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atives as bipolar host materials for
high-performance blue and green phosphorescent
organic light-emitting diodes†

Yanming Wang, *ab Keke Duan,a Guoxiang Lia and Gewen Yua

By combining two n-type groups, pyridine and oxadiazole, with one p-type carbazole group, two novel

bipolar hosts, namely 2-(3-(9H-carbazol-9-yl)-[1,10-biphenyl]-3-yl)-5-(pyridin-2-yl)-1,3,4-oxadiazole
(PyOxd-mCz) and 2-(40-(9H-carbazol-9-yl)-[1,10-biphenyl]-3-yl)-5-(pyridin-2-yl)-1,3,4-oxadiazole
(PyOxd-pCz) have been developed as hosts for blue and green phosphorescent organic light-emitting

diodes (PhOLEDs). The two compounds exhibit similar HOMO levels of �5.64 eV for PyOxd-mCz and

�5.63 eV for PyOxd-pCz and the same LUMO level of �2.60 eV. With a more twisted configuration due

to meta connections, PyOxd-mCz possesses a higher triplet energy level (ET ¼ 2.77 eV) and more

balanced carrier transport than PyOxd-pCz (ET ¼ 2.60 eV). PyOxd-mCz hosted devices achieve a peak

current efficiency of 39.7 cd A�1 and a maximum EQE of 20.8% with a low turn-on voltage of 3.5 V for

FIrpic and 55.2 cd A�1 and 16.4% for Ir(ppy)3. Apart from the appropriate frontier molecular orbital levels

and sufficiently high triplet energy of PyOxd-mCz, the more balanced carrier transport plays a key role

for excellent device performance.
Introduction

Organic light emitting diodes (OLEDs) have been considered the
third generation display technology aer cathode-ray tubes
(CRTs) and liquid crystal displays (LCDs). Aer decades of
development, OLEDs have realized industrialization and are
widely used in display elds, especially in portable electronic
products.1–3 The phosphorescent OLEDs (PhOLEDs) with a theo-
retical maximum internal quantum efficiency of 100% have
received great research attention both from the academic world
and industrial elds.4–6 In general, the PhOLEDs adopt the host-
dopant structure to avoid concentration quenching and triplet–
triplet annihilation7,8 and the hosts usually take up over 90% in
the emitting layer. Therefore, the host materials are as important
as the doped emitter in determining the overall performance of
the whole device.9 Typically, an ideal host should possess
appropriate frontier molecular orbital levels matching those of
the adjacent layers, sufficiently high triplet energy (ET) to prevent
reverse energy transfer, decent thermal and morphological
stabilities to extend the device's operational lifetime, and
ing, Inner Mongolia University of Science
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balanced charge transport to broaden the recombination
zone.10–17 One of the effective ways to obtain balanced charge
uxes is to utilize bipolar host materials.18–23 But most bipolar
hosts have much higher hole mobilities than electron trans-
portingmobilities even by one or two orders ofmagnitude, which
leads to unbalanced charge transport and narrow recombination
zone in emitting layer and eventually leads to low emission effi-
ciency. And in those cases, the ratio of electron-withdrawing
groups (n-type) to electron-donating groups (p-type) was usually
1 : 1. However, there have been a few reports about bipolar hosts
which have balanced carrier transportation and high external
quantum efficiencies (EQE) by adjusting the ratio of n-type
groups to p-type groups from 1 : 1 to 2 : 1 or 3 : 1. Chow group
had developed a bipolar host POAPF by adjusting the ratio of n-
type groups to p-type groups to 3 : 1 and a POAPF-based device
doped with 7 wt% FIrpic exhibited a very low turn-on voltage (2.5
V) and high electroluminescence efficiencies (20.6% and 36.7 lm
W�1).24 Li group had synthesized several bipolar hosts (the ratio
of n-type/p-type ¼ 2 : 1) and blue phosphorescent OLEDs based
on them achieved high EQE over 20%.25 In this paper, we have
increased the proportion of n-type groups by attaching two n-type
groups of pyridine and oxadiazole to one p-type carbazole group.
In this way, we expect to increase the electron mobilities of the
hosts and get more balanced charge transporting and high effi-
ciency OLED. The position relationship of carbazole and n-type
group on the phenylene bridge is varied as para- and meta-link-
ing mode to tune the molecular conjugated chain length and
thus the optoelectronic parameters of the host materials. The
blue and green devices based on them exhibit excellent
This journal is © The Royal Society of Chemistry 2019
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performances. The PyOxd-mCz-hosted blue PhOLEDs exhibited
a low turn-on voltage of 3.5 V and a peak current efficiency (hc) of
39.7 cd A�1, a peak power effiency (hp) of 25.0 lm W�1 and
a maximum EQE (hext) of 20.8%. The PyOxd-mCz-hosted green
PhOLEDs exhibited high efficiencies of 55.2 cd A�1 (29.8 lm W�1

