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X(O, S, Se) locking multi-
resonance thermally activated delayed
fluorescence materials

Xian-Fang Hong, Yi Wei, Hao-Ran Xing, Yu Wang, Jia-Qi Xi, Chen-Yang Wu, Li Yuan,*
Cheng-Hui Li and You-Xuan Zheng *

Multi-resonance thermally activated delayed fluorescence (MR-TADF) materials with narrowband emission

and high efficiency are crucial for achieving ultra-high-definition displays. However, organic light-emitting

diodes (OLEDs) based on MR-TADF emitters suffer from severe efficiency roll-off. Herein, we employ

a phenphosphine-X(O, S, Se) locking strategy with heavy atoms to accelerate the reverse intersystem

crossing (RISC) process. Three emitters NBNPO, NBNPS, and NBNPSe exhibit blue emission peaking at

468–471 nm with a full-width at half-maximum of 19 nm (0.11 eV) in toluene. The doped films show

photoluminescence efficiencies of up to 95% with RISC rate constants as high as 5.92 × 104, 4.62 × 105,

and 9.91 × 106 s−1 for NBNPO, NBNPS, and NBNPSe, respectively. The corresponding OLEDs achieve

maximum external quantum efficiencies of up to 32.4% with gradually decreased efficiency roll-off.

These findings highlight a promising molecular design strategy for efficient MR-TADF materials and OLEDs.
Introduction

Luminescent materials with high efficiency and excellent color
purity are essential for organic light-emitting diodes (OLEDs)
toward ultra-high-denition displays. In general, uorescent,
phosphorescent, and thermally activated delayed uorescence
(TADF) molecules with conventional donor–acceptor structures
always show broad emission spectra because of structural
deformation in the excited state and the molecular vibrations.
To resolve this problem, in 2016, Hatakeyama et al. introduced
a pioneering molecular design strategy for multi-resonance
TADF (MR-TADF) emitters.1 By alternately incorporating
electron-decient boron and electron-rich nitrogen atoms into
a rigid polycyclic aromatic hydrocarbon framework, spatial
separation of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) through
opposing resonance effects was achieved. This unique molec-
ular architecture effectively suppresses vibrational coupling,
minimizes structural relaxation, and enables narrowband
emission with a full width at half-maximum (FWHM) of less
than 40 nm.

Over the past decade, a wide range of MR-TADF emitters
have been extensively investigated.2–5 Among the reported MR-
TADF scaffolds, DtCzB (Fig. 1) has attracted particular atten-
tion due to its structural simplicity and tunability.6–8 Structural
modication of the DtCzB molecule has enabled emission
istry, Jiangsu Key Laboratory of Advanced

hemical Engineering, Nanjing University,
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wavelength tuning,9–12 and enhanced device performance.13–15

However, asymmetric or uncontrolled p-conjugation extension
oen limits the ability to modulate the energy gap and disrupts
the MR effect, resulting in signicantly weakened or even lost
TADF behavior.16–18 Furthermore, the introduction of strong
donor/acceptor groups may reduce molecular rigidity and
enhance vibronic coupling between ground and excited states,
thereby broadening the emission spectrum.19,20

To overcome the aforementioned challenges, recent studies
have introduced functional heteroatoms at the C1 andC2 positions
(Fig. 1) of the DtCzB core to precisely regulate emission properties
while preserving molecular rigidity and MR-TADF characteristics,
thereby achieving a synergy between functionality and efficiency.
This approach is referred to as the molecular “locking” design
strategy. In 2022, Zhang et al. reported a spiro-locking strategy that
enhancedmolecular planarity and reduced excited-state structural
distortion (CzphB-FI) by suppressing intramolecular charge
transfer (ICT), resulting in narrowband green emission and
a maximum external quantum efficiency (EQEmax) of up to 31% in
the device.21 In 2023, Duan et al. introduced a tris(m-methylphenyl)
borane locking unit in DBCz-Mes to alleviate intramolecular steric
hindrance, achieving ultra-pure blue emission (FWHM = 14 nm,
CIE = (0.144, 0.042)) and an EQEmax of 33.9% in OLEDs.22

