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High-Performance Hybrid White OLEDs with Ultra-Stable
Emission Color and Small Efficiency Roll-Off Achieved by
Incorporating a Deep-Blue Fluorescent Neat Film

Zilong Wu, Xiangyu Zhu, Yinghao Li, Hao Chen, Zeyan Zhuang, Pingchuan Shen,
Jiajie Zeng, Jiajin Chi, Dongge Ma, Zujin Zhao,* and Ben Zhong Tang

Organic blue luminescent materials play a vital role in the fabrication of full-
color displays and white lighting devices, but high-efficiency blue emitters
that meet commercial demands are still quite insufficient. Herein, the authors
wish to report the design and synthesis of four bipolar deep-blue luminogens
consisting of an anthracene core and various functional groups. Their photo-
physical properties, electronic structures, electrochemical behavior, thermal
stability, carrier transport ability, and electroluminescence performance are
systematically studied. The nondoped organic light-emitting diode (OLED)
based on DPAC-TAn-BI radiates stable deep-blue light [Commission Interna-
tionale de I’Eclairage (CIE, ) = 0.15, 0.15] with a high external quantum effi-
ciency (7,:) of 5.81%. Moreover, efficient two-color hybrid warm white OLEDs
are achieved using DPAC-TAn-BI neat film as a blue-emitting layer, providing
an excellent 7., of 27.6%, a small efficiency roll-off of 2.9% at 1000 cd m~2,

fast response, and so on,* and have
achieved great progress in the applica-
tions in solid-state lighting sources and
full-color displays. Although certain
OLED products have been commercial-
ized in recent years, there are still some
bottlenecks frustrating their wide-scale
application.®l One of the key problems is
the lack of efficient and robust blue-emit-
ting materials, which play an important
role in the RGB (red, green, and blue) dis-
play system. Blue luminescent materials
with phosphoresce or thermally activated
delayed fluorescence are able to realize
high electroluminescence (EL) efficien-
cies but they have to be doped into suit-

and ultra-stable emission spectra with tiny CIE, , variation of (0.01, 0.01) from
100 to 10 000 cd m~2. These results demonstrate that the deep-blue lumino-
gens are strong candidates for applications in blue and white OLEDs.

1. Introduction

Organic light-emitting diodes (OLEDs) have attracted intense
attention owing to the eminent advantages of high contrast
ratio, flexibility, wide viewing angle, low energy consumption,
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able host materials to alleviate emission
quenching and exciton annihilation.P!
These doped devices not only need com-
plicated fabrication process, but also
suffer from poor stability and severe effi-
ciency roll-off in most cases. Therefore, it
remains a big challenge to develop high-quality blue-emitting
materials.[®!

To explore efficient blue-emitting materials, design lumi-
nescent molecules with conventional fluorescence may be an
effective alternative to obtain high-quality blue emission and
improved stability. Due to the suitable wide band gap, anthra-
cene is often used to construct blue-emitting materials with
good photoluminescence (PL), based on which highly efficient
nondoped deep-blue OLEDs are fabricated.”! For example, Kim
and co-workers reported a novel deep blue emitter based on
anthracene and achieved excellent deep blue emissions with
a low CIE, (CIE; Commission Internationale de I'Eclairage)
value of 0.06 in nondoped OLED.*) Wang and co-workers
reported efficient blue emitters consisting of anthracene and
functional groups of carbazole and benzonitrile, and realized
excellent external quantum efficiency (7.,) values of 10.06%
through triplet-triplet annihilation (TTA) process in nondoped
OLEDs.[®al However, in most cases, the rigid and planar struc-
ture of anthracene easily leads to strong 77— interaction in the
aggregated state, which will result in emission quenching, and
thus decreased EL performances.