and 16.4%).
Experimental section
Instruments and methods

The 1H NMR and 13C NMR spectra were recorded on Bruker
AVANCE 500 MHz spectrophotometer and 126 MHz spectro-
photometer. The mass spectra were taken on an HP1100LC/
MSD MS spectrometer. The uorescence and UV-vis absorp-
tion spectra measurements were performed on a PerkinElmer
LS55 spectrometer and a PerkinElmer Lambda 35 spectropho-
tometer, respectively. The phosphorescence spectra were
measured on an Edinburgh FLS920 spectrometer at 77 K in 2-
MeTHF. Thermogravimetric analyses (TGA) and differential
scanning calorimetry (DSC) measurements were carried out
using a PerkinElmer thermos gravimeter (Model TGA7) and
a Netzsch DSC 201 at a heating rate of 10 �C min�1 under
a nitrogen atmosphere, respectively. The electrochemical
measurements were carried out by using a conventional three-
electrode conguration and an electrochemical workstation
(BAS100B, USA) at a scan rate of 100 mV s�1. A glass carbon
working electrode, a Pt-wire counter electrode, and a saturated
calomel electrode (SCE) reference electrode were used. All the
electrochemical measurements were carried out at room
temperature on samples dissolved in dichloromethane or N,N-
dimethylformamide (DMF), deoxygenated with argon, and with
0.1 M [nBu4N]PF6 as the electrolyte.

The electron density distribution of HOMO/LUMO orbitals
were optimized by the density functional theory (DFT) using
Beck's three-parameterized Lee–Yang–Parr exchange functional
(B3LYP) with 6-31G(d) basis sets. There were no imaginary
frequencies for both the optimized structures. All these calcu-
lations were performed using Gaussian 03.26
Compounds synthesis

The chemical structures and synthetic routes of compounds
PyOxd-mCz and PyOxd-pCz are depicted in Scheme 1. The
intermediate 2-(3-bromophenyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole
(1) was synthesized according to the literatures.27–29 (3-(9H-
Carbazol-9-yl) phenyl)boronic acid (2) and (4-(9H-carbazol-9-yl)
phenyl)boronic acid (3) were used as received from commercial
sources. Through Suzuki cross-coupling reactions, the target
compounds PyOxd-mCz and PyOxd-pCz were prepared at yields
of 68% and 81%, respectively. The two compounds both have
good solubility in common organic solvents, such as dichloro-
methane, tetrahydrofuran and ethyl acetate, so that they could be
thoroughly puried by column chromatography and repeated
recrystallization to reach a high purity for OLED applications.
Their chemical structures were fully characterized by 1H NMR,
13C NMR spectroscopy, mass spectrometry, and elemental
analysis.
This journal is © The Royal Society of Chemistry 2019
2-(30-(9H-Carbazol-9-yl)-[1,10-biphenyl]-3-yl)-5-(pyridin-2-yl)-
1,3,4-oxadiazole (PyOxd-mCz)

