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ABSTRACT: Three m-terphenyl oxadiazole derivatives, 3,3″-bis(5-(pyridin-4-
yl)-1,3,4-oxadiazol-2-yl)-1,1′:3′,1″-terphenyl (4PyOXD), 3,3″-bis(5-(pyridin-3-
yl)-1,3,4-oxadiazol-2-yl)-1,1′:3′,1″-terphenyl (3PyOXD), and 3,3″-bis(5-phenyl-
1,3,4-oxadiazol-2-yl)-1,1′:3′,1″-terphenyl (PhOXD), were synthesized. They
exhibit relatively high electron mobilities compared with those of known
electron-transport materials such as TAZ, BAlq, and BCP+Alq3. These materials
were then utilized as electron transporters and hole/exciton blockers for blue,
green, and red phosphorescent organic light-emitting diodes. The devices
exhibited reduced driving voltages, very high efficiency, and negligible roll-off.
More importantly, among these three oxadiazole derivatives, PhOXD performed
as an ideal electron-transporting material for the blue, green, and red devices
with excellent external quantum efficiencies (EQEs, >26%) as well as current
and power efficiencies. Using these materials as an electron-transporting/
exciton-blocking layer, low roll-off was achieved for the devices, indicative of
excellent confinement of the triplet excitons in the emitting layer even at high current densities. At the normal operation
brightness of 1000 cd m−2, the EQEs remained >21.3% for these basic color devices. In addition, the relationships between
physical properties and structures of the molecules such as the electron mobility, triplet energy gap, and efficiency can be clearly
rationalized.
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■ INTRODUCTION

Organic light-emitting diodes (OLEDs) have drawn a great deal
of attention because of their outstanding performance in display
technology and lighting.1−10 High-efficiency OLEDs with a low
driving voltage and simplified device structure are very
important for their commercial application. Phosphorescence
organic light-emitting devices (PhOLEDs) are the best option
because their external/internal quantum efficiencies are 4 times
as high as those of conventional fluorescence-based OLEDs, by
harvesting both singlet and triplet excitons.11−19 Recombina-
tion of holes and electrons within the emitting layer results in
the generation of illumination in OLEDs. Consequently, the
efficiency of an OLED depends greatly upon the effective
recombination of holes and electrons in the emitting layer
(EML).20−23 In the design of an exceptionally high-efficiency
phosphorescent device, the appropriate selection of materials
for each layer is also essential. In particular, electron-transport
materials with high electron mobility and proper singlet and
triplet energy gaps are in high demand because it is known that
the electron mobilities of organic materials are mostly much
lower than the hole mobilities.24

In general, because of the long lifetime, the triplet exciton of
an EML material (dopant or host) exhibits a long diffusion
length to the adjacent layers compared with that of the singlet

exciton.25,26 Therefore, it is important that the electron-
transport material (ETM) have a large enough triplet energy
gap (ET) to prevent diffusion of the triplet exciton from the
EML to the electron-transporting layer (ETL). It is a big
challenge to design and synthesize an ETM with sufficient ET,
high electron mobility, and high thermal stability that can be
used in the ETL, particularly for the blue phosphorescence
OLEDs. Unfortunately, it is quite difficult to meet the demand
because there is a trade-off between the material energy gap and
mobility and thermal stability.27,28 There are many electron-
transport materials that have been developed to improve the
efficiency of PhOLEDs,29−35 but most of these materials exhibit
significant roll-off of the devices. While some of these materials
are particularly suitable for a single-color device, none of them
has been used as a universal ETM.36−39 To fabricate a RGB
full-color OLED display, a large number of materials are
required if different materials are used by blue, green, and red
devices. However, the manufacturing cost will be tremendously
reduced if some of the materials can be shared with different
color devices to reduce the number of materials and thus the
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equipment needed to fabricate the OLED display. Hence, there
is a great demand for designing a universal ETM for all color
OLEDs to reduce the manufacturing expenses. Recently, we
reported several oxadiazole-based thermally stable electron-
transport materials for RGB devices with high EQEs and power
efficiencies.30,40 In this report, we designed and synthesized
three new m-terphenyl oxadiazole derivatives, 4PyOXD,
3PyOXD, and PhOXD (Scheme 1), for use as electron-
transporting/exciton-blocking materials for blue, green, and red
OLEDs. Surprisingly, all three RGB devices using PhOXD for
the ETL exhibit extremely high device efficiencies with EQEs of
>26%. Their current and power efficiencies are also among the
best ever reported. In addition, at the normal operation
brightness of 1000 cd m−2, the EQEs still remain >21.3% for
the blue, green, and red devices.