In this work, we wish to report the design and synthesis of
four new deep-blue luminogens based on an anthracene core
and various functional groups (Scheme 1). The modification

© 2021 Wiley-VCH GmbH
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Scheme 1. Molecular structures and synthetic routes toward new deep-blue luminogens.

of branched tert-butyl groups on the anthracene core is
expected to weaken intermolecular interactions and improve
the emission efficiency in the aggregated state.®<] Then,
9,10-dihydro-9,9-dimethylacridine (DMAC) and 9,10-dihydro-
9,9-diphenylacridine (DPAC) are introduced to increase hole-
transporting ability of the materials.’) And the methyl and
phenyl groups at the 9,9-positions of acridine can be used to
modulate molecular packing and intermolecular interactions.
In addition, benzoimidazole (BI) and phenanthroimidazole
(PI) are further introduced due to their electron-transporting
ability, which can balance the injection and transport of car-
riers in the devices.'% Although BI and PI are both electron-
transporting groups, the different sizes in the molecular
planes may induce different optoelectronic properties. These
obtained luminogens possess strong deep-blue emissions and
bipolar carrier transport ability. Remarkably, they can function
efficiently in deep-blue OLEDs and can also be used to create
two-color hybrid white OLEDs (WOLEDs)!M with an excel-
lent 7., of 27.6% and ultra-high spectra stability. These new
luminogens are promising deep-blue luminescent materials
for OLED application, and the structure-property relation-
ship gained in this work will be useful for further molecular
design and functional group selection for blue luminescent
materials.
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Figure 1. A) The crystal structure and B) packing pattern of DPAC-TAn-BI.
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2. Results and Discussion
2.1. Synthesis and Structure

The chemical structures and synthetic routes toward the four
new deep-blue luminogens are depicted in Scheme 1. Com-
pounds 1-5 were prepared by the reported methods.’*1012]
DMAC-TAn-BI, DPAC-TAn-BI, DMAC-TAn-PI, and DPAC-
TAn-PI were synthesized by Suzuki couplings of 3a and 3b
with 4 and 5 in good yields. All of these new luminogens were
purified by column chromatography and then recrystallization.
The chemical structures of these luminogens were confirmed
by 'H and C NMR spectra and high-resolution mass spec-
trometry. The detailed procedures and characterization data
are given in Supporting Information. These luminogens have
good solubility in common organic solvents, such as dichlo-
romethane, chloroform, tetrahydrofuran (THF), and toluene.
Single crystals of DPAC-TAn-BI were obtained from the
mixture of dichloromethane/ethanol by slow solvent evapora-
tion. As displayed in Figure 1A, DPAC-TAn-BI adopts a highly
twisted conformation with large dihedral angles of 81.1° and
79.2° between anthracene and the 9,9-positioned phenyl rings.
And the phenyl rings at the 9,9-positions of acridine are also
twisted out of the plane of acridine. Owing to the twisted

Top View
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Figure 2. A) Absorption spectra in THF solutions and B) PL spectra in solid neat films and THF solutions of the new deep-blue luminogens.

conformation and branched tert-butyl groups, DPAC-TAn-BI
molecules are packed loosely in crystals, with long distances
of 5.020 A and 4.940 A between two adjacent planes of planar
anthracene cores, as observed from side view. Moreover, the
two adjacent anthracene cores are barely overlapped from top
view (Figure 1B). These findings suggest that it is quite difficult
for DPAC-TAn-BI to form strong 77 interactions in the aggre-
gated state, which is conducive to achieving high solid-state
emission efficiency.

2.2. Photophysical Properties

DMAC-TAn-BI, DPAC-TAn-BI, DMAC-TAn-PI, and DPAC-
TAn-PI show identical absorption maxima at 394 nm in dilute
THF solutions (10~ m) (Figure 2A), which are ascribed to the
777 transition of the anthracene core.F*>13] Compared within
solutions, these deep-blue luminogens in solid films show
almost the same absorption spectra (Figure S1, Supporting
Information) except for slight red shifts of =5 nm. They can
emit intense deep-blue emissions in both dilute solutions and
solid films (Table 1). The emission peaks in solid films are
at 449458 nm, which are red-shifted =10 nm in compared
with those in THF solutions as well as those in doped films
(441446 nm) (Figure S2, Supporting Information). They have
short fluorescence lifetimes (7) in solid films (1.22-2.85 ns)