A mixture of 2-(3-bromophenyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole
(1.51 g, 5 mmol), (3-(9H-carbazol-9-yl)phenyl)boronic acid
(1.58 g, 5.5 mmol), toluene (20 mL), ethanol (5 mL), aqueous
sodium carbonate (2 M, 4 mL), and tetrakis(-
triphenylphosphino)palladium(0) (17.4 mg, 0.15 mmol) were
reuxed at 80 �C under nitrogen atmosphere overnight. Aer
cooling and ltrating, the ltrate was evaporated under reduced
pressure. The residue was puried by column chromatography
over silica using petroleum ether/ethyl acetate (5 : 1) as eluent
to give pure PyOxd-mCz as a white solid (1.6 g, 68% yield).

1H NMR (500 MHz, CDCl3) d ¼ 8.79 (d, J ¼ 7.5 Hz, 1H), 8.48
(s, 1H), 8.30 (d, J¼ 8.0 Hz, 1H), 8.22 (d, J¼ 7.5 Hz, 1H), 8.15 (d, J
¼ 7.5 Hz, 2H), 7.87 (m, 2H), 7.81 (d, J ¼ 7.5 Hz, 1H), 7.77 (d, J ¼
8.0 Hz, 1H), 7.71 (t, J ¼ 7.8 Hz, 1H), 7.60 (m, 2H), 7.45 (t, 2H),
7.44–7.40 (m, 2H), 7.29 (t, J ¼ 7.8 Hz, 2H).

13C NMR (126 MHz, CDCl3) d ¼ 165.38, 163.95, 150.25,
143.54, 141.76, 141.22, 140.87, 138.46, 137.23, 130.69, 130.48,
129.75, 126.60, 126.33, 126.04, 125.88, 125.84, 125.82, 124.39,
123.46, 123.31, 120.35, 120.06, 109.75.

TOF-EI-MS (m/z): 464.1644 [M]+. Anal. calcd for C31H20N4O:
C, 80.15; H, 4.34; N, 12.06. Found: C, 80.18; H, 4.29; N, 12.10.

2-(40-(9H-Carbazol-9-yl)-[1,10-biphenyl]-3-yl)-5-(pyridin-2-yl)-
1,3,4-oxadiazole (PyOxd-pCz)

This compound was synthesized using 2-(3-bromophenyl)-5-
(pyridin-2-yl)-1,3,4-oxadiazole and (4-(9H-carbazol-9-yl)phenyl)
boronic acid as reagents following the above procedure and
obtained white solid (81% yield).

1H NMR (500 MHz, CDCl3) d ¼ 8.84 (d, J ¼ 4.5 Hz, 1H), 8.55
(s, 1H), 8.36 (d, J¼ 7.5 Hz, 1H), 8.26 (d, J¼ 8.0 Hz, 1H), 8.16 (d, J
¼ 8.0 Hz, 2H), 7.94–7.88 (m, 4H), 7.70–7.66 (m, 3H), 7.51–7.48
(m, 3H), 7.44 (t, J ¼ 8.0 Hz, 2H), 7.31 (t, J ¼ 8.0 Hz, 2H).

13C NMR (126 MHz, CDCl3) d ¼ 165.56, 163.96, 150.26,
143.56, 141.39, 140.80, 138.82, 137.62, 137.38, 130.66, 129.78,
128.74, 127.47, 126.44, 126.05, 125.92, 124.37, 123.53, 123.41,
120.37, 120.10, 109.81.

TOF-EI-MS (m/z): 464.1648 [M]+. Anal. calcd for C31H20N4O:
C, 80.15; H, 4.34; N, 12.06. Found: C, 80.21; H, 4.30; N, 12.12.