■ EXPERIMENTAL SECTION
Physical property and OLED fabrication measurements were taken
using the reported methods.30,40

Synthesis of 3″-Bis(5-phenyl-1,3,4-oxadiazol-2-yl)-1,1′:3′,1″-
terphenyl (PhOXD). 2-(3-Bromophenyl)-5-phenyl-1,3,4-oxadiazole
(PhOXDBr) (1.98 g, 6.60 mmol), 1,3-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzene (1.0 g, 3.00 mmol), and K2CO3(aq) (2 M,
30 mL) were placed in a double-necked flask and purged with nitrogen
gas. Then Pd(PPh3)4 (346 mg, 0.30 mmol) and toluene (90 mL) were
quickly added, and the reaction mixture was heated to reflux for 48 h.
After completion of the reaction, the mixture was cooled to room
temperature, the solution was filtered through a Celite pad, and to the
filtered solution were added methylene chloride and water. After being
vigorously shaken, the organic layer was separated from the aqueous
layer. The aqueous phase was further extracted by methylene chloride
once. The combined organic solution was dried with MgSO4,
concentrated under reduced pressure to remove the solvent, and
then purified by a silica gel column using a mixture of ethyl acetate and
n-hexane as the eluent (1:4) to give the expected white solid product
in 85% yield: 1H NMR (400 MHz, CDCl3) δ 8.39 (s, 2H), 8.14−8.11
(m, 6H), 7.89 (s, 1H), 7.82 (d, J = 8 Hz, 2H), 7.67 (d, J = 8 Hz, 2H),
7.64−7.56 (m, 3H), 7.52−7.48 (m, 6H); 13C NMR (100 MHz,
CDCl3) δ 164.68, 164.46, 141.92, 140.68, 131.75, 130.54, 129.65,
129.60, 129.06, 126.95, 126.84, 126.12, 125.91, 125.60, 124.50, 123.81;
HRMS [M+] calcd for C34H22N4O2 m/z 518.1743, found m/z
518.1744. Anal. Calcd for C34H22N4O2: C, 78.85; H, 4.80; N, 10.80; O,
6.17. Found: C, 78.32; H, 4.39; N, 10.83; O, 6.64.
Synthesis of 3,3″-Bis(5-(pyridin-3-yl)-1,3,4-oxadiazol-2-yl)-

1,1′:3′,1″-terphenyl (3PyOXD). A procedure similar to the synthesis
of PhOXD was used for the synthesis of 3PyOXD by the Suzuki
coupling reaction of 1,3-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzene with 2-(3-bromophenyl)-5-(pyridin-3-yl)-1,3,4-oxadiazole

(3PyOXDBr) to give the desired product in 76% yield: 1H NMR (400
MHz, CDCl3) δ 9.35 (s, 2H), 8.76 (d, J = 4 Hz, 2H), 8.44−8.40 (m,
4H), 8.12 (d, J = 7.2 Hz, 2H), 7.89 (s, 1H), 7.85 (d, J = 7.6 Hz, 2H),
7.69−7.57 (m, 5H), 7.49−7.46 (m, 2H); 13C NMR (100 MHz,
CDCl3) δ 164.99, 162.56, 152.41, 147.85, 141.92, 140.52, 134.12,
130.82, 129.74, 129.64, 126.85, 126.04, 125.99, 125.67, 124.05, 123.78,
120.32; HRMS [M+] calcd for C32H20N6O2 m/z 520.1648, found m/z
520.1654. Anal. Calcd for C32H20N6O2: C, 73.84; H, 3.87; N, 16.14; O,
6.15. Found: C, 73.69; H, 4.00; N, 15.87; O, 6.44.