and in THF solutions (2.75-3.75 ns). The absolute fluorescence
quantum yield (®p) values of DMAC-TAn-BI, DMAC-TAn-PI,
and DPAC-TAn-PI are 52.7-71.6% in neat films, and 57.9-65.0%
and in doped films with 4,4"-bis(N-carbazolyl)-1,1"-biphenyl
(CBP) as host, measured by a calibrated integrating sphere
(Table 1). Generally, these values are comparable to those in
THF solutions, but DPAC-TAn-BI has a higher ®p value of
71.6% in neat film, probably due to that the more twisted and
branched conformation of DPAC-TAn-BI can better suppress
strong intermolecular interactions in neat film, and the intra-
molecular motion that is vigorous in solution is restricted in
neat films, which is also conducive to enhancing emission
efficiency.

2.3. Theoretical Calculation

To study the electronic structures, time-dependent density
functional theory calculation was carried out with M06-2X/6-
31G* and M06-2X/6-311G* basis set.') As shown in Figure 3,
the optimized structures unvain that these luminogens tend to
adopt a highly distorted conformation, where the acridine and
imidazole are partially distorted out of the anthracene plane.
The torsion angles between the anthracene core and the phenyl
rings at the 9,10-positions are in the range of 48.57-59.09°,
which are smaller than those observed for the crystal structure

Table 1. Photophysical properties, thermal stabilities, and energy levels of the new blue luminogens.

Aaps [nm] Aem [nm] e [%] T [ns] HOMO/LUMO [eV]  T4[°C]
Soln? /neat film®) Soln? /neat film® /doped film®) Soln? /neat film®) /doped film®) Soln? /neat film®)
DMAC-TAn-BI 394/401 439/449/441 64.5/52.7/59.5 3.75/2.85 —5.20/-2.50 446
DPAC-TAn-BI 394/400 439/449 /441 66.8/71.6/57.9 3.21/2.56 —5.35/-2.65 494
DMAC-TAn-PI 394/399 443 /456 /446 68.3/57.3/60.5 2.89/2.26 —5.20/-2.52 460
DPAC-TAN-PI 394/400 442458 /445 70.1/62.3/65.0 2.75/1.22 —5.32/-2.64 501

3In THF solution (10 m); ®Vacuum-deposited neat film; 9Vacuum-deposited doped film with CBP host; 9Absolute fluorescence quantum yield determined by a calibrated
integrating sphere; ©Fluorescence lifetime, measured at room temperature under nitrogen; f)Determined by CV measurement in solutions.
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Figure 3. The optimized structures for the S; states of the new deep-blue luminogens calculated by M06-2X/6-31G* basis set. Natural transition orbital

analysis for the optimized S; states calculated by M06-2X/6-311G* basis set.

of DPAC-TAn-BI. These distorted conformations are helpful to
prevent the close packing of luminogenic molecules and inhibit
the strong intermolecular interaction, which can ensure effi-
cient blue PL emissions in the aggregated state. As shown in
Figure 3, the natural transition orbitals of lowest singlet (S;)
states of these luminogens are focused on the anthracene core,
and the acridine and imidazole groups show little contribu-
tions, indicating the PL emissions are mainly associated with
the locally excited state, and the charge transfer excited state
can hardly occur in these luminogens.

