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Highly efficient ultraviolet materials and host materials for organic light-emitting diodes (OLEDs) have been
gaining increasing attention in recent years. In this study, three donor—acceptor (D—A) molecules with
different HLCT properties were designed and synthesized using oxadiazole as an electron acceptor. Not

202 only does the molecule m-PIOXZ exhibit efficient ultraviolet electroluminescence, but it can also serve
Received 15th January 5 . . - )
Accepted 18th February 2025 as the host material for high-efficiency phosphorescent OLEDs (PhOLEDs) with low roll-off. As a result,

high external quantum efficiency (EQE) and long operational lifetimes are obtained in green, yellow and

DOI: 10.1039/d55c00374a red emissive PhOLEDs, providing new insights for developing high-efficiency, low roll-off, and full-color
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Introduction

Organic light-emitting diodes (OLEDs) have gained a large
share in the display and lighting markets due to the advantages
of wide color gamut, wide viewing angles and suitability for
ultra-thin and flexible displays.™ In particular, ultraviolet-
emissive materials are attracting increasing attention due to
their bi-functionality as both emitters and potential host
materials for fluorescent OLEDs (FOLEDs) and phosphorescent
OLEDs (PhOLEDs). However, highly efficient ultraviolet OLEDs
are seldom reported because of the high injection barrier and
insufficient carrier transportation due to their wide band gap.>®
Therefore, it is crucial to figure out the rational molecular
design method for the bi-functional ultraviolet emissive
material.

The most important barrier that prevents ultraviolet light-
emitting materials from practical application is the very large
band gap, which results in difficult carrier injection and
reduced maximum external quantum efficiency (EQEp,ay).'*"
Recently, the bipolar donor-acceptor (D-A) structure has been
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proposed to solve the above problem of ultraviolet emissive
materials. The various options of donor and acceptor moieties
help effectively tune the energy gap between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), guaranteeing ultraviolet
emission.”*"” However, in terms of the molecular design of
ultraviolet electroluminescent materials, the balancing of
locally-excited (LE) and charge-transfer (CT) excited states is
quite difficult: CT excitons are always of low energy, but they are
still needed for improving the exciton utilization efficiency
(EUE) in OLEDs." To solve this problem, the hybridized local
and charge-transfer (HLCT) excited state has been explored. For
example, Zhong et al designed and synthesized a high-
performance ultraviolet OLED based on a high steric
hindrance structure, which emits ultraviolet light at 396 nm
with Commission Internationale de 1Eclairage (CIE) coordinates
of (0.160, 0.045), and a maximum external quantum efficiency
(EQEmax) of 7.9%." More importantly, the molecular design of
spatially separated donor and acceptor moieties can guarantee
independent carrier transportation channels, enabling their
potential application as efficient host materials for phospho-
rescent OLEDs.”*** As a result, although several studies on such
dual-function materials have been reported,*> different
combinations and linkages of donor and acceptor moieties can
result in different excited state properties, and the research on
the structure-property relationship, especially how to control or
balance the LE and CT excited states is still rare. Therefore, it is
important to develop more potential molecular structures as
well as figure out the structure-property relationship in terms of
their excited state properties.

In this study, we designed three D-A structures with large
HOMO-LUMO band-gaps to realize highly efficient ultraviolet-
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Fig. 1 The molecular structures of m-PIOXZ, o-PIOXZ, and m-
CZOXZ.