Subsequently, Wang et al. incorporated electron-rich sulfur (S)
atoms and a spiro-carbon lockingmotif into the DtCzB framework
to construct FSBN, S-BN, and 2S-BN derivatives, successfully real-
izing efficient red and near-infrared emission.23,24 These studies
demonstrate that the locking molecular design strategy and the
introduction of heteroatoms with distinct functionalities can
endow materials with desirable properties.
Chem. Sci.
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Fig. 1 Atomic locking molecular design strategy for the MR-TADF materials based on the DtCzB core reported previously and in this work.
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In general, MR-TADF emitters usually possess long delay
lifetimes and low reverse intersystem crossing (RISC) rate
constants (kRISC), which lead to serious device efficiency roll-off
at high brightness. According to Fermi's golden rule, improving
the spin–orbit coupling (SOC) can accelerate the RISC process.
By introducing the functional units and heteroatoms, the SOC
effect of the corresponding MR-TADF materials can be
enhanced to relieve their device efficiency roll-off. For example,
the P]O unit, which possesses moderate electron-withdrawing
ability and good electron-transport characteristics, has been
introduced as a functional group in MR-TADF materials to
enhance their optoelectronic properties.25–28 In 2022, Xu et al.
integrated the ambipolar P]O host segment into an MR-TADF
molecule, simultaneously accelerating singlet (S1) radiation and
suppressing both S1 and triplet (T1) nonradiative losses.29 Zhang
et al. incorporated the P]O unit to modify the DtCzB molecule,
signicantly accelerating the RISC process while retaining the
narrowband emission characteristics.30 Additionally, the heavy-
atom effect has also been veried to be an effective method to
accelerate the RISC process. For instance, Yasuda et al. intro-
duced S and selenium (Se) into MR-TADF emitters,31 realizing
a quasi-single-component emission with kRISC values exceeding
108 s−1. Subsequently, Yang et al. reported a Se-integrated B/N
skeleton with a high kRISC of 2.0 × 106 s−1 and low device
efficiency roll-off.32 Based on these results, it is speculated the
simultaneous introduction of P]O groups and heavy atoms
into MR-TADF molecules is hopefully further improve their
properties.
Chem. Sci.
Herein, we employed a phenphosphine–oxygen (Ph–P]O)
locking molecular design strategy and replaced the O atom in
the P]O moiety with S and Se to further accelerate the RISC
process, affording three blue-emitting materials, NBNPO,
NBNPS, and NBNPSe (Fig. 1). The pentavalent sp3-hybridized
phosphorus atom introduces substantial steric hindrance and
conformational rigidity, promoting molecular twisting and
suppressing aggregation-induced quenching.33–35 In dilute
toluene, these compounds exhibit emissionmaxima at 468, 471,
and 471 nm with FWHMs of 19 (0.11 eV), 19 (0.11 eV), and
27 nm (0.15 eV), respectively. In doped lms, the kRISCs are
calculated to be 5.92 × 104, 4.62 × 105, and 9.91 × 106 s−1 for
NBNPO, NBNPS, and NBNPSe, respectively. Accordingly, the
OLEDs achieve EQEmaxs of 32.4%, 31.6%, and 11.4%, with
FWHMs of 22 (0.13 eV), 27 (0.15 eV), and 33 nm (0.18 eV),
respectively, and gradually decreased efficiency roll-off.
Results and discussion
Synthesis and single crystal analysis

The construction of NBNPX (X = O, S, Se) molecules comprises
two main steps. Initially, the DtCzB core was synthesized via
nucleophilic aromatic substitution between commercially
available precursors and 3,6-di-tert-butylcarbazole, followed by
a one-step borylation to yield the desired intermediate. In the
second step, a phenphosphine oxide locking unit was intro-
duced onto the DtCzB core, with further modication enabling
the substitution of the O atom by S or Se. All intermediates and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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nal products were unambiguously characterized by 1H and 13C
NMR spectroscopy as well as high-resolutionmass spectrometry
(Fig. S1–S13). Thermogravimetric analysis curves display excel-
lent thermal stability for the three materials, with 5 wt% weight-
loss decomposition temperatures of 481 °C for NBNPO, 464 °C
for NBNPS, and 445 °C for NBNPSe (Fig. S14), respectively,
which are favorable for operation in their corresponding
OLEDs. Cyclic voltammetry (Fig. S15) curves reveal the HOMO/
LUMO energy levels of −5.41/−2.68 eV for NBNPO, −5.19/
−2.49 eV for NBNPS, and −5.42/−2.73 eV for NBNPSe,
respectively.

