. The

Figure 2. (a) Room-temperature UV−vis absorption and fluorescence
(PL) spectra of Ir(ppm)2(acac) and Ir(dmppm)2(acac) in dilute
degassed toluene solution. (b) Transient photoluminescence decay
(excited at 420 nm) curves at room temperature for Ir(ppm)2(acac)
and Ir(dmppm)2(acac) codeposited with TCTA.

Figure 3. Cyclic voltammograms of Ir(ppm)2(acac) and Ir-
(dmppm)2(acac) in dichloromethane solution for oxidation.
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HOMO levels of Ir(ppm)2(acac) and Ir(dmppm)2(acac), also
determined by using ultraviolet photospectroscopy (UPS, see
Figures S4 and S5 in the Supporting Information) are 5.33 and
5.18 eV, respectively, which are consistent with the CV
measurements. The results indicate that the generated excitons
are able to be trapped on dopant in the doping system and lead
to high device efficiency.36

Theoretical Calculations. To provide deeper insight into
the photophysical properties, the triplet state geometries and
triplet transition energies of the two orange Ir(III) complexes
were calculated using time-dependent density functional theory
(TD-DFT) calculations. The calculated T1 → S0 emission
peaks were at 563 and 584 nm for Ir(ppm)2(acac) and
Ir(dmppm)2(acac), respectively, which agree well with the
phosphorescence peak wavelengths of the experimental results.
This confirms the validity of the theoretical approach.
According to the theoretical results, the T1 states of
Ir(ppm)2(acac) and Ir(dmppm)2(acac) mainly originate from
HOMO → LUMO with a configuration interaction coefficient
larger than 0.8. Figure 4 displays the HOMO and LUMO

molecular orbitals of the two Ir complexes. The orbital
distributions suggest that the HOMOs are composed of a
mixture of Ir(III) d orbitals (t2g) and phenyl π orbitals of the
main ligand, while the LUMOs of the complexes are mainly
located at the pyrimidine moiety and another phenyl group.
Moreover, this electronic structure is significantly different from
that of the commonly used green Ir complexes Ir(ppy)3 or
Ir(ppy)2(acac), in which both the HOMO and the LUMO are
distributed on the π orbitals of the 2-phenylpyridine ligands in
addition to the Ir-d orbitals.37 Therefore, the HOMOs and
LUMOs of Ir(ppm)2(acac) and Ir(dmppm)2(acac) are located
at different groups of the molecules. These evident HOMO/
LUMO separations may be beneficial to efficient hole and
electron−transporting properties, in which hole/electron can
make intermolecular hopping via the respective transporting
channels.37 The S0 and T1 dipole moments were also calculated
by DFT. The different transition dipole moments (Δμ)
between T1 and S0 are 3.46 and 3.52 debyes for Ir(ppm)2(acac)
and Ir(dmppm)2(acac), respectively, which are higher than that
of Ir(ppy)3 (0.90 debye). According to the theory of the
electronic transition, the kr value is proportional to the square
of the transition dipole moment.38 Therefore, the larger Δμ
may generate the fast radiative transitions of Ir(ppm)2(acac)
and Ir(dmppm)2(acac). On the other hand, the transition
dipole moment may also have some relation with the horizontal
dipole ratio, which needs to be further investigated by
additional research.

Electroluminescent Devices. The electroluminescent
properties of Ir(ppm)2(acac) and Ir(dmppm)2(acac) were
investigated because of the previously discussed promising
properties. OLED devices with vacuum-sublimable orange
iridium phosphors Ir(ppm)2(acac) and Ir(dmppm)2(acac)
doped into the emissive layer were fabricated. Typical
multilayer EL devices OA and OB were constructed using
Ir(ppm)2(acac) and Ir(dmppm)2(acac) as emissive dopants
with indium tin oxide (ITO) as the anode, 1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HAT-CN) as the hole-
injection material, and 1,1-bis[4-[N,N-di(p-tolyl)amino]-
phenyl]cyclohexane (TAPC) as the hole-transporting and
electron-blocking material because of its suitable HOMO
level of −5.5 eV for hole injection and high LUMO level of

Figure 4. HOMO and LUMO surfaces of the two iridium complexes
obtained from DFT calculations.