Synthesis of 3,3″-Bis(5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)-
1,1′:3′,1″-terphenyl (4PyOXD). A procedure similar to the synthesis
of PhOXD was also used for the synthesis of 4PyOXD by the Suzuki
coupling of 1,3-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzene with 2-(3-bromophenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazole
(4PyOXDBr) to give 4PyOXD in 78% yield: 1H NMR (400 MHz,
CDCl3) δ 8.82 (d, J = 5.6 Hz, 4H), 8.41 (s, 2H), 8.12 (d, J = 7.6 Hz,
2H), 7.99−7.97 (m, 4H), 7.89−7.84 (m, 3H), 7.69−7.57 (m, 5H); 13C
NMR (100 MHz, CDCl3) δ 165.34, 162.89, 150.90, 142.01, 140.53,
131.03, 130.87, 129.80, 129.69, 126.91, 126.10, 125.83, 125.75, 123.97,
120.30; HRMS [M+] calcd for C32H20N6O2 m/z 520.1648, found m/z
520.1635. Anal. Calcd for C32H20N6O2: C, 73.84; H, 3.87; N, 16.14; O,
6.15. Found: C, 73.73; H, 3.89; N, 16.13; O, 6.25.

■ RESULTS AND DISCUSSION
The synthetic routes for PhOXD, 3PyOXD, and 4PyOXD are
presented in Scheme 1. These materials were prepared by the
Suzuki coupling reaction of 1,3-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzene with the corresponding bromo
compounds PhOXDBr, 3PyOXDBr, and 4PyOXDBr, respec-
tively, in excellent yields. The products were further purified by
sublimation and characterized by 1H NMR, 13C NMR, high-
resolution mass spectrometry, and elemental analysis. The
detailed synthesis procedure is provided in the Experimental
Section, and the characterization data are presented in the
Supporting Information.
The core structure of these three materials consists of an m-

terphenyl and two oxadiazole moieties. The three phenylenes of
the m-terphenyl component are connected to other compo-
nents through the meta positions. This arrangement is expected
to provide the molecules with high glass transition temper-
atures (Tgs) and high triplet energy gaps (ETs) because of the
limited conjugation between the m-phenylene rings.6 Oxadia-
zole is known to be a high-electron affinity component for
ETMs with high electron mobility. In addition, it exhibits a
wide triplet energy gap property because of the restricted π-
conjugation beyond the ring, although the molecule is coplanar.
These meta terphenyl oxadiazole materials were tested as

Scheme 1. Synthetic Route for the m-Terphenyl Oxadiazole Derivatives
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electron-transporting and exciton-blocking materials for
iridium-based blue, green, and red phosphorescent OLEDs.
Physical Properties. The UV−vis absorption, photo-

luminescence, and phosphorescence spectra of PhOXD,
3PyOXD, and 4PyOXD were measured in dichloromethane
solutions and thin films at room temperature and 77 K, as
observed in Figure 1, and the key spectral and thermal
properties data are summarized in Table 1. All the compounds
exhibit an absorption band at approximately 260−270 nm in a
dichloromethane solution, which may be assigned to the π−π*
transition of the oxadiazole moiety.41 Fluorescent emission
peaks for PhOXD, 3PyOXD, and 4PyOXD in dichloromethane
solutions appear at 362, 351, and 362 nm, respectively. The
thin film fluorescent and phosphorescence emission peaks were
observed at 374 and 493 nm for PhOXD, 377 and 503 nm for
3PyOXD, and 374 and 508 nm for 4PyOXD, respectively. The
photoluminescence peak is approximately red-shifted by 15 nm
in the solid thin film related to the solution likely because of the
intermolecular π−π interaction in the thin film. The electro-
chemical properties of these compounds were measured using
cyclic voltammetry (CV), and the curves are presented in
Figure S1 of the Supporting Information.