2.4. Electrochemical Behaviors

In order to evaluate the experimental highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels, the electrochemical behaviors of these
deep-blue luminogens were tested by cyclic voltammetry
(CV) (Figure 4). The results show that these luminogens have
partially reversible oxidation and reduction processes.
According to the equations of HOMO = —(E, + 4.8 — Ey ) eV
and LUMO = —(E,. + 4.8 — E.r) eV, where E,, and E, are the
onset oxidation and reduction potentials of these blue lumino-
gens, respectively, E., ¢ and E,g are the onset oxidation and
reduction potentials of Fc/Fc*, respectively, and 4.8 eV is the
hypothetical absolute energy level of Fc/Fc* below vacuum,™
the HOMO energy levels of DMAC-TAn-BI, DPAC-TAn-BI,
DMAC-TAn-PI and DPAC-TAn-PI are calculated to be —5.20,
—5.35, —=5.20 and —5.32 eV, respectively, and the LUMO energy
levels are —2.50, —2.65, —2.52 and —2.64 eV, respectively. It can
be seen that the LUMO energy levels of these luminogens
are higher than that of the electron-transporting material
1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB; -2.7 eV).l0
Therefore, TmPyPB is selected as electron-transporting layer in
this work to ensure efficient electron injection.

Adv. Optical Mater. 2021, 2100298
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2.5. Thermal Stability

To fabricate OLEDs by vacuum deposition technology, the
thermal stabilities of these blue luminogens are very important,
which are examined by the thermogravimetric analysis and
differential scanning calorimetry under nitrogen. As shown
in Figure S3, Supporting Information, DMAC-TAn-BI, DPAC-
TAn-BI, DMAC-TAn-PI and DPAC-TAn-PI have good thermal
stabilities with high decomposition temperatures (Tjs) of 446,
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Figure 4. Cyclic voltammograms of the new deep-blue luminogens meas-
ured in N,N-dimethylformamide (negative) and in dichloromethane (pos-
itive) containing tetra-n-butylammonium hexafluorophosphate (0.1 m).
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494, 460, and 501 °C at 5% loss of initial weight, respectively.
The obviously higher Tys of DPAC-TAn-BI and DPAC-TAn-
PI than DMAC-TAn-BI and DMAC-TAn-PI indicate DPAC is
more favored for improving thermal stability than DMAC. On
the other hand, no obvious glass-transition phenomena are
observed for these luminogens, demonstrating that they can
keep amorphous morphology in a wide range of temperature,
which is beneficial to OLEDs application.

2.6. Nondoped and Doped Blue OLEDs

In view of the high thermal stability and good photophysical
property of these deep-blue luminogens, they were applied as
light-emitting layers for the fabrication of nondoped OLEDs
with a configuration of [TO/1,4,5,8,9,11-hexacarbonitrile
(HATCN) (5 nm)/di-(4-(N,N-ditolyl-amino)-phenyl)cyclohexane
(TAPC) (50 nm)/tris(4-carbazoyl-9-ylphenyl)amine (TCTA)
(5 nm)/emitter (20 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al, in
which HTACN, TAPC, TCTA, and TmPyPB functioned as
hole injection, hole-transporting, exciton-blocking, and elec-
tron-transporting layers, respectively.'®"”] And the selection of
these functional layers was mainly based on the consideration
of matching energy levels of different layers (Figure 5) and
improving comprehensive device performance.”>7418] These
devices can be turned on at a low voltage of 3.0 V, and exhibit
deep-blue lights with peaks at 448-464 nm (Table 2), which
are close to the PL peaks in neat films, indicating the exciton
recombination mainly occurs within the emissive layers and
the EL emissions stem from the decay of singlet excitons. The
nondoped device based on DPAC-TAn-BI offers excellent per-
formances, with small CIE,, values of (0.15, 0.15), and high
maximum luminance (Ly,,), current (7cmax), POWeTr (1p max),
and external quantum efficiencies (7ema) of 2581 cd m=,
6.48 cd A%, 6.78 Im W1, and 5.81%, respectively (Figure 6 and
Table 2). By contrast, the nondoped OLED of DMAC-TAn-BI
shows a lower Tey;max Of 3.17%. Similarly, the device of DPAC-
TAnN-PI Shows a Nex;may Of 4.45%, while the device of DMAC-
TAn-PI gives a lower 7qy max 0f 3.97%. Compared with DMAC,
DPAC has a larger space volume, which can better suppress
intermolecular 77 interactions, and thus result in larger
@ values in neat films of DPAC-TAn-BI and DPAC-TAn-PI
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than DMAC-TAn-BI and DMAC-TAn-PI. In consequence, the
DPAC-TAn-BI and DPAC-TAn-PI exhibit better EL efficiencies.
Notably, the outstanding performance of a 7oy max as high as
5.81% and deep-blue emission (CIE,, = 0.15, 0.15) of the device
based on DPAC-TAn-BI has surpassed those of many conven-
tional nondoped deep-blue fluorescent OLEDs in the literatures
(Table S1, Supporting Information).[8b<19-21]