Figure 5. Energy levels of materials related to the devices.
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−2.0 eV. Correspondingly, 1,3,5-tri[(3-pyridyl)phen-3-yl]-
benzene (TmPyPB) was used as the electron-transporting
and hole-blocking material. Besides, due to the high triplet
energies of TAPC (ET = 2.87 eV) and TmPyPB (ET = 2.78
eV), the generated triplet excitons could be effectively confined
within the emitting layer.39 Finally, 8-hydroxyquinolinolato-
lithium (Liq) is the electron-injecting material and aluminum is
the cathode of the device. The 4,4′,4″-tris(carbazol-9-yl)-
triphenylamine (TCTA) was used as the triplet host material
for the two Ir complexes due to its excellent performance as
host for iridium complexes. The resultant orange phosphor-
escent OLEDs (PHOLEDs) have a traditional configuration of
ITO/HAT-CN (10 nm)/TAPC (45 nm)/TCTA:Ir-
(ppm)2(acac) or Ir(dmppm)2(acac) (8 wt %, 20 nm)/TmPyPB
(50 nm)/Liq (2 nm)/Al (120 nm) (Ir(ppm)2(acac) = device
OA; Ir(dmppm)2(acac) = device OB). The two iridium
complexes were used as the guest emitters with an optimized
doping level at 8 wt %. Figure 5 shows the energy band
diagrams and the molecular structures of the materials used in
the fabricated monochromatic orange PHOLEDs. All the EL
data are given in Table 2.

Figure S6 in the Supporting Information depicts the EL
spectra of device OA and device OB. The two Ir complexes
show orange EL signals peaking at 584 and 596 nm,
respectively, which matched well with the PL spectra in
solution. The resemblances between the PL and EL spectra
indicate the absence of aggregation or π−π stacking at these
doping ratios. On the other hand, there are no undesirable
emission peaks from TCTA, suggesting an effective energy
transfer from the host exciton to the phosphor molecule in the
emission layer. The current density−voltage−luminance (J−
V−L) characteristics are provided in Figure S7 in the
Supporting Information. Figure 6 shows the EQE, current
efficiency (CE), and power efficiency (PE) versus luminescence
characteristics of device OA and device OB.
Both devices exhibit efficient orange electroluminescence

(EL) with turn-on voltages at 3.0 and 2.8 V for Ir(ppm)2(acac)
and Ir(dmppm)2(acac), respectively. The peak EQE, PE, and
CE were 26.8%, 72.3 lm/W, and 77.0 cd/A for device OA at a
bias of 3.3 V, and 28.2%, 61.2 lm/W, and 66.0 cd/A for device
OB at a bias of 3.2 V. Generally, efficiency roll-off at high
current is due to the combination of triplet−triplet annihilation
and field-induced quenching effects.40 Gratifyingly, the
efficiency decrease is not obvious while the efficiency of OB
is quite stable at the benchmark luminance of 5000 cd/m2, and
the EQE of device OB remained at 24.5%. Such a good
performance can be attributed to the relatively short emission
lifetimes of the Ir(dmppm)2(acac). To our knowledge, the
performances of the present orange light-emitting devices are
among the best reported results.

In addition, the stability of device OB is evaluated, and its
half lifetime (T50) is shown in Figure S8 in the Supporting
Information. Device OB with Ir(dmppm)2(acac) as phosphor
material exhibited a longer half lifetime of 298 h, which is ∼2.6
times longer than that in the device using PO-01 as a phosphor
material (115 h). This indicates that the pyrimidine-based Ir
complexes show superiority in electroluminescence stability for
OLEDs.
Generally, the development of orange light-emitting OLEDs

with high performance is essential for constructing high-quality
white OLEDs. On the other hand, the suitable CIE coordinates
of device OB are effectively available to mix with the traditional
sky-blue emitting FIrpic for fabricating two-element WOLEDs.
Therefore, we employed Ir(dmppm)2(acac) and FIrpic as the
doped emitters to fabricate two-element white PHOLEDs with
a similar configuration. The blue emission peak at ∼476 nm can
be assigned to FIrpic, while the orange emission peak at ∼594
nm is due to Ir(ppm)2(acac). To optimize EL efficiency and
apparent color, devices with cascade doping levels were
fabricated. The concentration of FIrpic was fixed as 10 wt %,
while the doping concentration of Ir(dmppm)2(acac) reduced
from 1.5 to 0.5 wt % (devices W1−3). As the Ir-
(dmppm)2(acac) concentration increases, the intensity of the
orange emission increases relatively, which is the result of more
excitons being transferred to Ir(dmppm)2(acac). All the EL
data were collected in Table 2.
All three white devices show excellent performances, with

