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a b s t r a c t 

A new organic emitter, m PhCz-QAO, was designed and synthesized through an asymmetric steric-hindrance donor 
strategy, establishing a distinctive molecular-engineering approach for achieving both high efficiency and nar- 
rowband emission in organic light-emitting materials. By introducing a meta -position asymmetric bulky donor, 
the strong intermolecular π- π interactions intrinsic to the QAO framework are effectively suppressed, thereby 
preventing aggregation-caused quenching (ACQ) in the solid state. This asymmetric donor simultaneously pro- 
motes a more delocalized distribution of the frontier molecular orbitals and strengthens the radiative transition 
process, leading to enhanced emission properties. Devices incorporating m PhCz-QAO exhibit exceptionally good 
performance at elevated doping levels, maintaining a maximum external quantum efficiency of approximately 
22% as the doping concentration increases from 3 wt.% to 10 wt.%. The emission peak displays only a mini- 
mal shift (from 486 to 488 nm), while the narrow emission bandwidth of 38 nm remains fully preserved. These 
findings demonstrate the effectiveness of asymmetric donor engineering in overcoming concentration-related 
emission quenching and provide a powerful design framework for developing next-generation high-efficiency, 
high-color-purity organic emitters suitable for advanced display and lighting technologies. 
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. Introduction 

Organic optoelectronic materials have emerged as a central plat-
orm in contemporary optoelectronic technologies, owing to their highly
unable molecular architectures and broad applicability in fields such
s displays [ 1–3 ] and lighting [ 4 , 5 ], energy conversion [ 6–8 ], in-
ormation encryption [ 9 , 10 ], sensing [ 11 , 12 ], bioimaging [ 13 , 14 ],
hototherapy [ 15 , 16 ], anticounterfeiting technologies [ 17 , 18 ], Their
tructural flexibility and design versatility further position them as
romising candidates for next-generation flexible electronics [ 19 , 20 ]
nd intelligent responsive systems [ 21–24 ]. Within the realm of or-
anic light-emitting diodes (OLED), light-emitting materials are gen-
rally categorized into three generations based on their exciton uti-
ization mechanisms. First-generation fluorescent materials are inher-
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ntly limited by a theoretical exciton utilization efficiency of only
5%, which restricts device performance. Second-generation phospho-
escent emitters can harvest both singlet and triplet excitons, achiev-
ng 100% exciton utilization, but their dependence on precious met-
ls raises cost and sustainability concerns. Third-generation thermally
ctivated delayed fluorescence (TADF) materials circumvent these
rawbacks and allow 100% theoretical exciton utilization without
are-metal components. However, conventional donor–acceptor (D–A)
ADF systems typically suffer from broad emission bandwidths aris-

ng from strong charge-transfer characteristics, making it difficult to
eet the stringent color purity requirements of ultra-high-definition
isplays. 

To overcome this limitation, multi-resonance TADF (MR-TADF)
aterials have emerged as a powerful alternative [ 25–30 ]. Notably,
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Fig. 1. Molecular design and structure of p PhCz-QAO and m PhCz-QAO. 
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uinazoline-azo-oxadiazole (QAO)-based MR-TADF emitters feature an
lternating distribution of frontier molecular orbitals, with the high-
st occupied molecular orbital localized on nitrogen atoms and ad-
acent meta positions, and the lowest unoccupied molecular orbital
istributed around the carbonyl moiety and its ortho / para positions
 31 , 32 ]. This spatially confined electronic configuration enables effi-
ient exciton utilization while suppressing structural relaxation and non-
adiative decay. The rigid QAO skeleton further contributes to narrow
mission full width at half maximum (FWHM) and high photolumi-
escence quantum yield (PLQY). Inspired by these advantages, numer-
us QAO-derived MR-TADF materials have been developed in recent
ears. 