In order to decipher the working mechanism of the excel-
lent EL efficiency of the nondoped OLED based on DPAC-
TAn-BI, the magneto- EL (MEL) response in DPAC-TAn-BI-
based OLED at different applied voltages and magnetic fields
was investigated. As shown in Figure 6D, the MEL curves are
increased sharply under low applied magnetic fields (0-50 mT)
and decreased slightly under high applied magnetic fields
(50-300 mT). What's more, the curves of MEL are enhanced
along with the increase of voltages. These results indicate a
change in the populations of singlet and triplet excitons, and
according to the previous studies,?? such kind of MEL phe-
nomenon evidences the presence of TTA process, which
accounts for the higher 7ey ma value than the theoretical limit
for common fluorescence material.

Moreover, doped OLEDs are also fabricated using the doped
films of these luminogens in CBP host as light-emitting layers.
The multilayer doped OLEDs have a configuration of ITO/
HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm)/10 wt% emitter:
CBP (20 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al. As shown in
Table 2 and Figure S4, Supporting Information, the doped
devices based on DMAC-TAn-BI, DPAC-TAn-BI, DMAC-TAn-
PI, and DPAC-TAn-PI exhibit blue-shifted EL peaks in the
range of 436446 nm with good 7.,s of 3.89%, 5.03%, 4.22%,
and 4.61%, respectively. The EL performances of DMAC-TAn-
BI, DMAC-TAn-PI and DPAC-TAn-PI are improved, partially
due to the decreased intermolecular interactions and enhanced
®; values in doped films. However, the EL performance of
DPAC-TAn-BI is reduced because of the decreased ®; value.
These doped devices exhibit a low CIE, coordinate of =0.10,
which is beneficial for achieving high-quality deep-blue light.
The EL spectra of the doped devices are blue-shifted relative to
those of nondoped devices because of the bluer PL emissions
in doped films than in neat films. These results reveal that, in
addition to nondoped OLEDs, these new luminogens can also
perform well in doped OLEDs with bluer EL emissions.

NG ON

~

N/ \N
S T OO CL
NC CN ‘
HATCN

TAPC

TCTA

Figure 5. Energy level diagrams of nondoped blue OLEDs based on the new luminogens.
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Table 2. The key data of blue OLEDs based on the new luminogens.
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Emitter®) Von V] Linay [cd m™?] Ncmax [cd A7) Mo, max [IM W] Text,max [%0] CIE (x,y) gt [nm]
Nondoped OLEDs

DMAC-TAn-BI 3.0 1628 3.79 3.23 3.17 (0.16, 0.16) 448
DPAC-TAn-BI 3.0 2581 6.48 6.78 5.81 (0.15, 0.15) 450
DMAC-TAn-PI 3.0 5051 5.64 5.91 3.97 (0.16, 0.19) 454
DPAC-TAn-PI 3.0 2784 6.81 6.29 4.45 (0.15, 0.17) 464
Doped OLEDs

DMAC-TAn-BI 3.0 3624 3.12 2.88 3.89 (0.14, 0.10) 442
DPAC-TAn-BI 3.2 3493 4.53 3.96 5.03 (0.15, 0.10) 446
DMAC-TAn-PI 3.0 6261 3.56 3.29 4.22 (0.15, 0.10) 436
DPAC-TAn-PI 3.0 4552 4.69 3.87 4.61 (0.15,0.12) 446

2 Abbreviation: V,, = turn-on voltage at 1 cd m=%; L, = maximum luminance; 7c ma = maximum current efficiency; 7p may = maximum power efficiency; 7eq max = max-
imum external quantum efficiency; CIE = Commission Internationale de I'Eclairage coordinates at 1000 cd m™2; Ag = electroluminescence peak at 1000 cd m2.

