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Stable and efficient phosphorescent organic light-
emitting device utilizing a d-carboline-containing
host displaying thermally activated delayed
fluorescence†

Hui Wang,a Hongyu Zhao,b Chunxiu Zang,a Shihao Liu, a Letian Zhang*a and
Wenfa Xie *a

Materials displaying thermally activated delayed fluorescence (TADF) can when used as hosts alleviate

the serious efficiency roll-off of phosphorescent organic light-emitting devices (PHOLEDs). However,

the stability of the device remains challenging due to the unstable moiety in the TADF molecule. Here, a

stable and efficient yellow PHOLED based on a d-carboline-containing TADF host and bis(4-phenyl-

thieno[3,2-c]pyridinato-C20) (acetylacetonato) iridium(III) (PO-01) guest was demonstrated. Compared to

the lifetime of the PHOLED with a 4,40-bis(N-carbazolyl)-2,20-biphenyl host, a greater than twenty times

enhancement of the lifetime of the PO-01-based device was achieved. The LT50 lifetime (time to 50%

of initial luminance of 1000 cd m�2) of an unpackaged DCb-BPP-based PHOLED reached 424 h, and

was accompanied by a maximum external quantum efficiency of 21.5% and an impressive low efficiency

roll-off of 17.7% at a high luminance of 10 000 cd m�2. These values are among the best of those

reported for PO-01-based yellow PHOLEDs.

Introduction

Over the past three decades, organic light-emitting devices
(OLEDs) have made great progress.1–10 In particular, OLEDs
based on materials displaying phosphorescence and thermally
activated delayed fluorescence (TADF) can theoretically achieve
100% internal quantum efficiency.11–16 However, both phos-
phorescent OLEDs (PHOLEDs) and TADF OLEDs suffer from
serious efficiency roll-off issues.17–20 The efficiency roll-off
levels of PHOLEDs employing TADF materials as hosts can
be greatly alleviated, because the occurrence of the reverse
intersystem crossing (RISC) process can prevent triplet-related
annihilations from occurring to some extent.21–24

TADF-based OLEDs do, however, consistently show the
disadvantage of poor stability due to unstable moiety in the
TADF molecule. For example, the LT50 (time to 50% of an
initial luminance of 1000 cd m�2) values of TADF-emitter
devices have been observed to be 0.1 h for 9,9-dimethyl-
9,10-dihydroacridine-2,4,6-triphenyl-1,3,5-triazine, 0.7 h for

10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl) phenyl)-3-phenyl-3,10-dihydro-
pyrrolo[3,2-a]carbazole,25 and o4 h for bis(4-(9,9-dimethyl-acridin-
10(9H)-yl)phenyl)methanone.26 Poor operational lifetimes of TADF-
hosted PHOLEDs have also been noted, with LT50 values of 7 h and
o2000 h for encapsulated PHOLEDs with 2-phenoxy-4,6-bis(12-
phenylindolo[2,3-a]carbazole-11-yl)-1,3,5-triazine and 2-benzene-
cyano-4,6-bis(12-phenylindolo[2,3-a]carbazole-11-yl)-1,3,5-triazine
hosts, respectively.27 Most TADF materials are made with donor
(D) and acceptor (A) species designed to separate the highest
occupied molecular orbital (HOMO) from the lowest unoccupied
molecular orbital (LUMO). For example, 10,100-[5-(6-[1,10-biphenyl]-
4-yl-2-phenyl-4-pyrimidinyl)-1,3-phenylene]bis[9,10-dihydro-9,9-
dimethyl-acridine] (DMAC-BPP) forms a D–A–D structure, using
two acridine-type donor moieties connected by a phenyl group
and a pyrimidine.28 The acridine moiety is a strong electron
donor, and is oxidized easily when the molecule is transporting
holes; and consequently, the material does not display TADF,
including the RISC process. Therefore, TADF-hosted PHOLEDs
do not display their advantage in efficiency roll-off, and their
practical application is limited by their poor stability. To solve
this problem, developing stable moieties in TADF molecules
with high tolerance to high current density is necessary.