Despite their potential, the practical implementation of QAO-based
mitters in OLEDs is significantly constrained by the intrinsic rigidity of
he QAO core. The strong intermolecular interactions in the solid state
eadily induce aggregation-caused quenching (ACQ) [ 33–36 ], resulting
n degraded device performance and restricting their use to low dop-
ng concentrations. This limitation complicates device fabrication and
revents full exploitation of the high color purity of QAO-based sys-
ems. Our previous work introduced an “intramolecular locking ” strat-
gy, in which weak donor units with steric hindrance were incorporated
o suppress long-range interactions while preserving narrowband emis-
ion [ 37 ]. However, this strategy requires elaborate synthetic steps to
chieve the desired structural locking in PhIDA derivatives, and the re-
ulting devices still tolerate only low doping levels (3 wt.%), with EQE
emaining below 20%. 

To address these challenges, we now propose an “asymmetric steric-
indrance donor ” strategy and demonstrate its effectiveness through the
esign and synthesis of m PhCz-QAO, in which a meta -phenylcarbazole
 m PhCz) donor is introduced into the QAO core. Compared to the sym-
etric para -phenylcarbazole analogue ( p PhCz-QAO), the asymmetric

ubstitution in m PhCz-QAO more effectively disrupts intermolecular
acking and mitigates solid-state ACQ ( Fig. 1 ). This tailored molecular
rchitecture enables maintaining high efficiency and narrow emission
ven at elevated doping concentrations. These findings highlight the
otential of asymmetric steric-hindrance engineering as a generalizable
olecular design principle for developing MR-TADF emitters capable of
elivering simultaneously high color purity, suppressed ACQ, and robust
evice performance. 
303
. Results and discussion 

The synthetic routes to p PhCz-QAO and m PhCz-QAO are outlined
n Scheme S1. The Br-QAO intermediate was prepared following a
reviously reported method [ 37–40 ], after which both emitters were
btained through a straightforward Suzuki coupling reaction using
 PhCz and m PhCz as the corresponding boronic ester precursors. De-
ailed synthetic procedures are provided in the Supporting Informa-
ion. The structures of the two compounds were fully validated by
 H NMR (Figs. S1–S2), 13 C NMR (Figs. S3–S4), high-resolution mass
pectrometry (HRMS, Figs. S5–S6), and single-crystal X-ray diffraction
nalyses. 

The electrochemical properties of p PhCz-QAO and m PhCz-QAO were
xamined by cyclic voltammetry (Fig. S7). Both emitters exhibit nearly
dentical highest occupied molecular orbital levels of − 5.78 eV, while
heir lowest unoccupied molecular orbital levels were determined to be
 3.22 eV for p PhCz-QAO and − 3.20 eV for m PhCz-QAO. The small dif-

erences in frontier orbital energies suggest that the positional substitu-
ion of the carbazole donor has only a minor influence on the intrinsic
lectronic structures of the QAO core. 

Thermal stabilities were evaluated through thermogravimetric anal-
sis (TGA) and differential scanning calorimetry (DSC). As shown in Fig.
8, p PhCz-QAO shows a high decomposition temperature ( Td ) of 465 °C
5% weight loss), accompanied by a glass transition temperature ( Tg )
f 201 °C during the second heating cycle. In contrast, m PhCz-QAO dis-
lays a slightly lower Td of 438 °C and does not exhibit an observable

g within the scanned temperature range (room temperature to 350 °C).
hese results collectively confirm that both emitters possess excellent
hermal robustness, satisfying the stringent stability requirements for
acuum-deposited OLED fabrication. 

Single crystals of p PhCz-QAO and m PhCz-QAO were successfully
btained via an anti-solvent diffusion method using a petroleum
ther/dichloromethane mixture. The crystal structures were analyzed
y single-crystal X-ray diffraction, and the corresponding crystallo-
raphic parameters are summarized in Tables S1–S2. As shown in Fig. 2 ,
 PhCz-QAO adopts a relatively planar conformation, with small tor-
ion angles of 32.74° and 45.64° between its carbazole and phenyl
nits. Such planarization is generally associated with strong inter-
olecular π–π interactions, which can exacerbate ACQ in the solid
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Fig. 2. The crystal structure and crystal stacking of (a)(b) p PhCz-QAO and (c)(d) m PhCz-QAO. 
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tate. In contrast, m PhCz-QAO designed using the “asymmetric steric
indrance donor ” strategy exhibits significantly larger torsion angles
f 51.51° and 54.33° between the carbazole/phenyl and donor/QAO
nits, respectively. This enhanced twisting effectively disrupts molecu-
ar packing. The intermolecular distances between chromophoric units
n m PhCz-QAO (3.40–3.45 Å) are longer and indicative of weaker inter-
ctions than those in p PhCz-QAO (3.11–3.38 Å). These results clearly
emonstrate that introducing asymmetric steric hindrance efficiently
uppresses detrimental intermolecular interactions, thereby mitigating
CQ and favoring enhanced emissive performance in the solid state
 41–42 ]. 