2.7. Bipolar Carrier Transport

To Dbetter understand the excellent EL performance, the space
charge limited current (SCLC)?3 method was used to explore
the carrier transport capability of these deep-blue lumino-
gens. A series of electron- and hole-only devices were fabri-
cated with configurations of ITO/TmPyPB (10 nm)/emitter

(80 nm)/TmPyPB (10 nm)/LiF (1 nm)/Al and ITO/TAPC
(10 nm)/emitter (80 nm)/TAPC (10 nm)/Al, respectively. Gener-
ally, the characteristics of SCLC can be described by a series of
equations as shown in Supporting Information. By fitting the
current density—voltage (J-V) curves (Figure 7A) in SCLC area,
the carrier transport properties of these luminogens are obtained.
At an electric field of 5.5 x 10° V cm™, the electron mobilities of
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Figure 6. Plots of A) external quantum efficiency—luminance, B) luminance-voltage—current density, and C) current efficiency—luminance—power effi-
ciency of nondoped devices. Inset graph: EL spectra of nondoped devices at 1000 cd m=2. D) MEL responses of the nondoped OLED of DPAC-TAn-BI

at different applied voltages.
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Figure 7. A) Plots of current density—voltage of electron- and hole-only devices based on the new luminogens. B) Electric field-dependent mobilities

(1) of the new luminogens.

DMAC-TAn-BI, DPAC-TAn-BI, DMAC-TAn-PI, and DPAC-TAn-
PI are determined to be 1.77 x 10>, 720 x 1075, 3.68 x 107>, and
750 X 107° cm? V-1 57, respectively, while the hole mobilities are
1.35 x 107, 2.51 X 10™, 1.59 x 10~ and 9.53 x 10° cm? V! 57!
under the same condition, respectively. Obviously, these deep-
blue luminogens show comparable hole and electron transport
abilities, which is beneficial to the EL performances.