emissive and host materials (0-PIOXZ, m-PIOXZ, and m-CZOXZ,
Fig. 1). The phenanthroimidazole group contains both sp* and
sp® hybridized nitrogen atoms, allowing it to be used both as an
electron donor and an electron acceptor. Additionally, the
phenanthroimidazole group has a large planar shape, which
contributes to its good carrier transport performance.***
Carbazole has a high triplet energy level and excellent hole
transport performance, making it a common functional group
in host materials.>*** As an electron acceptor, oxadiazole
exhibits strong electron-withdrawing ability due to the presence
of nitrogen and oxygen heteroatoms. Moreover, oxadiazole has
good electron transport properties, making it a common
material for electron transport layers in OLED devices.*>* In
order to break the conjugation of the molecule and achieve
a high triplet energy level, 0-PIOXZ with a large twisted structure
was first designed and synthesized by connecting phenan-
throimidazole and oxadiazole. Considering that excessively
twisted molecules are difficult to stack effectively and thus
generate a good carrier transport channel, the meta-connected
m-PIOXZ was synthesized. At the same time, to further
improve the triplet energy level and enhance hole transport
performance, m-CZOXZ with a meta-linker between carbazole
and oxadiazole was designed and synthesized. Among the three
materials, the non-doped device with the LE state m-PIOXZ as
the light-emitting layer has a short-wavelength emission at
404 nm, CIE coordinates of (0.160, 0.045), and an EQE,x of
5.23%, which exceeds the theoretical maximum of the spin-
statistics limit, due to its hybridized local and charge-transfer
(HLCT) excited state properties. Furthermore, green, yellow,
and red PhOLEDs using m-PIOXZ as the host material demon-
strated excellent performance, with maximum external
quantum efficiencies (EQEy,y) of 25.20%, 29.61%, and 21.38%,
maximum power efficiencies (PEqay) of 102.34 Im W™, 105.63
Im W, and 40.71 Im W, and efficiency roll-offs of 1.15%,
2.36%, and 6.87% at 1000 cd m™ >, respectively, which are all
among the best results that have been reported.
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Results and discussion
Synthesis and characterization

The structures of the three molecules are shown in Fig. 1. The
products were obtained by Debus one-pot synthesis and Suzuki
coupling reactions. The materials were characterized by 'H and
3C nuclear magnetic resonance (NMR) and mass spectrometry.
The detailed synthesis routes (Scheme S1t) and structural
characterization data (Fig. S1-S9) are presented in the ESI.¥ The
thermal stability of the three materials was measured by ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). As shown in Fig. S10,T based on TGA, the thermal
decomposition temperatures (T4, at 5% weight loss) for the
three materials 0-PIOXZ, m-PIOXZ, and m-CZOXZ are 341 °C,
411 °C, and 343 °C, respectively, indicating high thermal
stability. The glass transition temperatures (7,) of the three
materials are 115 °C, 114 °C, and 78 °C (Fig. S117), respectively,
demonstrating good morphological stability. The electro-
chemical properties of the three materials were tested using
cyclic voltammetry (CV). As shown in Fig. S12t and Table 1, the
band-gaps between the HOMO and LUMO of the three mole-
cules are estimated to be 3.25 eV, 3.27 eV, and 3.22 eV,
respectively, meeting with the demand for a wide band-gap and
ultraviolet emission.

Molecular design and theoretical calculations

To understand the excited states of these compounds, density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed at the PBE0/6-31g(d,p) and BMK/6-
31g(d,p) levels using Gaussian 09 software*** (Fig. 2 and S13-
S15t). First, due to the large spatial hindrance of the ortho-
substitution, the dihedral angle between the donor and
acceptor units of 0-PIOXZ is 74.77°, which is twice that of m-
PIOXZ and m-CZOXZ (38.95° and 38.35°, respectively). However,
no matter how large or small the torsion angles are, the ground
state HOMO/LUMO of the three materials show similar sepa-
rated orbital patterns, corresponding to separated donor and
acceptor functional units for both hole and electron injection,
which is favorable for the molecular design of bipolar host
materials. As for the S; excited state natural transition orbital
(NTO), due to the lower donor ability of phenanthroimidazole,
there is no efficient charge-transfer (CT) character found in o-
PIOXZ and m-PIOXZ. In contrast, carbazole substituted m-
CZOXZ shows typical hybridized local and charge-transfer
(HLCT) excited state properties in its S, state: the NTO hole is

Table 1 Photophysical properties, energy levels, and thermal stabilities of bipolar materials