To further elucidate the excited-state characteristics, natural tran-
ition orbital (NTO) and interfragment charge transfer (IFCT) analyses
ere performed, with the p PhCz/ m PhCz donor assigned as Fragment 1

F1) and the QAO multi-resonance core as Fragment 2 (F2). As shown
n Figs. 3 and S9, the S1 -state NTO of both emitters exhibit the hallmark
patially separated yet alternating hole–particle distribution localized
rimarily on the QAO framework with minor extension onto the donor
nit, consistent with the localized excited (LE) nature characteristic of
R-TADF emitters. Notably, significant differences emerge in higher

xcited states ( S2 –S4 and T2 –T4 ). m PhCz-QAO exhibits a substantially
arger proportion of charge-transfer (CT) contributions —9.65% ( S2 ),
1.58% ( S3 ), 0.98% ( T2 ), 10.27% ( T3 ), and 11.05% ( T4 ) —compared to
he minimal CT components observed for p PhCz-QAO (0.33%, 0.08%,
.12%, 0.05%, and 0.09% for the corresponding states). These en-
anced CT or hybridized local and charge-transfer (HLCT) contributions
n m PhCz-QAO arise from the asymmetric donor configuration, which
erturbs excited-state distribution more effectively than the symmetric
 PhCz donor. Such modulation is favorable for facilitating reverse in-
ersystem crossing (RISC) by enhancing triplet-to-singlet up-conversion
fficiency [ 40 , 43 ]. The computational analyses thus corroborate the ex-
erimental crystallographic findings and validate the effectiveness of
he “asymmetric steric hindrance donor ” strategy. Together, they high-
304
ight that the incorporation of m PhCz not only suppresses ACQ at the
olecular packing level but also optimizes excited-state dynamics, both

ssential for achieving high-efficiency MR-TADF emitters suitable for
LED applications. 

The preliminary photophysical properties of p PhCz-QAO and m PhCz-
AO were first evaluated in dilute toluene solution (1 × 10− 5 M), and

he key parameters are summarized in Table 1 . As shown in Fig. 4 (a),
oth emitters exhibit intense absorption bands at approximately 327
m, originating from π–π∗ and n–π∗ transitions of the conjugated donor–
cceptor frameworks. In addition, distinct absorption features at 460
m for p PhCz-QAO and 457 nm for m PhCz-QAO are observed, which
orrespond to intramolecular CT transitions from the donor units to
he QAO core. The photoluminescence (PL) spectra display narrowband
missions centered at 480 nm (FWHM = 27 nm) for p PhCz-QAO and
75 nm (FWHM = 31 nm) for m PhCz-QAO, confirming their charac-
eristic multi-resonance–assisted emission. To determine the singlet–
riplet energy gaps ( ΔEST ), fluorescence and phosphorescence spectra
ere collected at 77 K (Figs. 4 (b) and S10). The fluorescence maxima of
 PhCz-QAO and m PhCz-QAO appear at 521 and 504 nm, respectively,
hereas their phosphorescence spectra exhibit well-resolved vibronic

eatures with peaks at 532 and 519 nm. From these data, ΔEST values
f 0.05 eV ( p PhCz-QAO) and 0.08 eV ( m PhCz-QAO) were obtained. The
EST between the S1 and triplet T1 excited states, because a small ΔEST 
 < 0.37 eV) is essential in supporting efficient RISC process at room tem-
erature [ 44–46 ]. Such small ΔEST values indicate efficient upconver-
ion of T1 excitons to S1 via RISC, fulfilling the prerequisite for TADF
ctivity. 