2.8. Two-Color Hybrid WOLEDs

Encouraged by the excellent performance of DPAC-TAn-BI in
deep-blue OLEDs, it was used as blue-emitting layer to fabricate
two-color hybrid WOLEDs,? with the configuration of ITO/
HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm)/50 wt% TCTA:
47 wt% Bepp,: 3 wt% Ir(tptpy),acac (12 nm)/interlayer (TCTA)
(3 nm)/DPAC-TAn-BI (8 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al
(device W1) (Figure 8E). In the device configuration design, an
efficient yellow phosphor, iridium(III) bis(4-(4-tert-butylphenyl)
thieno[3,2-Clpyridinato-N,C2’) acetylacetonate (Ir(tptpy),acac)
was selected to combine with DPAC-TAn-BI to achieve white
light.®d Ir(tptpy),acac was doped into a mixture of TCTA
and Bepp2 (bis[2-(2-hydroxyphenyl)-pyridine] beryllium) at a
weight ratio of 0.50: 0.47: 0.03 to reduce exciton quenching.!*’!
TCTA was employed as the interlayer to block energy transfer
between DPAC-TAn-BI and Ir(tptpy)acac, and to regulate
the diffusions of carriers and excitons, due to its high triplet
energy level (2.76 eV).2*l] The thickness of this interlayer was
set to be 3 nm, because this thickness could effectively prevent
Dexter energy transfer, which requires a short distance within
1-2 nm, but allow Forster energy transfer, which mainly occurs
within =3 nm between the fluorophores and phosphors.[8"!
Therefore, the triplet excitons could be well confined in the
phosphorescent region, resulting in yellow emission. In addi-
tion, owing to the high hole mobility (102 cm? V! s7}) and high
LUMO energy level (-1.8 eV), TAPC was adopted as the hole-
transporting layer. On the other hand, TmPyPB was chosen
as the electron-transporting layer, because of its high elec-
tron mobility (1073 cm? V™! s7) and deep HOMO energy level
(6.7 eV).116:18b]
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Since DPAC-TAn-BI has a higher electron mobility
(7.20 x 1075 cm? V-1 57} than hole mobility (2.51x 10> cm? V157,
the electron-transporting material is removed in the interlayer,
and a WOLED (W1) with an interlayer full of TCTA was fabri-
cated. As shown in Table 3, the turn-on voltage of device W1
is as low as 2.8 V, and at a high luminance of 1000 cd m~2,
the deriving voltage is only 3.4 V. Device W1 exhibits for-
ward-viewing 7c maw Mpmaw a0 Mextmax values of 875 cd A7,
878 Im W' and 276%, respectively, which are comparable to
those of the state-of-the-art hybrid WOLEDs without employing
light outcoupling enhancement. At a luminance of 1000 cd m~2,
the device still has high EL efficiencies of 84.1 cd A™! and
26.8%, respectively, showing an efficiency roll-off as small
as 2.9%. Even under a higher luminance of 5000 cd m™, the
EL efficiencies can still maintain at 66.7 cd A™!, and 21.4%. In
addition, similar to other two-color hybrid WOLEDs, device
W1 has bright warm white emission (CIE,, = 0.46, 0.48) with
a Ly of 46 860 cd m™2, which is the healthy artificial lighting
in view of its similar chromaticity as the tungsten incandescent
lamps and the low blue intensity. It is worth noting that the
variation of CIE,, coordinates is only (0.01, 0.01) from 100 to
10 000 cd m~2, manifesting that device W1 is of ultra-high color
stability. In short, device W1 achieves a high e max (27.6%), a
low efficiency roll-off (2.9% at 1000 cd m™2), healthy and stable
color, high luminance, and low driving voltages, which are out-
standing among those of two-color hybrid WOLEDs in the lit-
eratures (Table S2, Supporting Information).[8b.c19d.24¢,26-29]

In order to further explore the potential performance, by
keeping the interlayer thickness and other functional layers
unchanged, the thickness ratio of the yellow emitting layer
and the blue emitting layer are adjusted from 12 nm: 8 nm to
10 nm: 10 nm, and 6 nm: 14 nm to obtain additional devices W2
and W3, respectively. As shown in Figure 9B,C, the blue emis-
sions in the EL spectra are gradually increased with the increase
of blue layers. As shown in Table 3, the devices W2 and W3
exhibit Mg max values of 21.6% and 20.3%, respectively, which
are lower than that of device W1, probably due to the non-radia-
tive decay of excessive excitons in DPAC-TAn-BI in view of the
decreased yellow phosphorescent layers. Although devices W2
and W3 have declined EL efficiencies, their CIE,, coordinates

© 2021 Wiley-VCH GmbH
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Figure 8. Plots of A) current efficiency—luminance, B) external quantum efficiency—luminance, and C) current density—voltage—luminance of the
WOLEDs. D) EL spectra of devices W1-W4 at 5000 cd m~2. E) The schematic configuration of two-color hybrid WOLED (device W1). F) The chemical

structures of the blue and yellow emitters.

are improved to (0.42, 0.45) and (0.41, 0.44), respectively, indi-
cating that the emission color can be turned from warm white
to pure white by optimizing device structure. Based on the
above analyses, to ensure more electrons and holes to recom-
bine within the blue-emitting layer, the TCTA in the interlayer
should be increased. Therefore, device W4, whose configuration
is the same as that of device W1 but the thickness of the inter-
layer is increased from 3 to 4 nm, was fabricated. As shown in
Figure 9D and Table 3, the CIE,, coordinates of device W4 are
(0.36, 0.38), revealing that pure white light emission is basically
achieved, owing to the increased exciton recombination in blue-
emitting layer. These results demonstrate that the recombina-
tion and distribution of excitons can be effectively modulated
by adjusting the components and thickness of the interlayer,
which allows the well-tuned color coordinates of white light.