Single crystals of NBNPO, NBNPS, and NBNPSe were ob-
tained by slow evaporation of toluene/methanol mixed solvents.
Fig. 2b and c display the molecular structures and crystal
packing patterns of NBNPO, NBNPS, and NBNPSe, respectively.
As shown in Fig. 2b, all compounds feature a Ph–P]X locking
unit, with P–C bond lengths increasing from 1.77/1.76 Å
(NBNPO) to 1.79/1.79 Å (NBNPS) and 1.81/1.80 Å (NBNPSe), in
line with the ascending atomic size of the heteroatoms (O, S,
and Se). A similar trend is also observed for the P–X bonds,
measured at 1.48 Å (P–O), 1.94 Å (P–S), and 2.10 Å (P–Se),
respectively. These variations reect distinct changes in the
electronic environment surrounding the phosphorus center
and correlate with the observed thermal stability and photo-
physical property differences. The Ph–P]X locking motif
effectively reduces steric repulsion between adjacent hydrogen
atoms, thereby enhancing molecular rigidity and planarity,
suppressing nonradiative vibrational deactivation of the mole-
cules.27 Moreover, the phenyl rings and heteroatoms (O, S, and
Se) on phosphorus are oriented on opposite sides of the
Fig. 2 (a) Synthetic route for target MR-TADF molecules. (b) Molecular
packing modes of the target compounds in the crystal state.

© 2025 The Author(s). Published by the Royal Society of Chemistry
molecule, introducing steric hindrance that mitigates aggrega-
tion in the solid state. As depicted in Fig. 2c, all three
compounds adopt a head-to-tail packing arrangement, with
heteroatoms oriented inward and phenyl rings facing outward.
The p–p stacking distances increase from 3.45 Å (NBNPO) to
3.51 Å (NBNPS) and 3.66 Å (NBNPSe), which are benecial for
vacuum deposition and may help suppress exciton quenching
in devices.
Theoretical calculations and photophysical properties

To understand how heteroatom substitution modulates the
electronic structure in theory, we performed ground-state
geometry optimizations for all three compounds using DFT at
the B3LYP/6-31G(d,p) level. As shown in Fig. 3a, c and e, all
molecules exhibit well-separated HOMO and LUMO distribu-
tions, favorable for MR-type short-range charge transfer (SRCT)
transitions. Notably, the meta-positioning of the P]X units
relative to the boron center exerts a pronounced inuence on
the HOMO distribution. As the heteroatom is varied from O to S
and Se, a gradual increase in HOMO delocalization is observed
along the molecular backbone, accompanied by a signicant
rise in heteroatomic contribution to the HOMO orbital. Time-
dependent DFT (TD-DFT) calculations further reveal that all
materials have rapid radiative decay processes and efficient
TADF characteristics. To further elucidate the effect of hetero-
atoms on TADF performances, SOC matrix elements (<S1-
jĤSOCjT1>) between S1 and T1 states were calculated using the
PySOC package.32 As shown in Fig. 3b, d and f, the SOC values
increase systematically with the atomic number of the
structures of the target compounds in the crystal state. (c) Molecular

Chem. Sci.
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Fig. 3 Theoretical results of NBNPO, NBNPS, and NBNPSe: (a), (c), and (e) optimized molecular geometries, Kohn–Sham frontier orbital
distributions, oscillator strengths, theoretical energy levels, and energy gaps. (b), (d), and (f) Energy level diagrams of singlet and triplet states,
along with the SOC matrix elements calculated using PySOC and the DEST values corrected by the SCS-CC2 method.
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heteroatoms: 0.060 cm−1 (NBNPO), 0.706 cm−1 (NBNPS), and
6.226 cm−1 (NBNPSe). The SCS-CC2-corrected DEST values of
0.13, 0.10, and 0.09 eV closely align with experimental data and
fall within the optimal range for promoting efficient RISC. In
theory, the combination of large SOC and small DEST values
should facilitate accelerated RISC and thereby enhance emis-
sion efficiency.36–39