EQEs exceeding 25%. Figure 7 illustrates their efficiency curves
versus luminance and their emission characteristics. Device W1
with 1.5% doped Ir(dmppm)2(acac) appears to give more
orange emission than expected. The CIE coordinates lie in the
yellow region, resulting in a yellowish-white light emission of
W1 with CIE coordinates of (0.51, 0.43) and a correlated color
temperature (CCT) of 2151 K. To make the CIE 1931
chromaticity coordinates approach (0.448, 0.408) for better
warm-white standard illuminant, we reduce the doping rate of
Ir(dmppm)2(acac) to 1.0% and 0.5%, respectively. The
emissions of W2 and W3 were adjusted to more desirable
white light with CIE coordinates of (0.45, 0.41) and (0.41,

Table 2. Summary of Electroluminescence Data for OLEDs

device Va (v) ηext
b (%) CIEc CTc (K)

OA 3.3 26.8, 23.0, 17.9 (0.50, 0.49) 2673
OB 3.2 28.2, 27.3, 24.5 (0.57, 0.42) 1861
W1 3.0 28.3, 26.5, 23.1 (0.51, 0.43) 2151
W2 3.0 28.6, 26.6, 22.7 (0.45, 0.41) 2838
W3 3.0 25.1, 23.6, 21.0 (0.41, 0.42) 3585

aVoltage (V) at 100 cd/m2. bExternal quantum efficiency (ηext) in the
order of maximum, at 1000 and 5000 cd/m2. cRecorded at 10 mA/
cm2.

Figure 6. EQE, PE, and CE versus luminescence of devices OA and
OB.
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0.42) and CTs of 2838 and 3585 K, respectively. No evident
color variations at different brightnesses were observed for the
two devices. Their CIE coordinates changed from (0.45, 0.41)/
(0.41, 0.42) at 1000 cd/m2 to (0.44, 0.41)/(0.40, 0.42) at
10 000 cd/m2, both of them shifting only by (0.01, 0.00).
Device W2 showed an EQE of 28.6% and a PE of 78.0 lm/W,
which greatly outnumbered the incandescent lamp (∼10 lm/
W) with similar CT. At a high brightness of 5000 cd/m2, the
EQE remains at 22.7% with a roll-off value of 21%. W3 also
exhibits high efficiencies of 25.1% for the EQE with low-
efficiency roll-offs. In addition, the driving voltages of W2 and
W3 were <3.4 V (1000 cd/m2) and <4.5 V (5000 cd/m2),
respectively. These low driving voltages, low-efficiency roll-offs,
and higher color qualities could fulfill the requirements for
lighting applications. Although the CRI of W1−3 (≈68) is not
very high, as predicted for such two-color systems, it is still
higher than sodium lamps and other reported two-element
white WOLEDs. This improvement could be ascribed to the
new orange Ir complex, especially the Ir(dmppm)2(acac) with
longer emission wavelength. It also could be envisaged that, by
replacing the sky-blue component with a deep-blue component,
the CRI can be further improved. Table 3 shows the EL efficacy
and CIE parameters of our work as well as other two-element
white OLEDs reported in the literature. It reveals that our
current device efficiencies are among the best results of other
two-element white OLEDs. Thus, this work represents a
significant improvement toward the realization of commercial
white lighting sources.

Figure 7. (a) Normalized EL spectra of device W1−3 at various
luminescences. (b) External quantum efficiency versus luminescence
of devices W1−3.

Table 3. Current State-of-the-Art Literature Data for Two-Element White OLEDs
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■ CONCLUSIONS
In summary, we have successfully developed a new strategy for
the preparation of phosphorescent iridium complexes by using
pyrimidine-based ligands. Two new orange iridium complexes
Ir(ppm)2(acac) and Ir(dmppm)2(acac) were synthesized and
characterized with orange emission at 584/600 nm and high
PLQYs of 0.90/0.92, respectively. The angle-dependent PL
spectra analysis indicated that the two orange iridium(III)
complexes showed a horizontal orientation property. The high
photoluminescence quantum yield and horizontal dipoles ratio
determine the excellent device performance and high efficiency.
Orange OLEDs containing Ir(ppm)2(acac) and Ir-
(dmppm)2(acac) as the dopants exhibited very high perform-
ance, with maximum EQEs of 26.8% and 28.2%, respectively,
which can be comparable to the best orange phosphorescent
devices reported in the literature. We also successfully utilized
Ir(dmppm)2(acac) incorporated into another sky-blue phos-
phor FIrpic to fabricate bicolor white OLED devices.
Encouragingly, the white devices show high efficiencies as
well as stable CIE. Particularly, WB2 shows incandescent lamp-
like illuminant and achieves an EQE of 28.6%. These results
indicate that there will be considerable scope for exploring new
pyrimidine-based ligands to obtain highly efficient orange and
even red Ir complexes.
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