Table 3. Summary of the performances of two-color hybrid WOLEDs.

3. Conclusions

In summary, four new deep-blue luminogens (DMAC-TAn-BI,
DPAC-TAn-BI, DMAC-TAn-PI, and DPAC-TAn-PI) compro-
mised of a tert-butyl modified anthracene core, and acridine
and imidazole functional substituents are synthesized and
fully characterized. They have high solid-state @y values, good
thermal stability, and bipolar carrier transport ability. These
new luminogens can be used as light-emitting layers to fab-
ricate deep-blue OLEDs and WOLEDs with excellent perfor-
mances. The nondoped OLED based on DPAC-TAn-BI radiates
stable deep-blue light (CIE,, = 0.15, 0.15) and excellent EL effi-
ciencies (6.48 cd A™L, 6.78 Im W, and 5.81%). Further, high-
performance two-color hybrid WOLEDs are fabricated based on
DPAC-TAn-BI and Ir(tptpy),acac. The devices have low turn-on

Device Von!Viooo™ V] Lins? [cd m?] 79 [ed AT 79 [Im W] Nex® [%] CRI CIE (x,y)®
w1 2.8/3.4 46 860 87.5/84.1/66.7 87.8/78.0/49.9 27.6/26.8/21.4 38 (0.46, 0.48)
w2 2.8/3.6 26 500 67.9/57.6/42.8 71.1/50.1/30.5 21.6/18.9/14.2 43 (042, 0.45)
w3 2.8/3.6 20 400 63.0/50.6/34.3 66.1/44.1/24.5 20.3/17.0/11.8 47 (041, 0.44)
W4 2.8/4.2 15 840 25.3/24.0/19.3 24.5/17.9/11.2 9.9/9.0/6.9 55 (0.36, 0.38)

AThe turn-on voltage and the voltage at 1000 cd m2; Y Maximum luminance; 9Order of maximum, then values at 1000 and 5000 cd m2; 9Color Rendering Indexes; ©CIE

coordinates at 1000 cd m2.
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Figure 9. EL spectra of the WOLEDs at varied luminance. Device configuration: ITO/HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm)/50 wt% TCTA:
47 wt% Beppy: 3 wt% Ir(tptpy),acac (12 nm)/interlayer: TCTA (3 nm)/DPAC-TAn-BI (8 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (A, device W1); ITO/HATCN
(5 nm)/TAPC (50 nm) /TCTA (5 nm) /50 wt% TCTA: 47 wt% Bepp,: 3 wt% Ir(tptpy),acac (10 nm)/interlayer: TCTA (3 nm)/DPAC-TAn-BI (10 nm)/TmPyPB
(40 nm)/LiF (1 nm)/Al (B, device W2); ITO/HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm)/50 wt% TCTA: 47 wt% Bepp,: 3 wt% Ir(tptpy),acac (6 nm)/
interlayer: TCTA (3 nm)/DPAC-TAn-BI (14 nm) /TmPyPB (40 nm)/LiF (1 nm)/Al (C, device W3); ITO/HATCN (5 nm)/TAPC (50 nm)/TCTA (5 nm) /50 wt%
TCTA: 47 wt% Bepp,: 3 wt% Ir(tptpy),acac (12 nm)/interlayer: TCTA (4 nm)/DPAC-TAn-BI (8 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (D, device W4).

voltages (2.8 V) and radiate physiologically friendly warm
white light (CIE,, = 0.46, 0.48) with outstanding EL efficien-
cies (878 Im W' and 276%) and a small efficiency roll-off (2.9%
at 1000 cd m~2). More importantly, the emission spectra of the
WOLEDs are extremely stable, with very small CIE,, variation
of (0.01, 0.01) from 100 to 10 000 cd m~2. To the best of our
knowledge, device W1 is among the state-of-the-art two-color
hybrid WOLEDs reported so far, demonstrating the broad appli-
cation prospects in displays and lighting sources of the present
deep-blue luminogens.
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