The well-known carbazole moiety is a strong electron
donor.29,30 Carboline derivatives have attributes similar to
those of the carbazole moiety. However, carboline derivatives
are weak donors (when they have a nitrogen heteroatom at the
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a- or d-position) or even acceptors (with a nitrogen heteroatom
at the b- or g-position). The d-carboline displays the strongest
electron donating ability among carbolines, and is suitable as a
designed TADF molecule.30 Moreover, due to an intramolecular
hydrogen bond, the d-carboline moiety is a planar structure,
which improves the conjugation of the molecule. Therefore, the
stability of the d-carboline-containing TADF host and the
corresponding PHOLED is expected to be improved.

In this research, a stable yellow PHOLED with a 5,50-[5-(6-
[1,1 0-biphenyl]-4-yl-2-phenyl-4-pyrimidinyl)-1,3-phenylene]bis-
5H-pyrido[3,2-b]indole (DCb-BPP) host was demonstrated. For
comparison, the yellow PHOLEDs with a DMAC-BPP TADF
host and traditional 4,4 0-bis(N-carbazolyl)-2,2 0-biphenyl (CBP)
host were also prepared. Compared to DMAC-BPP, with its two
acridines as strong electron donors, the DCb-BPP used
includes two d-carbolines as weak electron donors. All of the
PHOLEDs show high external quantum efficiency levels, of
around 20%. And the PHOLEDs with a TADF-displaying host
present a lower efficiency roll-off. More importantly, the
stability of the DCb-BPP-based PHOLED is significantly better
than those of the other tested PHOLEDs. From an initial
brightness of 1000 cd m�2, the unpackaged DCb-BPP-based
PHOLED has a lifetime of 424 h, twenty times those of DMAC-
BPP-based and CBP-based PHOLEDs.

Results and discussion
Electrochemical and thermal properties

In order to investigate the influence that d-carboline has on the
energy levels, the electrochemical properties of the TADF
materials DCb-BPP and DMAC-BPP were evaluated using cyclic
voltammetry (CV), where the potentials were calibrated against
a ferrocenium/ferrocene (Fc+/Fc) redox couple, as shown in the
inset in Fig. 1. The HOMO and LUMO energy levels were then
estimated using the onset potentials of the oxidation and
reduction, respectively. The HOMO/LUMO energy levels of
DCb-BPP were in this way determined to be �5.90/�2.73 eV,
while those of DMAC-BPP were found to be �5.38/�2.46 eV.

The thermal stability of DCb-BPP was assessed by performing
thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under a nitrogen atmosphere. As shown in
Fig. 1, DCb-BPP exhibits superior thermal stability with a high
decomposition temperature (Td) of 514 1C and a high glass

transition temperature (Tg) of 173 1C. In contrast, the Tg and Td

values of DMAC-BPP were measured to be 220 and 419 1C,
respectively. Therefore, DCb-BPP was clearly found to be more
stable than DMAC-BPP, which can be attributed to the hydrogen
bonding of d-carboline,29 as shown in Scheme 1 (inset).

Optical properties

Fig. 2a shows the acquired absorption and photoluminescence
(PL) spectra of DCb-BPP. The DCb-BPP sample exhibits strong
absorption in the range of 250 to 350 nm. As shown in Fig. 2a,
the fluorescence spectrum of DCb-BPP at room temperature
shows a peak at 452 nm displaying a typical Gaussian distribu-
tion curve and a large full width at half maximum (FWHM) of
70 nm, while the low-temperature fluorescence spectrum of
DCb-BPP shows three peaks: a fluorescence emission at 407 nm
and phosphorescence signals at 488 and 520 nm. Quite an
overlap was observed between the signals of the 77 K phos-
phorescence spectrum and 300 K fluorescence spectrum. From
the peaks of the 77 K-phosphorescence spectrum and 300 K
fluorescence spectrum, the energy levels of the singlet and
triplet states of DCb-BPP were determined to be 2.74 and
2.54 eV, respectively. This result indicates a DEST value of only
0.20 eV and relatively high similarity between the triplet energy
level of DCb-BPP and that of its singlet energy level. DCb-BPP
was concluded from these results to have the potential to be a
TADF material. Compared with the bluish-green-light-emitting
TADF material DMAC-BPP, DCb-BPP shows blue-shifted fluores-
cence emission, attributed to its electron-deficient d-carboline
moiety.

The transient fluorescence characteristics of the PMMA:
0.1 wt% DCb-BPP film were also investigated at room tempera-
ture to prove the occurrence of the TADF process. As shown in
Fig. 2b (inset), the data for the very initial decay was fitted with
a single-exponential function with a lifetime of 3 ns. This rapid
initial decay may be due to the planar d-carboline with high
rigidity having improved the molecular conjugation, increasing

Fig. 1 TGA, DSC (left inset), and CV (right inset) curves of DCb-BPP and
DMAC-BPP.