Molecules HOMO/LUMO" [eV] E," [eV] Aabs [Nm] sol. Apr, [nm] sol. /film° ®py, [%] sol. /ilm°  Eg /Er ¢ [eV] Ty/ T/ Tq" [°C]
0-PIOXZ —5.60/—2.35 3.25 257 421/417 98.9/20.5 3.51/2.89 155/251/341
m-PIOXZ —5.50/—2.23 3.27 261 371/404 99.4/40.4 3.49/2.73 144/241/411
m-CZOXZ —5.62/—2.40 3.22 288 349/391 22.5/19.1 3.67/2.90 78/156/343

“ Determined from cyclic voltammetry measurement. ” The bandgap energy was estimated from the electrochemical bandgap. ¢ Measured in THF
solution (10~° M). ¢ The S,/T; energy levels were estimated from the highest energy vibration subband of the fluorescence and phosphorescence in
THF at 77 K. ° Glass transition temperatures, melting temperatures and temperatures corresponding to 5% weight loss.
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) (a) molecular
‘ conformation

Fig. 2
three materials.

mainly located on the carbazole donor, while the NTO particle is
located on the oxadiazole acceptor, with an obvious overlap on
the linking benzene ring of donor and acceptor units.

Photophysical properties

The UV-vis absorption and photoluminescence (PL) spectra of
the three materials in diluted THF (10> mol L") and neat films
at room temperature are shown in Fig. 3 and Table 1. The
maximum absorption peaks of 0-PIOXZ and m-PIOXZ are
around 260 nm, attributed to the phenanthroimidazole
absorption. Besides this, 0-PIOXZ possesses a shoulder peak at
about 288 nm, which can be attributed to the CT absorption,
while m-PIOXZ does not show this shoulder peak due to the
meta-linkage enhanced conjugation. However, despite the
similar meta-linkage, m-CZOXZ shows a similar CT-like wide
absorption band to 0-PIOXZ at 287 nm, revealing that the
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Fig. 3 (a) Normalized UV-vis absorption in THF solution (10~> M) and
normalized PL spectra in THF (107> M) and in the film state; (b)
normalized PL spectra of the three materials in different solvents with
increasing polarity.
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stronger donor ability of carbazole can also contribute to the
formation of the CT excited state. Notably, m-CZOXZ also shows
vibrational fine structure in PL spectra in low polarity solvents,
indicating the hybridization of LE and CT excited state
components. The corresponding Lippert-Mataga sol-
vatochromic models of the three materials further reveal their
distinct excited state properties, as shown in Fig. 4. The excited-
state dipole moment (u.) of the LE-like m-PIOXZ is only 5.39
Debye, while the CT-like 0-PIOXZ shows a large u. of 15 Debye in
high polarity solvents. Interestingly, m-CZOXZ shows a very
large u. of 35 Debye in high polarity solvents, while in lower
polarity solvents, the u. falls to only 7 Debye, which can be
assigned to the activated through-space CT in high polarity
solvents, as the meta-linkage is not conjugate bonding. As
a result, the neat film of m-PIOXZ shows the highest photo-
luminescence quantum yield (PLQY) of over 40% among the
three materials, showing great potential in non-doped OLEDs.
Additionally, the phosphorescent emissions of the three mate-
rials are also measured at nitrogen temperature with a delay
time of 100 ms as shown in Fig. S17.f Thanks to the ultraviolet
emission of the three materials, the T, levels of the three
materials are all over 2.7 eV, enabling their applications as
efficient host materials for green and red phosphorescent
materials. From the transient PL spectrum, it can be seen that
all three materials exhibit nanosecond lifetimes, as shown in
Fig. S18.7

17k10-PIOXZ m-CZOXZ

R? = 0.99)

He=7
R? = 0.94

000 005 010 015 020 035 030 035
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Fig. 4 The Lippert—Mataga solvatochromic model of (a) o-PIOXZ, (b)
m-PIOXZ, and (c) m-CZOXZ.
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Fig. 5 The molecular stacking patterns and single crystal structures with torsion angles of (a) m-PIOXZ, (b) 0-PIOXZ and (c) m-CZOXZ.