The energy gaps (Eg) of PhOXD, 3PyOXD, and 4PyOXD
are 3.59, 3.60, and 3.59 eV, respectively. The Egs were
calculated from the intersection of the absorption and emission
spectra of the molecules. The HOMO and LUMO levels were
calculated to be 5.84 and 2.25 eV for PhOXD, 5.90 and 2.30 eV
for 3PyOXD, and 5.95 and 2.36 eV for 4PyOXD, respectively.
The LUMO levels were measured from reduction potentials
E1/2re, and the HOMO levels were determined from LUMO +
ES. The triplet energy gaps (ET) of these materials were
calculated to be 2.70, 2.65, and 2.62 eV for PhOXD, 3PyOXD,
and 4PyOXD, respectively. ETs were calculated from the onset
of phosphorescence spectra in the thin film at 77 K. The ETs of
these electron-transporting materials are higher than those of
conventional ETL materials such as tris(8-hydroxyquinolinato)
aluminum (Alq3) (ET = 2.0 eV) and bis(8-hydroxy-2-
methylquinoline)-(4-phenylphenoxy)aluminum (BAlq) (ET =
2.2 eV). The electronic properties of these materials vary
because of the presence of different functional groups at the
terminal positions of the molecules. The HOMO and LUMO
levels decrease systematically in the following order: PhOXD >
3PyOXD > 4PyOXD. The ETs decrease in the following order:
PhOXD > 3PyOXD > 4PyOXD. The ET of PhOXD is higher
than that of the blue iridium complex dopant, suggesting that

Figure 1. Absorption (Abs.), fluorescence (FL.), and phosphorescence (Ph.) spectra of (a) PhOXD, (b) 3PyOXD, and (c) 4PyOXD. The Abs. and
FL spectra were measured at room temperature, and the Ph. spectra were measured at 77 K.

Table 1. Physical and Thermal Properties of PhOXD, 3PyOXD, and 4PyOXD

materials λabs (nm)
a λmax,em (nm)a λmax,em (nm)b HOMO/LUMOc ES/ET

d(ev) Tg/Td (°C) ref

PhOXD 280 374 493 5.84/2.25 3.59/2.70 83/444 this work
3PyOXD 273 377 503 5.90/2.30 3.60/2.65 93/445 this work
4PyOXD 273 374 508 5.95/2.36 3.59/2.62 104/448 this work
tOXD-mTP 252 347 494 6.05/2.19 3.86/2.83 63/344 30

aMeasured in thin films. bThe phosphorescences were measured in thin films at 77 K. cThe LUMO levels were measured from the E1/2re, and the
HOMO levels were determined from LUMO + ES.

dThe singlet energy gap (ES) was determined from the wavelength of the intersection point of
absorption and fluorescence spectra in the thin film, and ET was determined from the onset of phosphorescence spectra in the thin film. Tg is the
glass transition temperature; Td is the decomposition temperature.
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the triplet excitons are well confined within the EML when
PhOXD served as an ETL/EBL. In addition, these oxadiazole
derivatives appear to possess deep HOMO levels to block the
holes/exciton and appropriate LUMO levels for smooth
electron injection.
The thermal properties were determined using thermogravi-

metric analysis (TGA) and differential scanning calorimetry
(DSC) to understand the thermal stabilities of these electron-
transporting materials, and the data are presented in Table 1
and Figures S2−S5 of the Supporting Information. Note that all
these m-terphenyl oxadiazole derivatives exhibit high glass
transition temperatures (Tgs) and high decomposition temper-
atures (Td), indicative of the high stability of the deposited
films. Tg and Td increase when a pyridine ring is introduced
into the material. Additionally, as the nitrogen atom position in
the pyridine ring changes from 3 to 4, Tg and Td further
increase. This trend can be attributed to the increased level of
intermolecular interaction of the nitrogen atom accompanied
by the change in position from 3 to 4.32