The photophysical properties of NBNPO, NBNPS, and
NBNPSe in dilute toluene were systematically investigated
(Fig. 4a–c). UV-visible absorption spectra exhibit a weak band
below 380–390 nm, attributed to n–p* and p–p* electronic
transitions, and sharp and intense bands at 455, 460, and
461 nm, respectively, belonging to the SRCT transition, a hall-
mark of MR systems. Upon excitation at 330 nm, all three
compounds emit blue emission with peak maxima at 468 nm
(NBNPO), 471 nm (NBNPS), and 471 nm (NBNPSe), and FWHMs
of 19 (0.11 eV), 19 (0.11 eV), and 27 nm (0.15 eV), respectively.
The corresponding CIE coordinates are (0.12, 0.10), (0.11, 0.12),
and (0.13, 0.14), respectively, highlighting their excellent color
Chem. Sci.
purity. Notably, the photoluminescence (PL) spectra exhibit
near-mirror symmetry with their absorption proles, and the
small Stokes shis of 13 nm (NBNPO), 11 nm (NBNPS), and
10 nm (NBNPSe) suggest minimal geometric reorganization
between the ground and excited states. These results conrm
that the incorporation of the Ph–P]X locking units at themeta-
position effectively restricts structural relaxation. To further
elucidate the origin of spectral broadening of NBNPSe, the
extent of geometric reorganization and reorganization energies
of the three emitters was quantitatively analyzed. As shown in
Fig. S22 and S23, the RMSD values between the S0 and S1
geometries are 0.200, 0.114, and 0.573 Å for NBNPO, NBNPS,
and NBNPSe, respectively, with corresponding reorganization
energies of 0.162, 0.152, and 0.249 eV. Notably, NBNPSe exhibits
the largest structural relaxation and the highest reorganization
energy aer excitation, indicative of more signicant vibronic
coupling. The more pronounced geometric relaxation broadens
the excited-state potential energy surface, thus rationally
explaining the experimentally observed emission broadening
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Normalized UV-vis absorption and fluorescence spectra of (a) NBNPO, (b) NBNPS, and (c) NBNPSe in toluene (1.0× 10−5 mol L−1) at room
temperature. Fluorescence and phosphorescence spectra of (d) NBNPO, (e) NBNPS, and (f) NBNPSe in toluene (1.0 × 10−5 mol L−1) at 77 K.
Prompt (inset) and delayed time-resolved photoluminescence decay curves of 5 wt% (g) NBNPO-, (h) NBNPS-, and (i) NBNPSe-doped films in
mCBP at room temperature.
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for NBNPSe. Additionally, from the uorescence and phospho-
rescence spectra of NBNPO, NBNPS, and NBNPSe recorded at 77
K, the DEST values are determined to be 0.13, 0.11, and 0.08 eV,
respectively (Fig. 3d–f), indicating the potential for efficient
triplet harvesting of the three materials. Shoulder peaks corre-
sponding to higher singlet excited states were observed in the
PL spectra of NBNPO and NBNPS, potentially affecting DEST
determination. Using temperature-dependent transient photo-
luminescence decay, DEST values were measured to be 0.15 and
0.09 eV, respectively (Fig. S20 and S21), in good agreement with
the above measured results.

To further examine their solid-state photophysical charac-
teristics, thin lms with each emitter doped in a wide-bandgap
© 2025 The Author(s). Published by the Royal Society of Chemistry
host, 3,30-di(9H-carbazolyl)biphenyl (mCBP) at a 5 wt%
concentration, were fabricated (Fig. 4g–i and Table 1). The PL
efficiencies (FPLs) were determined to be 92%, 95%, and 61%
for NBNPO, NBNPS, and NBNPSe, respectively. The PL decay
curves reveal distinct differences of the three compounds.
NBNPO exhibits a long delayed uorescence lifetime (sd) of 77.3
ms, with a kRISC of 5.92 × 104 s−1, whereas S incorporation in
NBNPS signicantly shortens the sd to 7.45 ms, corresponding to
a kRISC of 4.62 × 105 s−1. This result indicates that S incorpo-
ration in NBNPS effectively facilitates the RISC process via
a moderate heavy atom effect while maintaining high FPL. In
contrast, further substitution with Se in NBNPSe resulted in
a shorter sd of 1.48 ms and a much higher kRISC of 9.91× 106 s−1.
Chem. Sci.
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Table 1 Photophysical data of relevant MR-TADF materialsl

Compound
labs

a

[nm]
lPL

b

[nm]
FWHMc

[nm eV−1]
FPL

d

[%]
Fp

e

[%]
Fd

e

[%]
sp

f

[ns]
sd

f

[ms] fg
kr

h

[108 s−1]
kISC

i

[108 s−1]
kRISC

j

[104 s−1]
DEST

k

[eV]

NBNPO 455 468 19/0.11 92 21.40 78.60 5.66 77.3 0.50 0.348 1.42 5.92 0.13
NBNPS 460 471 19/0.11 95 28.51 71.49 2.06 7.45 0.53 1.31 3.53 46.2 0.11
NBNPSe 461 471 27/0.15 61 6.64 93.36 2.93 1.48 0.51 0.138 3.28 991 0.08

a Maximum absorption wavelength in toluene (1.0 × 10−5 mol L−1). b Maximum emission wavelength in toluene (1.0 × 10−5 mol L−1). c FWHM of
the PL spectrum in toluene (1.0 × 10−5 mol L−1). d Absolute PL efficiency measured using an integrating sphere. e Fractional PL efficiencies of
prompt uorescence (Fp) and delayed uorescence (Fd); Fp + Fd = FPL.