Single crystal structures and molecular stacking patterns

The stacking pattern of organic materials is crucial for their
OLED performances in terms of the light-outcoupling ability
and carrier transportation ability, especially when the materials
are used as the host materials in the emitter layer. In order to
investigate the stacking pattern of the three materials, single
crystal growth is carried out on them, and three single crystals
with good quality are obtained. As shown in Fig. 5, first, the
twisting angles of the three molecules in the single crystal are all
decreased compared to their optimized conformations in
a vacuum, revealing that the intermolecular interactions in the
three single crystals can give rise to the regular face-to-face
stacking, which is crucial for light out-coupling and efficient
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Fig. 6 Electron field intensity—mobility curves. The hole-only device
structure is ITO/HATCN (10 nm)/m-PIOXZ or 0-PIOXZ or m-CZOXZ
(80 nm)/HATCN (10 nm)/Al (100 nm), and the electron-only device
structure is ITO/LIF (1 nm)/TPBi (10 nm)/m-PIOXZ, o-PIOXZ, m-
CZOXZ (80 nm)/LiF (1 nm)/AL (100 nm).
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carrier transportation. For example, clear m stacking of phe-
nanthroimidazole and oxadiazole can be found in 0-PIOXZ and
m-CZOXZ, respectively. However, this kind of stacking pattern is
not an ideal one for the simultaneous transportation of holes
and electrons: there is only donor (0-PIOXZ) or only acceptor (-
CZOXZ) packing in the single crystal, which may cause unbal-
anced transportation of holes and electrons in OLEDs. In
contrast, the stacking pattern of m-PIOXZ is more ideal: both
the donor phenanthroimidazole and the acceptor oxadiazole
show clear 7 stacking. The formation of the ideal stacking can
be understood by the relatively smaller bond twisting (approx-
imately 39°, 23° and 19° for the marked bonds in Fig. 5b). We
then fabricated the hole-only and electron-only devices for the
three materials and investigated their carrier mobilities. As
depicted in Fig. 6 and Table 2, m-PIOXZ shows the highest
carrier mobilities (hole and electron mobilities of 5.1 x 107°
and 1.3 x 107> em® V' s77, respectively). These values are also
comparable to those of the traditional host or transportation
materials such as CBP and mCP, which is in accordance with
their regular, head-to-head stacking patterns. Notably, although
balanced carrier transportation is not obtained in the other two
materials, relatively high hole transportation (0-PIOXZ) and
electron transportation (m-CZOXZ) are also obtained, corre-
sponding to their regular face-to-face donor and acceptor
stacking, respectively.

Table 2 The carrier mobility of the three materials under an electric
field of 5.0 x 10°Vem™*

Hole mobility Electron mobility

Compounds [em* Vv 's™] [em* Vv 's™]
0-PIOXZ 9.3 x 10°° 2.5 x 10°°
m-PIOXZ 5.1 x 10°° 1.3 x107°
m-CZOXZ 5.2 x 1078 4.7 x 10°°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 EL data of non-doped ultraviolet fluorescent OLEDs

Emitters Von® [V] Lia” [ed m™2] CEmax’ [cd A™Y] PEpa [Im W] EQEa [%] Jge/ [nm] CIE (x, )

0-PIOXZ 3.2 2244 1.06 0.84 3.40 405 (0.161, 0.056)
m-PIXOZ 3.2 3782 1.08 0.99 5.23 404 (0.160, 0.045)
m-CZOXZ 3.6 1739 0.50 0.28 3.15 389 (0.166, 0.047)

¢ Von = turn-on voltage at 1 cd m>. b Imax = maximum luminance. ¢ CE,,,, = maximum current efficiency. 4 PE o = Maximum power efficiency.