Next, the solvatochromic behavior of the emitters was investigated.
s shown in Figs. 4 (c) and S11, the emission maxima of p PhCz-QAO red-
hift from 465 to 493 nm (28 nm shift), while m PhCz-QAO shifts from
61 to 493 nm (32 nm) as the solvent polarity increases from cyclo-
exane to DMF. The slight red shift and moderate spectral broadening
n polar solvents suggest the presence of weak CT contributions during
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Fig. 3. Hole (blue)-particle (red) distributions of m PhCz-QAO at S1 –S4 and T1 –T4 excited states. 
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adiative decay. Importantly, the relatively small solvatochromic shifts
ndicate that the CT component introduced through the “asymmetric
teric hindrance donor ” strategy does not compromise the narrowband
ature of MR-TADF emission, while still offering a means to fine-tune
xcited-state properties and maintain high PLQY. 

To evaluate their TADF characteristics, 3 wt.% doped mCBP films
ere prepared. As shown in Figs. 4 (d) and S12, both emitters exhibit

lear temperature-dependent delayed fluorescence with biexponential
ecay behavior, confirming the presence of TADF [ 47 ]. The prompt
 𝜏p ) and delayed ( 𝜏d ) lifetimes are listed in Fig. 4 (d), Table 1 and Fig.
13. Based on these decay parameters, the RISC rate constants ( kRISC )
305
ere determined to be 1.24 × 104 s− 1 for p PhCz-QAO and 2.16 × 104 

− 1 for m PhCz-QAO, while the radiative decay rate constants ( kr ) reach
.34 × 108 and 0.98 × 108 s− 1 , respectively. Moreover, the PLQYs of
 PhCz-QAO and m PhCz-QAO reach 72% and 78%. These results indi-
ate that the asymmetric steric hindrance introduced in m PhCz-QAO
ot only mitigates ACQ in the solid state, but also facilitates a balanced
E/CT excited-state character that enhances kRISC . The efficient triplet
arvesting are expected to reduce efficiency roll-off in OLED devices, un-
erscoring the effectiveness of this molecular design strategy [ 48–50 ]. 

Encouraged by the favorable photophysical and thermal properties,
he electroluminescence (EL) behavior of p PhCz-QAO and m PhCz-QAO
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Table 1 

Photophysical data of p PhCz-QAO and m PhCz-QAO. 

Compounds 
𝜆Abs 

a 

[nm] 
𝜆em 

a 

[nm] 
FWHM 

[nm] 
Td 

b 

[°C] 
HOMO 

c 

[eV] 
LUMO 

c 

[eV] 
S1 

d 

[eV] 
T1 

d 

[eV] 
∆EST 

e 

[eV] 
𝜏p 

[ns] 
𝜏d 

[μs] 
kr 

[108 s-1 ] 
kRISC 

[104 s-1 ] 
ΦPL 

f 

[%] 

p PhCz-QAO 460 480 27 465 − 5.78 − 3.22 2.38 2.33 0.05 4.43 101 1.34 1.24 72 
m PhCz-QAO 457 475 31 438 − 5.78 − 3.20 2.46 2.38 0.08 6.1 60.4 0.98 2.16 78 

a Measured in the toluene solution with a concentration of 1 × 10− 5 M at room temperature. 
b A decomposition temperature ( Td ) of 5% weight loss. 
c Measured by CV. 
d Measured in the toluene solution with a concentration of 1 × 10− 5 M at 77 K. 
e Calculated by ΔEST = S1 − T1 . 
f ØPL was measured using an integrating sphere under nitrogen. 