The 1H NMR and 13C NMR spectra of the compounds are
shown as Fig. S3–S8 in the ESI.†

Results and discussion
Thermal prorerties

Thermal properties of the two materials were investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) and the data are summarized in Table 1. The
two compounds exhibit high thermal decomposition tempera-
tures (Td, corresponding to a 5% weight loss) over 380 �C
(Fig. S1†). And as shown in Fig. 1, the glass transition temper-
atures (Tg) for PyOxd-mCz and PyOxd-pCz are 90 �C and 98 �C,
respectively, which are at least 30 �C higher than that of tradi-
tional host material of mCP (Tg ¼ 60 �C). Such high decompo-
sition temperatures and glass transition temperatures will
denitely benet the performances of the emitting devices.
RSC Adv., 2019, 9, 32010–32016 | 32011
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Scheme 1 Chemical structures and synthetic routes of PyOxd-mCz and PyOxd-pCz.

Fig. 1 DSC traces (in the second heating cycle) of PyOxd-mCz and
PyOxd-pCz recorded at a heating rate of 10 �Cmin�1 under a nitrogen
atmosphere.
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Photophysical properties

Fig. 2 shows the UV-vis absorption, uorescence spectra in
dilute dichloromethane solutions at 293 K and the LT PL
spectra measured in a frozen 2-methyltetrahydrofuran (2-Me-
THF) matrix at 77 K of PyOxd-mCz and PyOxd-pCz. The UV/
Vis spectra of both PyOxd-mCz and PyOxd-pCz include three
main absorption at the wavelength of 243 nm, 293 nm and
340 nm, corresponding to the transitions of phenyl, carbazole-
centered n–p* transition and p–p* transitions of extended p

conjunction between the carbazole unit and the central phenyl,
respectively.30 The 340 nm attribution can be veried by the fact
that the absorption of 340 nm for PyOxd-pCz is stronger than
that of PyOxd-mCz, because the former with less space hinder
has longer conjunction line which leads to stronger extendedp–

p* transition and absorption.
Upon optical excitation at the absorption maxima, PyOxd-

mCz and PyOxd-pCz emit purple-blue uorescence with emis-
sion peaks at 435 nm and 441 nm, respectively. The small red
shi of 6 nm from PyOxd-mCz to PyOxd-pCz is understandable
since the reduced steric hindrance and less twisted molecular
backbone for PyOxd-pCz will denitely lead to lower-energy S1
excited state. The low-temperature photoluminescence (LT PL)
spectra were measured in the frozen 2-methyltetrahydrofuran
glass at 77 K. The triplet energies are estimated from the
highest-energy vibronic sub-band of the phosphorescence
spectra as ca. 2.77 eV and 2.60 eV for PyOxd-mCz and PyOxd-
pCz, respectively. It is obvious that the ET of PyOxd-mCz is
higher than that of PyOxd-pCz. This can be explained that the
less twisted PyOxd-pCz has longer conjugation and thus the
Table 1 Physical properties of PyOxd-mCz and PyOxd-pCz

Compound Abs lmax
a (nm) PL lmax

a (nm) ET
b (eV)

PyOxd-mCz 243, 293, 340 435 2.77
PyOxd-pCz 243, 293, 340 441 2.60

a Absorption and uorescence wavelengths in dilute dichloromethan
electrochemical potentials. d Td is the thermal decomposition temperatur

32012 | RSC Adv., 2019, 9, 32010–32016
lower triplet excited state compared with more steric PyOxd-
mCz. Their ET are both high enough for the typical green
emitter Ir(ppy)3 (ET ¼ 2.37 eV, corresponding to an emission
peak at 524 nm),31 but PyOxd-mCz is more appropriate to be the
host for traditional blue emitter FIrpic (ET ¼ 2.63 eV, corre-
sponding to an emission peak at 472 nm).32,33

Electrochemical properties and theoretical calculations

To investigate the electrochemical properties of the two
compounds, cyclic voltammetry (CV) had been performed by
using a three-electrode cell setup with 0.1 M n-Bu4NPF6 as the
supporting electrolyte and saturated calomel electrode (SCE) as
Eg
c (eV) LUMO (eV) HOMO (eV) Td

d (�C) Tg (�C)

3.04 �5.64 �2.60 395 90
3.03 �5.63 �2.60 384 98

e solutions. b Measured in 2-Me-THF at 77 K. c Determined using
e corresponding to 5% weight loss.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 UV-vis absorption, room-temperature photoluminescence (PL) spectra in dilute dichloromethane solutions, and LT PL spectra in frozen
2-methyltetrahydrofuran matrix at 77 K of PyOxd-mCz (a) and PyOxd-pCz (b).
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the internal standard. As shown in Fig. 3, PyOxd-mCz and PyOxd-
pCz both have distinct oxidation and reduction behaviors, which
should arise from the electron-donating carbazole unit and
electron-withdrawing pyridine-oxadiazole unit, respectively.