¢ EQEpax = maximum external quantum efﬁciency.f Agr = peak of the ele

Electroluminescence performances

The electroluminescence performance of these three molecules
as the EML in non-doped OLEDs was initially studied. The
device structure was designed as follows: ITO/HATCN (20 nm)/
TAPC (40 nm)/TCTA (5 nm)/mCP (5 nm)/EML (20 nm)/TPBi (35
nm)/LiF (1.5 nm)/Al (100 nm). Among them, ITO is used as the
anode; HATCN (1,4,5,8,9,11-hexaazatriphenylenehexacarboni-
trile) serves as the hole injection layer; TAPC (4,4'-cyclo-
hexylidenebis[N,N-bis(p-tolyl)aniline]) and TCTA (4,4',4"-
tris(carbazol-9-yl)-triphenylamine) function as the hole trans-
port layers; mCP (1,3-bis(carbazol-9-yl)benzene) acts as the
electron blocking layer; TPBi (2,2',2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)) is used as both the electron trans-
port layer and hole injection layer; LiF is used as the electron
injection layer. The chemical structures and HOMO/LUMO
energy levels of the different layers of the device are shown in
Fig. 7. The data are summarized in Table 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry

ctroluminescence spectrum. ¢ CIE = CIE coordinates recorded at EQE .

First, all three devices show electroluminescence at around
400 nm, which is similar to their neat films and meets the
demand of near-ultraviolet emission, revealing that the device
structures are reasonable. Among the three non-doped OLEDs,
m-PIOXZ exhibits the highest EQE of 5.23%, which is among the
best results for non-doped ultraviolet OLEDs. This result can be
first assigned to the balanced carrier mobilities of m-PIOXZ,
which can be understood by the increased turn-on voltage of the
m-CZOXZ non-doped OLED. Next, although m-PIOXZ is a LE
material, the PLQY of m-PIOXZ is twice that of 0-PIOXZ and m-
CZOXZ (Table 1), which is also a key reason for the high EQE.

The simultaneously realized good hole and electron mobil-
ities and the reasonable triplet energy level of m-PIOXZ further
motivate us to investigate its application as an efficient host for
phosphorescent OLEDs (PhOLEDs). The PhOLEDs were con-
structed using Ir(ppy),acac (bis[2-(2-pyridinyl-N)phenyl-C](ace-
tylacetonato)iridium(ur)), PO-01 (Iridium(in) bis(4-phenylthieno
[3,2-c]pyridinato-N,C, )acetylacetonate), and Ir(MDQ)acac
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Fig. 8 The current density—voltage—luminance curves, current efficiency—luminance—power efficiency curves, and EQE-luminance curves
(inset: the EL spectrum and photograph of the operating devices) of the doped devices with (a—c) are green, yellow, and red PhOLEDs,
respectively. 0-PIOXZ, m-PIOXZ, and m-CZOXZ are the host materials for G1, G2, and G3, R1, R2, and R3, and Y1, Y2, and Y3 devices, respectively.

Table 4 EL performance of PHOLEDs based on m-PIOXZ, o-PIOXZ, and m-CZOXZ hosts

Devices”  Ver? [V]  Lma’ [cdmM™2]  CEma[cdA™"]  PEma’ MW ] EQEmad [%]  EQEronos [%] A [nm]  CIE (x, y)

G1 2.8 121192 82.68 89.07 22.29 3.05 524 (0.33, 0.62)
G2 2.8 184 047 94.44 102.34 25.20 1.15 523 (0.32, 0.63)
G3 3.2 174 659 87.18 80.25 23.27 1.49 523 (0.32, 0.62)
Y1 3.0 132 085 84.61 88.34 25.99 5.40 562 (0.48, 0.51)
Y2 2.8 224515 96.91 105.63 29.61 2.36 561 (0.48, 0.51)
Y3 3.4 179917 94.54 81.60 28.64 2.56 559 (0.47, 0.51)
R1 3.0 66 851 31.72 33.20 19.03 20.69 612 (0.61, 0.38)
R2 2.8 108 781 38.78 40.71 21.38 6.87 608 (0.60, 0.39)
R3 3.2 105 826 33.91 31.52 18.88 13.75 607 (0.60, 0.39)