To know the electron-transporting properties of these
materials, electron-only devices were fabricated. The devices
were fabricated using the following structure: ITO/BCP (15
nm)/ETM (40 nm)/LiF (1 nm)/Al (100 nm), where BCP is
the 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, and the
current density versus voltage curves of these devices are
presented in Figure 2. All these oxadiazole-based materials

exhibit good electron mobility compared with that of the
known ET materials such as Alq3+BCP, BAlq, bis(2-tert-butyl-
1,3,4-oxadiazole-5-diyl)-3,30-m-terphenyl (tOXD-mTP), and 3-
(4-biphenyl)-4-phenyl-5-(4-tert-butylphenyl)-1,2,4-triazole
(TAZ). Figure 2 shows that the current density at the same
applied voltage of the electron-only devices follows the order
4PyOXD > 3PyOXD > PhOXD > TAZ > tOXD-mTP > BAlq
> BCP+Alq3 at low voltage. This result also indicates that when
the phenyl ring (PhOXD) is replaced by the pyridine ring
(3PyOXD or 4PyOXD), the electron mobility of the electron-
only device increased. Furthermore, as the nitrogen atom
position of pyridine ring changes from 3 to 4, the electron
mobility increases further. This is because the intermolecular
hydrogen bond is stronger for 4PyOXD.32 Therefore, the
position of the nitrogen atom in the pyridine appears to greatly
affect the electron-transporting properties. In addition, electron
mobilities of these materials were determined by the space

charge-limited current (SCLC) method.42,43 As shown in
Figure S6 of the Supporting Information, the electron
mobilities of PhOXD, 3PyOXD, and 4PyOXD are 4.2 ×
10−6, 1.2 × 10−5, and 1.6 × 10−5 cm2 V−1 s−1, respectively. The
results suggest that these materials have high electron mobilities
in agreement with the trend of electron-only devices.

Device Performance. To assess the performance of
PhOXD, 3PyOXD, and 4PyOXD as the ETL/EBL, several
devices were fabricated using commercially available phosphor-
escent emitters. Devices B1−B3 using FIrpic as the dopant with
a common device structure ITO/NPB (30 nm)/mCP (10
nm)/BCPO: FIrpic (8%) (30 nm)/ETL (40 nm)/LiF (1 nm)/
Al (100 nm) were fabricated without using an exciton/hole-
blocking layer between the EML and ETL. The ETLs of these
devices were PhOXD, 3PyOXD, and 4PyOXD for B1−B3,
respectively. In these devices, NPB [N,N′-bis(1-naphthyl)-
N,N′-diphenyl-1,10-biphenyl-4,4′-diamine] acts as a hole-trans-
porting material (HTL), mCP [1,3-bis(N-carbazolyl)benzene]
acts as a hole-transporting material as well as an exciton
blocker, and BCPO {bis-4-[(N-carbazolyl)phenyl]-
phenylphosphine oxide} acts as a bipolar host material. The
device architecture is illustrated in Figure 3.
Figure 4 presents the current density and luminance versus

applied voltage plots of devices B1−B3, and the performance
data are summarized in Table 2. Device B1 exhibits a turn-on
voltage of 3.2 V (a luminance of 1 cd m−2 was detected), which
is lower than the previously reported values for the device
based on FIrpic as the dopant with conventional OXD-7 (3.9
V) and tOXD-mTP (3.9 V) as the ETL.30 This finding is
possibly due to the optimal LUMO level and high electron
mobilities of PhOXD relative to those of the other layers in the
device. In addition to the low turn-on voltage, an extremely
high external quantum efficiency of 26.4%, a maximal
brightness of 49600 cd m−2, a current efficiency of 55.0 cd
A−1, and a power efficiency of 48.8 lm W−1 were achieved.
These values are much higher than those for the previously
reported FIrpic-based devices using conventional electron-
transporting materials such as OXD-7 (EQE, 11.4%; luminance,
13280 cd m−2) and TAZ (EQE, 12.5%; luminance, 16540 cd
m−2), which is 2−3 times lower than those of device B1.30,44