Scheme 1 Synthetic route to DCb-BPP and DMAC-BPP. Inset: Possible
intramolecular hydrogen bond existing in DCb-BPP.
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the intensity of the fluorescence emission. As shown in Fig. 2b,
the delayed emission shows a lifetime of 2.1 ms. As shown in
Fig. S1 (ESI†), the delayed emission at 1 ms is red-shifted
compared with the initial emission at 10 ns. All of these results
provided strong evidence of the TADF characteristics of DCb-
BPP.

Single-carrier devices

To evaluate the hole and electron transport properties of the
host materials, a hole-only single carrier device with an ITO/
MoO3 (2 nm)/TcTa (5 nm)/host material (100 nm)/TcTa (5 nm)/
MoO3 (2 nm)/Ag (120 nm) structure and electron-only device
with a similar structure, specifically ITO/LiF (2 nm)/TmPyPB
(5 nm)/host material (100 nm)/TmPyPB (5 nm)/LiF (2 nm)/Mg :
Ag (12 : 1, 120 nm), were fabricated. TcTa with MoO3 and
TmPyPB with LiF were used to block the electrons and holes
injected from the cathode and anode, respectively. Besides
DCb-BPP, three other host materials, namely CBP, DMAC-BPP
and TcTa:45wt% DCb-BPP, were also investigated for comparison.
The acquired current density–voltage curves of these single-carrier
devices are shown in Fig. 3. Compared to CBP and DMAC-BPP,
DCb-BPP was found to much more easily transport electrons.
However, the hole transport ability of DCb-BPP was still far worse

than its electron transport ability. Therefore, we doped TcTa into
DCb-BPP in order to balance the transport of carriers. As clearly
seen in Fig. 3d, TcTa:45% DCb-BPP showed a more balanced
transport ability than did the other host materials, as its electron-
only current density was nearly identical to its hole-only current
density.

Performances of the PHOLEDs

To prove the advantage of the stable TADF materials, OLEDs
employing DCb-BPP as a host were fabricated and their perfor-
mances were studied. Here, the device structure was ITO/MoO3

(3 nm)/TAPC (30 nm)/TcTa (5 nm)/host: 5 wt% PO-01 (20 nm)/
TmPyPB (50 nm)/LiF (0.5 nm)/Mg : Ag (12 : 1, 120 nm). For
comparison, the four hosts CBP, DMAC-BPP, DCb-BPP and
TcTa:45 wt% DCb-BPP were used, and the corresponding
OLEDs were marked as Devices 1–4, respectively. MoO3, TAPC,
TcTa, TmPyPB, and LiF acted as, respectively, the hole-injecting
layer, hole-transporting layer, electron-blocking layer, electron-
transporting layer, and electron-injecting layer in these devices.

A shown in Fig. 4a, the HOMO of PO-01 was determined to
be deeper than those of the above-described four host materials,
so PO-01 would trap the holes at the TcTa/EML interface.
In Device 1, the classical host material CBP was better at trans-
porting holes than at transporting electrons, which causes Device
1 needs a high driving voltage. In Device 2, there was a barrier of
0.24 eV between DMAC-BPP and TmPyPB, but no barrier between
PO-01 and TmPyPB. Thus, PO-01 could promote injection of
electrons, and then transfer them to the host. As a result, the
turn-on voltage of Device 2 was lower than that of Device 1.
In Device 3, the LUMO of DCb-BPP was determined to be almost
the same as that of TmPyPB and slightly lower than that of PO-01.
Most of the electrons were transferred onto DCb-BPP, and then
recombined with holes trapped by PO-01 at the interface. All of
these results were reflected in the voltage–current density curves,
shown in Fig. 4b. Besides the suitable energy level, the high
electron-mobility of DCb-BPP was helpful for decreasing the

Fig. 2 (a) UV-vis absorption and fluorescence spectra at 300 K, and
fluorescence and phosphorescence PL spectra at 77 K of DCb-BPP.
(b) Transient decay spectra of a PMMA:0.1 wt% DCb-BPP film showing
(inset) initial lifetime and delayed lifetime.