¢ 0-PIOXZ, m-PIOXZ, and m-CZOXZ are the host materials for G1, G2, and G3, Y1, Y2, and Y3, and R1, R2, and R3 devices, respectively. by, =turn-

on voltage at 1 cd m ™2, ¢

Linax = maximum luminance. d CEax = maximum current efficiency. ¢ PE,,, = maximum power efficiency. f EQEnax =
maximum external quantum efficiency. & EQEn.ofr = external quantum efficiency roll-off from the maximum value to 1000 cd m ™~

2

A = peak of

the electroluminescence spectrum. ‘ CIE = CIE coordinates recorded at EQEax.

(bis(2-methyldibenzo[f,#]quinoxaline)(acetylacetonate)iridiu-

m(ur)) as phosphorescent dopants for green, yellow, and red
emission, respectively. The device structure of the PhOLED
involves changing the EML in the undoped device to host: x wt%
guest (where x = 8 for green and x = 3 for yellow and red). The
test results are summarized in Fig. 8 and Table 4. We also
fabricated the PhOLED using 0-PIOXZ and m-CZOXZ as hosts
for reference. First, as shown in Table 4, the turn-on voltage of
the PhOLED with m-PIOXZ and 0-PIOXZ as the host is lower
than that of the doped devices with m-CZOXZ as the host, which
is similar to those of their non-doped devices. Notably, the turn-
on voltages of all PhOLEDs are lower than those of their non-
doped OLEDs, especially, the turn-on voltages of PhOLEDs

Chem. Sci.

related to m-PIOXZ are all as low as 2.8 V. More importantly, all
three materials show efficient energy transfer to the phospho-
rescent guests in all PhOLEDs, revealing their abilities as host
materials. (Fig. S207).

Compared to the other two materials, m-PIOXZ possesses the
best PhOLED performance, due to its satisfactory and balanced
carrier mobilities. For example, the Lax, CEpmax and PE ., of the
green-doped device G2 reach 184 047 cd m 2, 94.44 cd A" and
102.34 Im W1, respectively; and the EQE,., reaches 25.20%,
which are excellent results compared to the previous
reports.?»**3>43-16 More importantly, the efficiency roll-off at
1000 cd m 2 of G2 is only 1.15% and the roll-off at 5000 cd m >
is only 4.81%, revealing that the device stability using m-PIOXZ

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is expectable. The performance of PhOLEDs with these three
molecules as host materials is better than that of traditional
commercial host materials, such as CBP and mCP. The data are
summarized in Fig. S21, S22, and Table S2.f Therefore, we
further estimated the OLED operational lifetime of the G2
device. As shown in Fig. S23 and Table S1,f the operational
lifetime of the G2 device reaches LT5, = 67.75 h at a luminance
of 3548 cd m~> without encapsulation, corresponding to a 583 h
lifetime at an initial luminance of 1000 cd m ™2, which is also
a good result compared to the previous reports. Notably, not
only the green OLED but also the yellow and red OLED Y2 and
R2 using m-PIOXZ as host materials also obtain competitive
performances in terms of the device efficiency, efficiency roll-off
and operational lifetime. Last but not least, although m-PIOXZ
is a LE molecule, the separated HOMOs/LUMOs and the effec-
tive stacking mode create a good hole-electron transport
channel, balancing the carrier transport rate and facilitating
efficient recombination of holes and electrons, which improves
EL efficiency and reduces efficiency roll-off.

Conclusion

In conclusion, three types of ultraviolet to deep-blue emissive
molecules were synthesized and characterized. The donor-
acceptor structure of these materials enables their dual func-
tionality as ultraviolet-emitting materials and efficient hosts for
phosphorescent dopants, particularly the meta-linked material
m-PIOXZ. Green, yellow, and red PhOLEDs utilizing m-PIOXZ as
the host achieve high efficiencies with EQE ., exceeding 20%
(low efficiency roll-off) and exhibit extended operational life-
times, outperforming commercial host materials. These results
highlight the significant potential of m-PIOXZ for practical
applications.
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