Fig. 4. (a) UV-vis absorption and PL spectra of in toluene (1 × 10− 5 M). (b) The fluorescence (FL) of m PhCz-QAO was measured in toluene at 77 K, and phosphores- 
cence (Phos) of m PhCz-QAO was measured in toluene at 77 K with 4.0 ms delay time. (c) The PL spectrum in various solvents. (d) Temperature dependent lifetimes 
curve of 3 wt.% m PhCz-QAO doped film (host: mCBP) at different temperature (Inset: Transient PL decay curve of the prompt component at room temperature). 
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as further evaluated ( Fig. 5 ). The OLED devices were fabricated using
he energy level configurations shown in Figs. 4 (a)(b). The device archi-
ecture comprised an indium tin oxide (ITO) anode and an Al cathode,
ogether with the following functional layers: TAPC (45 nm) as the hole
ransporting layer (HTL), TCTA (10 nm) as the exciton blocking layer
EBL), TmPyPB (40 nm) as the electron-transport layer (ETL), and LiF
1.5 nm)/Al (100 nm) as the electron-injection/electrode layers. m CBP
as chosen as the host matrix because of its high triplet state, carrier
obility, and low molecular polarity, all of which are beneficial for en-

rgy transfer in devices and high electroluminescence efficiency [ 51 ].
he emissive layer (EML) consisted of m CBP doped with either p PhCz-
AO or m PhCz-QAO. 

The EL performance, including EQE–luminance curves, EL spectra,
nd current density–voltage–luminance characteristics, is summarized
n Figs. 5 (c)–(f), S14 and Table S3. At a doping concentration of 3
t.%, the EL spectra show emission peaks at 490 nm for p PhCz-QAO
nd 486 nm for m PhCz-QAO. The slight redshift observed for p PhCz-
AO originates from its stronger electron-donating strength, which in-
306
uces a more pronounced CT character in the emissive state. Upon in-
reasing the doping concentration to 7 wt.%, the m PhCz-QAO-based
evice achieves an EQEmax of 22.1% with a narrow FWHM of 38
m, outperforming the p PhCz-QAO device EQEmax = 20.9%. At 10
t.% doping, the m PhCz-QAO device retains a high EQEmax of 21.7%
hile maintaining its 38 nm FWHM, whereas the p PhCz-QAO device

xhibits a reduced EQEmax of 20.5%. Remarkably, even at 15 wt.%
oping concentration, the m PhCz-QAO device preserves its narrow-
and emission (FWHM = 38 nm), while the p PhCz-QAO-based de-
ice exhibits noticeable spectral broadening (FWHM = 40 nm). The
fficiency roll-off data of p PhCz-QAO and m PhCz-QAO devices were
lso summarized in Table S4. The results revealed that the OLED de-
ice prepared by the “asymmetric large steric hindrance donor ” strat-
gy can not only maintain high efficiency at high doping concen-
rations, but also maintain narrowband emission characteristics. This
ork validates the effectiveness of the proposed approach and pro-
ides valuable reference for designing efficient narrowband OLED de-
ices. 
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Fig. 5. (a) Schematic diagram of OLED structure and the energy levels and (b) structures of functional layers. EQE-luminance curves of (c) p PhCz-QAO and (d) 
m PhCz-QAO OLED devices at different doping concentrations. EL spectra of (e) p PhCz-QAO and (f) m PhCz-QAO. 
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. Conclusion 

In this work, we introduce an asymmetric steric-hindrance donor
esign as an effective and previously unexplored strategy for con-
tructing high-performance MR-TADF emitters. By breaking the con-
entional symmetry of donor substitution, the m PhCz-QAO emitter
chieves a finely tuned local environment that simultaneously preserves
ulti-resonance characteristics and suppresses detrimental aggregation-

aused quenching in the solid state —an intrinsic challenge for MR sys-
ems. Through synergistic structural, theoretical, and photophysical in-
estigations, we reveal how the asymmetric donor architecture reshapes
he excited-state landscape, enabling clean narrowband emission and
table device performance across a wide doping range. Notably, the
 PhCz-QAO-based OLEDs deliver consistently narrow FWHM values of
38 nm and maintain EQEmax values above 20% even at doping concen-

rations up to 15 wt.%, outperforming the symmetric p PhCz-QAO ana-
ogue and surpassing typical MR-TADF dilution limits. This study not
nly validates the concept of asymmetric steric modulation as a pow-
rful molecular-engineering tool but also establishes a new paradigm
or designing MR-TADF materials that combine high color purity, sup-
ressed ACQ, and excellent device robustness. The insights provided
307
ere offer clear design guidelines and open new avenues for the next
eneration of high-definition, energy-efficient OLED technologies. 
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