Fig. 3 The current density–voltage curves of electron-only and hole-
only devices for (a) CBP, (b) DMAC-BPP, (c) DCb-BPP, and (d) TcTa:45 wt%
DCb-BPP. (Insets) The molecular structures of the host materials.

Fig. 4 (a) Energy levels of the tested materials. (b) Current density–
voltage and brightness–voltage curves of the tested devices. (c) Electro-
luminescence (EL) spectra of the tested PHOLEDs. (d) Brightness–effi-
ciency curves of Devices 1–4.
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turn-on voltage in Device 3. As a result, the efficiency of Device 3
was still very high. However, such an unbalanced transport ability
usually leads a narrow recombination region. This characteristic
was confirmed according to the transient EL response of Device 3
as shown in Fig. S2 (ESI†). Even so, the efficiency roll-off of Device
3 (B1/2 = 52 000 cd m�2, with B1/2 defined as the brightness
observed when the efficiency dropped to half of the maximum
value of the external quantum efficiency) was still better than that
of Device 1 (B1/2 = 37 000 cd m�2), which may have been due to the
TADF of DCb-BPP. As for the TADF host, the efficiency roll-off of
Device 2 (B1/2 = 77 000 cd m�2) was the best, but its external
quantum efficiency (EQE) was not the highest (EQE = 19.8%). The
efficiency of Device 3 was still higher than that of Device 2 under
6000 cd m�2. In Device 4, the doped TcTa was beneficial in that it
improved the carrier balance in the emitting layer so that the
recombination region became much wider. In addition, the TADF
of DCb-BPP of the host mixture was still able to alleviate the
efficiency roll-off caused by triplet-related annihilations. As a
consequence, compared with the turn-on voltage of Device 3, that
of Device 4 was slightly greater, but its efficiency roll-off was still
much better (B1/2 = 72 000 cd m�2), due to the improvement of
carrier balance. Because of the low turn-on voltage, Device 3 and
Device 4 achieved high maximum power efficiency (PE) values of
70 lm W�1 and 74 lm W�1, as shown in Fig. 4b. However,
the maximum PE of Device 2 was only 52 lm W�1 due to the
high turn-on voltage (VON = 2.85 V). The detailed performance
measures of the devices are summarized in Table 1.

As can be seen in Fig. 4c, compared with the peak in the
electroluminescence spectrum of Device 1, a 4 nm red-shift of
the peak was discerned for Device 2. This shift was caused by
the polarity of the TADF material with a D–A structure. At the
same time, the red-shifts for Device 3 and Device 4 were each
only 1 nm. This smaller red-shift was related to the molecular
mass of DCb-BPP (MDCb-BPP = 680) being smaller than that of
DMAC-BPP (MDMAC-BPP = 762). In general, a host with a smaller
molecular mass could more effectively impede the rotation of a
guest molecule, decreasing the red-shift.31

Simulation of annihilation in PHOLEDs

To investigate the effect of the annihilation process, which
mainly involved triplet–triplet annihilation (TTA) and triplet-
polaron annihilation (TPA), on the efficiency roll-off levels of
the PHOLEDs, we simulated the contribution of the TTA and
TPA to the efficiency loss of each PHOLED by solving the rate
equations for the triplet and polaron density.32 As is shown in

Fig. 5a, the efficiency loss of the DCb-BPP-based Device 3 was
calculated to have been mainly caused by TPA. This result
might be attributed to the asymmetric carrier transport ability
of DCb-BPP. A decreased TPA was calculated for Device 4,
compared to that of Device 3. This decease can be attributed
to its balanced carrier transport properties. However, a more
serious TTA was indicated for Device 4, and this result might be
attributed to its higher triplet density. As shown in Fig. S3(c)
(ESI†), Device 4 displays a higher Nt/Np than Device 3, so that
more triplets are formed in Device 4.