The HOMO energies are determined from the onset potential
of the rst oxidation wave (Eonsetox ) according to the equation of
EHOMO ¼ �e(Eonsetox + 4.4) as �5.64 eV and �5.63 eV for PyOxd-
mCz and PyOxd-pCz, respectively. The HOMO levels of these
compounds are close to that of the widely used hole transport
material 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC,
�5.60 eV). The LUMO energies are estimated from the half-wave
potentials of the reduction curves to be �2.60 eV for both
PyOxd-mCz and PyOxd-pCz.34 The LUMO energies are close to
the adjacent electron transport layer 1,3,5-tri(m-pyrid-3-yl-
phenyl)benzene (TmPyPb, �2.63 eV) which will lead to less
barrier. Comparing with host materials with one n-type group of
oxadiazole (LUMO, �2.30 eV),7 the two compounds have much
lower LUMO energy which indicates that the directly linking
pyridine unit to oxadiazole effectively pulls down the LUMO
energy of the two hosts. The energy gap (Eg) of PyOxd-mCz and
PyOxd-pCz are determined to be 3.04 eV and 3.03 eV, respec-
tively, by calculating the energy differences between the LUMO
and HOMO.
Fig. 3 Cyclic voltammograms of PyOxd-mCz and PyOxd-pCz. The
measurement of oxidation potentials were performed in CH2Cl2 and
the reduction CV were performed in DMF with 0.1 M nBu4NPF6 as the
supporting electrolyte at a scan rate of 100 mV s–1.

This journal is © The Royal Society of Chemistry 2019
The detailed electrochemical and electronic data of the two
molecules are listed in Table 1.

B3LYP/6-31G calculations were performed to investigate the
inuence of themolecular structure on electronic properties. The
HOMO/LUMO distributions for the two compounds are given in
Fig. 4. Their HOMOs are mainly contributed on the hole-
transporting carbazole moieties and the adjacent benzene,
while the LUMOs are mainly localized on the pyridine and oxa-
diazole moieties and the adjacent benzene. For PyOxd-mCz, its
HOMO and LUMO are completely separated due to larger steric
hindrance of meta-substitution; for PyOxd-pCz, there is a tiny
overlap on the central phenyl between HOMO and LUMO, which
means it has longer p-conjugation that leads to lower ET. The
sufficient spatial separation of the HOMO and LUMO indicates
the bipolar charge transporting feature of the two molecules.
Charge-transporting properties