Even though TAZ has a similar ET gap, its molecular structure
is not planar; therefore, the electron mobility is slow.45 The
electroluminescence spectra of this device are similar to that of
a previously reported FIrpic-based device with comparable
Commission Internationale de l’Éclairage (CIE) coordinates of
(0.14, 0.32) (Figure S7 of the Supporting Information)40 and
no emission from adjacent materials. This result suggests that
the recombination of the carriers (holes and electrons) occurs
in the EML completely, and the excitons formed are well
confined within the EML.
In general, phosphorescent OLEDs exhibit severe roll-off at a

higher current density due to triplet−triplet annihilation.46 The
EQEs and current efficiencies versus the luminance of these
devices are displayed in Figure S8 of the Supporting
Information. In contrast to the previous reports,47 this device
exhibits low roll-off even at higher current density. At practical
brightnesses of 100 and 1000 cd m−2, the efficiency remains
above 24.3 and 21.3%, respectively, without any light-
outcoupling enhancement. Device B2 exhibits a turn-on voltage
of 3.4 V, and device B3 exhibits the same turn-on voltage as
device B1. The efficiencies of devices B2 and B3 are lower than
those of B1: in fact only 5% EQE was observed for B3. This
result is likely due to the unbalanced carriers or relatively low

Figure 2. Current density vs voltage characteristics of the electron-
only devices.
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triplet energy levels of 3PyOXD and 4PyOXD, which may
induce the exciton quenching by the diffusion of excitons from
the emitting layer to the ETL. For device B3, a residual
emission at approximately 407 nm was observed, indicating that
there is exciton leakage (Figure S7 of the Supporting
Information). PhOXD exhibits the highest efficiency and
brightness among the three compounds; we speculate that
PhOXD has enough ET to confine excitons in the EML and a
suitable LUMO level and high electron mobility to transfer
electrons to the emitting layer.
In addition to the blue phosphorescent OLEDs, these

oxadiazole-based electron-transporting materials, PhOXD,

3PyOXD, and 4PyOXD, were also utilized as an ETM for
Ir(ppy)3-based green devices. Three green light-emitting
devices G1−G3 were fabricated using PhOXD, 3PyOXD, and
4PyOXD, respectively, as the ETL materials. The devices
consist of the following layers: ITO/NPB (20 nm)/TCTA (10
nm)/BCPO: Ir(ppy)3 (8%, 30 nm)/ETL (40 nm)/LiF (1
nm)/Al (100 nm). The voltage versus current density and
luminance curves and the structures of the devices are shown in
Figure 5. In these devices, TCTA was utilized as the exciton
blocker to avoid exciton diffusion to the hole-transporting layer.
It is noteworthy that TCTA is known to be an efficient exciton
blocker for green phosphorescence devices.48 Device G1 with

Figure 3. Structures of the organic materials used and the HOMO/LUMO levels for the materials used in the EL devices.

Figure 4. (a) Current density and luminance vs applied voltage and (b) external quantum efficiency vs current density of devices B1−B3. The device
configuration is ITO/NPB (30 nm)/mCP (10 nm)/BCPO: FIrpic (8%) (30 nm)/PhOXD or 3PyOXD or 4PyOXD (40 nm)/LiF (1 nm)/Al (100
nm).
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8% Ir(ppy)3 as the dopant exhibits a very low turn-on voltage of
2.5 V and a maximal external quantum efficiency, current
efficiency, power efficiency, and luminance of 26.3%, 101.7 cd
A−1, 106.4 lm W−1, and 162000 cd m−2 (14 V), respectively,
with CIE values of (0.29, 0.64) (Figure S9 of the Supporting
Information). The EQE and current efficiency versus
luminance of device G1 is displayed in Figure S10 of the
Supporting Information. Similar to blue device B1, G1 also
exhibits low-efficiency roll-off and high brightness compared
with the devices using the conventional ETL material.32 At
practical brightness levels of 100 and 1000 cd m−2, the EQEs of
device G1 still retain at high values of 25.3 and 23.3%,

respectively. Devices G2 and G3 exhibit an efficiency lower
than that of device G1. However, device G3 displays a very high
brightness (171300 cd m−2) compared with that of G1. These
results indicate that PhOXD exhibits the highest efficiency,
presumably because of the effective electron−hole recombina-
tion within the EML compared with those of 3PyOXD and
4PyOXD. 4PyOXD exhibits faster electron mobility, which
likely helps the achievement of high brightness and current
density (device G3).
The outstanding performance of these m-terphenyl oxadia-

zole compounds as electron-transport materials for blue and
green phosphorescence OLEDs inspired us to utilize these