Stability levels of the devices

To assess the stability of the PHOLED based on the DCb-BPP
host, we determined the operational lifetimes of the four
devices under a constant current in atmospheric conditions
(Fig. 6a). The experimental conditions were a temperature of
300 K and a 40% relative humidity of the air. Compared to the
other three PHOLEDs, Device 3 shows a more than twenty times
greater LT50 lifetime, of 424 h. The extended LT50 lifetime of
Device 3 can be mainly attributed to the planar structure and
weak electron-donating properties of the d-carboline group,
which improve molecular conjugation and reduce the likelihood
of oxidation occurring. At the same time, the short initial
lifetime (t0) led to efficient Förster resonance energy transfer,
further decreasing the amount of time an exciton stays on the
host. Thus, DCb-BPP remains excited for a shorter time. Besides
this, compared with the HOMO/LUMO levels of CBP and DMAC-
BPP, those of DCb-BPP are more suitable for TcTa and TmPyPB,
leading to a shorter barrier in Device 3. In Device 1, hole-trapping
on PO-01 and electron-transporting on CBP consume energy
during carrier transport. In Device 2, there is a barrier between
DMAC-BPP and TmPyPB, which improves the driving voltage and
wastes energy. The wasted energy is eventually converted into heat,
which is harmful to the stability of the devices. The luminances of

Table 1 Performances of the PHOLEDs

Von/V Lmax/cd m�2 EQEmax/a/b/c/% J1/2/mA cm�2 B1/2/cd m�2

Device 1 2.97 110 000 22.9/21.9/17.6/4.8 108 37 000
Device 2 2.85 116 000 19.8/19.7/17.9/8.2 256 77 000
Device 3 2.37 120 000 21.5/20.6/17.7/6.3 162 52 000
Device 4 2.56 174 000 24.5/24.2/20.8/10.2 188 72 000

Abbreviation: Von: turn-on voltage. Lmax: maximum luminance. EQE: external quantum efficiency. max/a/b/c: recorded at max luminance,
1000 cd m�2, 10 000 cd m�2, and 100 000 cd m�2. J1/2 (B1/2): the current density (brightness) at which the quantum efficiency drops to half of
the maximum value.

Fig. 5 Simulated IQE, TTA, TPA, triplet density (Nt), and polaron density
(Np) plotted against current density for (a) Device 3 and (b) Device 4.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
3 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 5
/7

/2
02

5 
8:

20
:2

6 
A

M
. 

View Article Online

https://doi.org/10.1039/C9TC06601B


3804 | J. Mater. Chem. C, 2020, 8, 3800--3806 This journal is©The Royal Society of Chemistry 2020

Device 2 (LT50 = 17 h) and Device 4 (LT50 = 12 h) were also seen to
decrease very rapidly after 7 h, indicating that the degradation of
the devices was not only caused by water and oxygen. Thus, we
made a simple package for Device 2 and for Device 3, as shown in
Fig. S4(a) (ESI†). After being packed, the LT50 of Device 2 increased
by 35% and that of Device 3 increased by nearly 100%. The
package did not make much difference for Device 2. Here, the
intrinsic degradation of the host itself is apparently much faster
than the erosion caused by water and oxygen from the environ-
ment. The lifetime of the device is more primarily determined by
the stability levels of the materials. Although Device 4 shows the
highest efficiency and lowest efficiency roll-off, the stability of TcTa
did not lead to a long operational lifetime, which has been proved
that the TcTa-related interface exciplex is much more stable than
the TcTa-related bulk exciplex.33–35 When we selected CBP as the
co-host with DCb-BPP, an LT50 of 271 h was achieved, which
proves the stability of DCb-BPP, as shown in Fig. S4(b) (ESI†).

Impedance spectroscopy (IS) data of the devices at various
modulation frequencies were collected using a small modula-
tion of the signal (Vrms = 100 mV). The IS results revealed the
degradation mechanism of devices to some degree. The aging
process involved stressing the devices under 5 V for 12 h. Except
for the emission layer (EML), the structures of these devices
were the same. We acquired IS data from these devices both
before and after applying stress. The Cole–Cole plot of the
impedance of each device is shown in Fig. 6b and the detailed
results are summarized in Table 2. At high frequency, the
impedance (Z) of the device was approximately equal to the
contact resistance (Rs). As shown in Table 2, the Rs values were
almost equal. At low frequency, Z E Rs + Rj, where Rj could
reflect the carrier transport properties in the OLEDs.36 The
large changes in Rj (DRj) of Device 2 and Device 4 indicate
the significant change in the electrical properties of the aged

DMAC-BPP and aged TcTa molecules. Device 3 shows the
lowest DRj value, providing further evidence for the electrical
stability of DCb-BPP.