To evaluate the charge transporting properties of PyOxd-mCz,
PyOxd-pCz, the hole-only devices with the structure of ITO/
HATCN (5 nm)/TAPC (5 nm)/host (100 nm)/TAPC (10 nm)/Al
(150 nm) and electron-only devices with the structure of ITO/
TmPyPB (10 nm)/host (100 nm)/TmPyPB (5 nm)/LiF (1 nm)/Al
(150 nm) were fabricated, respectively. In hole-only devices,
1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HATCN) was
used as a hole-injection layer (HIL), 4,40-cyclohexylidenebis[N,N-
bis(p-tolyl)aniline] (TAPC) was used as hole-transportation layer
(HTL) and TAPC/Al interface was designed to prevent electron
injection due to the large electron barrier of 2.3 eV. In electron-
only devices, a thin layer of TmPyPB was inserted between ITO
anode and the host layer to prevent hole injection due to its deep
HOMO level (�6.68 eV). The current density versus voltage curves
of these single-carrier devices are shown in Fig. 5. Each device
exhibited certain current density, implying that both of the
compounds possess hole-transporting and electron-transporting
abilities, which are the bipolar charge-transporting characters.
PyOxd-pCz has much higher electron current densities (109.9 mA
cm�2 at 15 V) and hole current densities (3.3 mA cm�2 at 30 V)
than those of PyOxd-mCz (0.015mA cm�2 at 15 V for electron and
0.08 mA cm�2 for hole at 30 V). This can be explained by their
different geometrical characteristics. PyOxd-pCz has less twisted
conguration and more coplanar conformation, which probably
RSC Adv., 2019, 9, 32010–32016 | 32013
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Fig. 4 HOMO and LUMO distributions of PyOxd-mCz and PyOxd-pCz.
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leads to intermolecular stacking that are favorable for more rapid
charge transportation. But its electron current densities aremuch
higher than hole current densities which will lead to unbalanced
charge transportation and inferior device performances. For both
PyOxd-mCz and PyOxd-pCz, their electron current densities are
higher than hole current densities indicates that attaching an
extra electron-efficient pyridine to the host can effectively facili-
tate the electron transportation.

EL performance of PHOLEDs

In order to verify the contribution of the double n-type units
strategy of the host materials to device performance, we fabri-
cated FIrpic-based blue electrophosphorescent (EL) devices B1
and B2 with the conguration of ITO/HATCN (50 nm)/TAPC (20
nm)/host: 6 wt% FIrpic (20 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al
(200 nm). In the two devices, TAPC as the hole-transporting
layer (HTL) and TmPyPB as electron-transporting layer (ETL)
and hole-blocking layer (HBL), and HATCN and LiF were used
as hole- and electron-injecting layers, respectively. Chemical
structures of related materials and energy level diagrams of
these devices are shown in Fig. S2.† The current density–
voltage–brightness (J–V–B) characteristics and efficiency curves
Fig. 5 Current density versus voltage curves of the hole-only and electro

32014 | RSC Adv., 2019, 9, 32010–32016
of these devices are shown in Fig. 6. The PyOxd-mCz hosted blue
device B1 achieved a better performance with a turn-on voltage
Von (to deliver a brightness of 1 cd m�2) of 3.5 V, a maximum
brightness of 21 056 cd m�2 at 8.5 V, a maximum current effi-
ciency (hc) of 39.7 cd A�1, a maximum power efficiency (hp) of
25.0 lm W�1 and a maximum external quantum efficiency (hext)
of 20.8% (5 V). The PyOxd-pCz hosted device B2 demonstrated
a relatively moderate device performance with a maximum
brightness of 15 572 cd m�2 (8.5 V), a maximum hc of 28.8 cd
A�1 (corresponding to a peak hext of 14.6% and a maximum hp

of 20.8 lm W�1 at 3.5 V). The reason why the PyOxd-mCz-based
device has much better performances can be elucidated from
the following aspects. First, PyOxd-mCz possesses a high triplet
energy ET (2.77 eV) which is high enough to prevent the adverse
back energy transfer from the guest FIrpic (2.63 eV) to the host
and efficiently connes the excitons in emissive layer (EML) and
guarantees the high efficiencies. Secondly, PyOxd-mCz has
more balanced carrier transporting and thus a wide charge
recombination zone and high efficiency.

PyOxd-mCz and PyOxd-pCz were also used as hosts to fabri-
cate green phosphorescent devices G1 and G2. The green devices
had the same conguration as the above blue ones but with
n-only devices for the compounds PyOxd-mCz (a) and PyOxd-pCz (b).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Current density–voltage–brightness characteristics and efficiency curves for FIrpic-based blue PhOLEDs B1 and B2 (a and b) and for
Ir(ppy)3-based green PhOLEDs G1 and G2 (c and d).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 8
:5

1:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
10 wt% Ir(ppy)3 instead of FIrpic doped in the hosts as the
emitting layers. The J-V-L characteristics and efficiency curves
were shown in Fig. 6. Both PyOxd-mCz and PyOxd-pCz hosted
devices G1 and G2 showed moderate performances, with
a maximum brightness of 130 180 cd m�2 at 9 V, a maximum
current efficiency (hc) of 55.2 cd A�1 (6 V), a maximum power
efficiency (hp) of 29.8 lm W�1 (5.5 V), and a maximum external
quantum efficiency (hext) of 16.4% (6 V) for device G1, and 78 909
cd m�2, 36.5 cd A�1, 23.0 lm W�1, and 10.6% for device G2,
respectively. Similar to the case in blue devices, PyOxd-mCz based
device has better performances than those of PyOxd-pCz based
device. PyOxd-pCz also has enough high ET (2.60 eV) which can
effectively prevent reverse energy transfer from dopant Ir(ppy)3
(ET ¼ 2.37 eV) to host as PyOxd-mCz does so the main reason can
explain the inferior performances of PyOxd-pCz-hosted green
device is the unbalanced electron and hole transportation which
leads to narrow recombination zone where triplet–triplet anni-
hilation and exciton-polaron annihilation are easier to take place
and eventually leads to lower power efficiency.
Table 2 Electroluminescence characteristics of blue and green OLEDs

Von (V) Lmax (cd m�2)

EQE (%)

Max. 1000 cd m�2

B1 3.5 21 056 20.8 20.6
B2 3.0 15 572 14.6 14.1
G1 3.8 130 180 16.4 15.1
G2 3.6 78 909 10.6 10.4

This journal is © The Royal Society of Chemistry 2019
The OLEDS performances are summarized in Table 2.
From Table 2, we can see that PyOxd-mCz-hosted devices has

lower roll-off than PyOxd-pCz-hosted devices. For example, at
a practical brightness of 1000 cd m�2, EQE of PyOxd-mCz based
device B1 still remains 20.6%, which corresponds to a reduce of
0.9% from the maximum values. But for PyOxd-mCz based
device B2, EQE is 14.1% and equals to 3.4% roll-off at 1000 cd
m�2. There is also an interesting phenomenon as analyzing the
performances of the four OLED, that is the blue OLEDs has
higher EQE than green OLEDs which is contrary to the previous
reports. It can be explained by the two facts. Firstly green
emitter Ir(ppy)3 has longer lifetime of 1.9 ms (ref. 35) than FIrpic
(s ¼ 1.1 ms),36 which will lead to higher possibility of triplet–
triplet annihilation (TTA) and lower efficiency. Secondly there
are two requirements for efficient energy transfer from host to
guest: one is the overlap between the absorption spectra of
guests and the emission spectra of the hosts, which is satised
for both (see Fig. S9†); the other is the energy overlap between
the hosts and the guests.37,38 From Fig. S2† we can see that
hc (cd A�1)

10 000 cd m�2 Max. 1000 cd m�2
10 000
cd m�2

12.4 39.7 39.3 23.6
6.3 28.8 28.0 12.5

15.4 55.2 50.5 52.0
9.48 36.5 36.5 32.6

RSC Adv., 2019, 9, 32010–32016 | 32015
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FIrpic (LUMO/HOMO: �2.8 eV/�5.6 eV) has more energy over-
lap with the two hosts (�2.6 eV/�5.6 eV) than Ir(ppy)3 (�3.0 eV/
�5.4 eV) does and thus leads to more efficient energy transfer
and better device performances.
Conclusion

Two bipolar host materials, namely PyOxd-mCz and PyOxd-pCz,
have been designed and developed for application in blue and
green PhOLEDs. Electron transportation can be effectively
improved for both of the two compounds by adjusting the ratio
of n-type groups to p-type groups from 1 : 1 to 2 : 1. With more
twisted conguration by meta-position substitution of carba-
zole, PyOxd-mCz has higher ET (2.77 eV) and more balanced
charge transportation. PyOxd-mCz hosted blue device shows
excellent performances with maximum EQE, CE and PE of
20.84%, 39.7 cd A�1, 25.0 lm W�1.
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