Table 2. Electroluminescence Data for Devices B1−B3, G1−G3, and R1−R3a

device ETM Vd
b (V) Lmax (cd m−2, V) EQEmax (%, V) CEmax (cd A−1, V) PEmax (lm W−1, V) λmax CIE (x, y) at 8 V

B1 PhOXD 3.1 49600, 17.0 26.4, 4.0 55.0, 4.0 48.8, 3.5 472 (0.14, 0.32)
B2 3PyOXD 3.4 36800, 17.5 20.6, 4.0 41.4, 4.0 32.5, 4.0 472 (0.13, 0.32)
B3 4PyOXD 3.1 18900, 16.5 4.7, 4.0 9.4, 4.0 8.7, 3.5 472 (0.14, 0.31)
G1 PhOXD 2.5 162000, 14.0 26.3, 3.0 101.7, 3.0 106.4, 3.0 516 (0.29, 0.64)
G2 3PyOXD 2.6 146000, 16.5 19.5, 5.0 75.9, 5.0 52.5, 4.0 516 (0.29, 0.64)
G3 4PyOXD 3.0 171000, 16.0 17.2, 5.5 67.3, 5.5 41.2, 4.5 514 (0.29, 0.64)
R1 PhOXD 2.7 50300, 15.5 26.6, 4.0 33.8, 4.0 29.4, 3.5 622 (0.67, 0.33)
R2 3PyOXD 2.8 54800, 16.0 26.6, 5.0 33.5, 5.0 23.9, 4.0 620 (0.67, 0.33)
R3 4PyOXD 2.5 65900, 15.0 23.8, 3.5 32.6, 3.5 29.9, 3.0 618 (0.66, 0.34)

aLmax, maximal luminance; EQEmax, maximal external quantum efficiency; CEmax, maximal current efficiency; PEmax, maximal power efficiency; λmax,
wavelength of the EL spectrum at maximal intensity at 8 V. bVd, driving voltage at a brightness of 1 cd m−2.

Figure 5. (a) Current density and luminance vs applied voltage. (b) External quantum efficiency vs current density of devices G1−G3. Device
structures: ITO/NPB (20 nm)/TCTA (10 nm)/BCPO: Ir(ppy)3 (8%) (30 nm)/PhOXD or 3PyOXD or 4PyOXD (40 nm)/LiF (1 nm)/Al (100
nm).