To further assess the stability, or lack thereof, of the
acridine-based molecules, we acquired transient decay spectra
of the undoped devices before and after applying stress. Here,
the device structure was ITO/MoO3 (3 nm)/TAPC (30 nm)/TcTa
(5 nm)/host (20 nm)/TmPyPB (50 nm)/LiF (0.5 nm)/Mg:Ag
(120 nm), and the host materials were DCb-BPP, DMAC-BPP,
DMAC-BP, and DMAC-DPS, respectively. The aging process
involved stressing the devices under 1.5 mA for 2 h. The
microsecond level decay represented the delayed emission of
TADF. As shown in Fig. 6c, there was almost no difference
between the results obtained before and after application of
stress for DCb-BPP, but the TADF of DMAC-BPP decreased
obviously. DMAC-BP and DMAC-DPS displayed the same
phenomena, as shown in Fig. S5 (ESI†).

Conclusion

A stable and efficient phosphorescent organic light-emitting
device utilizing a d-carboline-containing TADF-displaying host
was demonstrated. The PHOLED based on a DCb-BPP host not
only achieved high efficiency and low efficiency roll-off, but also
a long operational lifetime. We attributed the enhancement of
the lifetime to the planar structure and weak electron-donating
property of d-carboline, which improved molecular conjugation
and reduced the likelihood of oxidation occurring. At the same
time, the short initial lifetime and suitable energy levels also
benefited the stability of the DCb-BPP-based PHOLEDs. The design
concept of this stable material displaying TADF provides a promising
method to achieve TADF-based OLEDs featuring high efficiency, low
efficiency roll-off, and long operational lifetime values.

Experimental
Synthesis of 3,5-dibromobenzaldehyde (A)

A suspension of 1,3,5-tribromobenzene (4.0 g, 12.7 mmol) in
anhydrous diethyl ether (100 mL) at �78 1C was treated dropwise
with butyllithium (5.3 mL, 13.5 mmol). After 45 min, dimethyl-
formamide (2.8 g, 38.3 mmol) was added to the mixture, which
was then stirred for a further 1 h. Diluted HCl (40 mL, 2 mol L�1)
was added to the stirred mixture, and then organic phase was
removed, and a brown solid was obtained. The crude product
was recrystallized from diethyl ether/hexane to give needles for
compound 1 (2.4 g, 70%). 3,5-Dibromobenzaldehyde (1), yield
(2.4 g, 70%). 1H NMR: d (CDCl3, ppm): 9.91, s, 1H, CHO, 7.94,
(d, 2H, Ar-H), 7.92, (t, 1H, Ar-H).

Fig. 6 (a) Luminance as a function of time for each device in the air
without any protection, L0 = 1000 cd m�2. Inset: The changes in voltage
relative to the initial value with time. (b) Cole–Cole plot of the impedance
from the integrated OLED before (solid line) and after (dotted line with
symbols) aging. Inset: The equivalent OLED circuit. (c) Transient decay
spectra of undoped devices with DCb-BPP and DMAC-BPP EMLs both
before and after stress was applied.

Table 2 IS test data of D1–D4

LT50/h Rs/O Rj/O Aged-Rj/O DRj/O

Device 1 21 50 356 642 286
Device 2 17 50 335 1505 1170
Device 3 424 51 248 328 80
Device 4 12 50 204 1091 887
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Synthesis of 2-propen-1-one,1-[1,10-biphenyl]-4-yl-3-(3,5-dibromo-
phenyl) (C)

Into 1300 mL of ethanol, 50.8 g (192 mmol) of 3,5-dibromo-
benzaldehyde and 37.8 g (192 mmol) of 4-acetylbiphenyl were
added. The mixture was stirred at room temperature and then
an aqueous solution of 14.2 g (356 mmol) of sodium hydroxide
in 70 mL of water was gradually dropped into the reaction
solution. After stirring for 2 h at room temperature, the reaction
solution was allowed to stand overnight. The precipitate was
collected by performing filtration, dispersed in water and then
in ethanol for washing, and afterwards vacuum dried to obtain
82.9 g (99% yield) of the desired chalcone compound as a pale
yellow solid. 1H NMR: d (CDCl3, ppm): 8.10–8.12, d, 1H, 8.02–8.04,
(d, J = 1.6 Hz, 2H, Ar-H), 7.62–7.75, (m, 8H), 7.25–7.58 (m, 4H).

Synthesis of pyrimidine, 4-[1,1 0-biphenyl]-4-yl-6-(3,5-dibromo-
phenyl)-2-phenyl (E)

Into 1000 mL ethanol, 82.8 g (187 mmol) of compound C and
30.2 g (192 mmol) of benzamidine hydrochloride (D) were
added. The mixture was stirred at room temperature and then
an aqueous solution of 15.2 g (374 mmol) of sodium hydroxide in
70 mL of water was gradually dropped into the reaction solution.
After stirring for 8 h at room temperature, the reaction solution
was allowed to stand overnight. The precipitate was collected by
filtration, dispersed in water and then ethanol for washing, and
vacuum dried, to obtain 46.9 g (55% yield) of the aimed chalcone
compound as a pale white solid. 1H NMR: d (CDCl3, ppm): 8.72–
8.73, d, 2H, 8.36–8.44, (d, 4H), 8.01–8.04, (d, 1H), 7.98 (s, 1H),
7.79–7.84 (m, 3H), 7.69–7.71 (m, 3H), 7.26–7.57 (m, 12H).

Synthesis of DCb-BPP. 5,50-[5-(6-[1,1 0-biphenyl]-4-yl-2-phenyl-4-
pyrimidinyl)-1,3-phenylene]bis-5H-pyrido[3,2-b]indole

Into a 1000 mL flask, 46.2 g (85.2 mmol) of compound E, 34.2 g
(204 mmol) of 5H-pyrido[3,2-b]indole, 1.6 g (8.5 mmol) of CuI
and 54.3 g (256 mmol) of K3PO4 were added. After replacing
the inner atmosphere with Ar gas, a volume of 300 mL of dry
1,4-dioxane was added into the flask. The temperature was
raised to 70 1C and the contents were stirred. To the reaction
liquid was added 1.9 g (17.4 mmol) of trans-1,2-cyclohexane-
diamine, and the resulting mixture was heated at the reflux
temperature for 24 h. The resulting reaction liquid was concen-
trated, the precipitated solid was dissolved in toluene, and the
insolubles were removed using filtration. The collected filtrate
was concentrated under pressure. The precipitated solid was
recrystallized twice from toluene, and a mass of 40 g (70% yield)
of yellow solid was obtained. 1H NMR: d (CDCl3, ppm): 8.70,
(d, 2H,), 8.58, (s, 2H), 8.41 (d, 2H), 8.13 (s, 1H), 7.75 (d, 2H), 7.71
(d, 2H), 7.51 (m, 10H), 6.78–7.21 (m, 10H), 1.71 (s, 12H).

Device fabrication

MoO3 and LiF powder, and small-molecule organic materials
1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC), 4,4 0,400-tris-
(carbazol-9-yl)triphenylamine (TCTA), and 1,3,5-tri(m-pyrid-3-yl-
phenyl)benzene (TmPyPB) were purchased from Luminescence
Technology Corporation, while yellow phosphor iridium(III)

bis(4-phenylthieno[3,2-c]pyridinato-N,C20)acetylacetonate (PO-01)
was obtained from Xi’an p-OLED. In the work described in this
paper, all of the devices were fabricated on ITO-coated glass
substrates. Before depositing the function film, the substrates
were cleaned. First, the substrates were rinsed with Decon 90,
swelled with deionized water, put in deionized water cleaning for
ultrasonic cleaning three times, each time for 5 min, dried in an
oven at 120 1C for 10 min, and finally processed in a plasma
cleaner chamber (PDC-32G, Harrick) for 5 min. At last, organic
layers and cathode materials were deposited on the substrates
sequentially under vacuum of 5.0� 10�4 Pa. The deposition rates
for MoO3, the organic layer and LiF were 0.2–0.5 Å s�1, 1–2 Å s�1,
and 0.1–0.3 Å s�1, respectively. The metal electrode was evapo-
rated at a rate of 1.5–2.0 Å s�1. The cathode was defined using
shadow masks and coated with ITO to make four completely
consistent 10 mm2 devices on every substrate.

Characterization and device measurements

Voltage–current–brightness curves and electroluminescence
spectra of the unprotected devices were acquired using a
Goniophotometric Measurement System based on a spectro-
meter (GP-500, Otsuka Electronics Co. Osaka, Japan) and with a
test condition of being in the air at room temperature simulta-
neously. The PL decay was measured by using an imaging
spectrometer (HORIBA, IHR320, Japan). The operational life-
time was measured by using an OLED aging tester (Shanghai
University, ZJZCL-1, China).
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