Figure 6. (a) Current density and luminance vs applied voltage. (b) External quantum efficiency vs current density of devices R1−R3. Device
structure: ITO/NPB (25 nm)/TCTA (10 nm)/CzPPQ: dopant (4%) (30 nm)/PhOXD or 3PyOXD or 4PyOXD (50 nm)/LiF (1 nm)/Al (100
nm).
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compounds as electron-transport materials for red phosphor-
escent OLEDs. Three red devices, R1−R3, using Ir(piq)2(acac)
as the dopant emitter, CzPPQ as the host, and PhOXD,
3PyOXD, and 4PyOXD, respectively, as the ETL material were
fabricated. The device structure consists of the following layers:
ITO/NPB (25 nm)/TCTA (10 nm)/CzPPQ: Ir(piq)2(acac)
(4%, 30 nm)/ETL (50 nm)/LiF (1 nm)/Al (100 nm), where
CzPPQ is 9-(4-(4-phenylquinolin-2-yl)phenyl)-9H-carbazole
and is the host.49 Here, 50 nm of ETL is used instead of 40
nm because CzPPQ likely has high electron mobility compared
to that of BCPO, and thus, to adjust the recombination in
EML, the thickness of ETL is increased. The I−V−L curves and
the EQEs versus current density of these three devices are
displayed in Figure 6, and the data are summarized in Table 2.
Device R1 exhibits a low turn-on voltage of 2.7 V with maximal
external quantum efficiency, current efficiency, and power
efficiency of 26.6%, 33.8 cd A−1, and 29.4 lm W−1, respectively.
These efficiencies are much higher than those of the previously
reported Ir(piq)2(acac)-based device using conventional BCP
+Alq3 as the EBL and ETL (EQE of 14.6% and power
efficiency of 10.3 lm W−1).50−52 Device R2 with 3PyOXD as
the ETL material exhibits efficiencies very similar to those of R1
except that the maximal power efficiency is only 23.9 lm W−1.
Device R3 exhibits a maximal external quantum efficiency of
23.8%, which is approximately 3% lower than the values for R1
and R2. However, the driving voltage (2.5 V) is lower than the
corresponding values of devices R1 and R2, and the power
efficiency (29.9 lm W−1) and maximal brightness (65900 cd
m−2) are higher than the corresponding values of devices R1
and R2. The higher electron mobility and Tg of 4PyOXD
compared with those of the other two ETL materials, PhOXD
and 3PyOXD, plausibly account for the observed different
performance of device R3. Overall, devices R1−R3 exhibit very
high brightness and low-turn on voltage because of the high
electron mobility of the oxadiazole derivatives. The EQEs and
current efficiencies versus luminance and electroluminescent
spectra of these devices are shown in Figures S11 and S12 of
the Supporting Information. At practical brightnesses of 100
and 1000 cd m−2, the external quantum efficiency of R1
remains at 25.2 and 24%, respectively. These values are much
higher than that for the previously reported Ir(piq)2(acac)-
based red phosphorescent OLED.8 Notably, all three
compounds can act as eminent electron-transport materials
for red phosphorescent OLEDs because PhOXD, 3PyOXD,
and 4PyOXD exhibit ET values higher than those of the host
(CzPPQ) and dopant [Ir(piq)2acac], which implies that devices
R1−R3 can achieve improved exciton confinement within the
EML and reduce the level of triplet exciton quenching in the
EML/ETL interface.
To compare the device performances with those of

conventional electron-transporting materials, devices B, G,
and R were fabricated using OXD-7 as an ETM, and results are
listed in Table S1 of the Supporting Information. Devices B, G,
and R were fabricated with similar device structures of blue,
green, and red, respectively. The result suggests that our newly
developed electron-transporting materials show performances
for all colors much improved versus those of the conventional
ETM. These oxadiazole-based blue, green, and red devices
exhibited very low turn-on voltages (3.2 V for blue and 2.5 V
for green and red) with excellent external quantum efficiencies,
luminances, and current and power efficiencies. Note that
PhOXD can be used as a common ETM for all three basic color
devices and the efficiencies are among the best known to

date.13,40 On the other hand, 3PyOXD and 4PyOXD can be
used as ETMs for green and red devices. To the best of our
knowledge, there is no report using a common electron-
transporting material to achieve enhanced efficiency for blue,
green, and red phosphorescent devices. The overall results
suggest that the triplet energy gap, optimal HOMO, LUMO
energy level, and electron mobility are very important for the
creation of efficient OLEDs.

■ CONCLUSION
Oxadiazole-based PhOXD, 3PyOXD, and 4PyOXD were
synthesized with good yields, and these molecules exhibit
high electron mobility, high Tg, and high triplet energy gaps.
PhOXD can be used as a universal electron-transport material
for blue, green, and red phosphorescent organic light-emitting
devices with very high external quantum efficiencies of >26%,
which is much higher than that of conventional ET materials.
Moreover, these devices exhibit small roll-off even at higher
current densities. Selecting an appropriate triplet energy and
HOMO and LUMO levels of ETM is very important for a high-
performance device. These finding will assist in the new
molecular design of ETLs for the further improvement of
phosphorescent OLEDs.
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