f Emission lifetimes of prompt (sp) and delayed (sd) uorescence
components. g Calculated oscillator strength for the S0 / S1 transition. h Radiative decay rate constant of uorescence (S1 / S0, kr = Fp/sp).
i Rate constant of intersystem crossing (S1 / T1, kISC = (1 − Fp)/sp).

j Rate constant of reverse intersystem crossing (T1 / S1, kRISC = Fd/
(kISC$sp$sd$Fp)).

k Singlet–triplet energy gap estimated from the lPL positions of uorescence and phosphorescence spectra. l Data measured
from the lm prepared by doping 5 wt% NBNPX in the mCBP host.
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Consistent with these observations, the radiative decay rates (kr)
also show pronounced variation: 3.48 × 107 s−1 for NBNPO,
1.31 × 108 s−1 for NBNPS, and a signicantly lower value of 1.38
× 107 s−1 for NBNPSe.

Despite exhibiting both the largest SOC and smallest DEST,
NBNPSe shows a markedly lower FPL compared to that of
NBNPS. According to Fermi's golden rule, the rate of electronic
transitions depends on both the electronic coupling strength
and the energy resonance. While the increased SOC and
reduced DEST are favorable for RISC, the incorporation of heavy
atoms can introduce competing nonradiative decay pathways.40

For instance, stronger intramolecular vibrational coupling and
pronounced excited-state geometric relaxation may elevate the
nonradiative decay rate (knr). Due to the high polarizability and
orbital diffuseness of the Se atom, NBNPSe is more susceptible
to internal conversion (IC) and excited-state relaxation, result-
ing in higher energy dissipation.41–43 Consequently, despite its
favorable RISC characteristics, NBNPSe suffers from signicant
nonradiative losses that ultimately reduce FPL. In contrast,
NBNPS achieves a more optimal balance. Its moderately
increased SOC (0.70 cm−1) effectively supports the RISC
process, while the small DEST (0.09 eV) helps to suppress
internal conversion, leading to the highest FPL. These ndings
underscore the importance of ne-tuning the heavy atom effect
and simultaneously enhancing SOC and suppressing detri-
mental nonradiative decay mechanisms, such as vibrational
coupling and excited-state relaxation, in the rational design of
efficient TADF materials.

Electroluminescent properties

To evaluate the electroluminescence (EL) performances of these
materials, OLEDs were fabricated using the conguration: ITO/
HATCN (1,4,5,8,9,11-hexaazatripheny-lenehexacarbonitrile, 5
nm)/TAPC (N,N-bis(p-tolyl)aniline, 30 nm)/mCP (N,N-
dicarbazolyl-3,5-benzene, 5 nm)/emissive layer (20 nm)/PPF
(2,8-bis(diphenylphosphoryl)dibenzofuran, 5 nm)/BPhen
(bathophenanthroline, 30 nm)/LiF (1 nm)/Al (100 nm). In this
architecture, HATCN and TAPC serve as the hole injection and
transport layers, LiF and BPhen act the electron injection and
transport layers, and mCP and PPF play as exciton-blocking
layers, respectively. The emissive layer employs the wide-
bandgap host mCBP. Depending on the emitters, the devices
Chem. Sci.
are denoted as D-NBNPO, D-NBNPS, and D-NBNPSe, respec-
tively. Devices (D0-NBNPO, D0-NBNPS, and D0-NBNPSe) were
fabricated using NBNPO, NBNPS, and NBNPSe (3 wt%) as
dopants in mCBP (Fig. S32 and Table S14). The D0-NBNPO
exhibits blue EL peaking at 467 nmwith a FWHMof 22 nm (0.13
eV) and an EQEmax of 22.4%, but suffered a pronounced effi-
ciency roll-off of 80% at 100 cd m−2. In contrast, the introduc-
tion of heavy S and Se atoms endows NBNPS and NBNPSe with
a larger kRISC, effectively mitigating efficiency roll-off in their
devices. The D0-NBNPS and D0-NBNPSe based devices show EL
spectrum peaking at 470 and 471 nm with FWHMs of 26 (0.15
eV) and 32 nm (0.17 eV), and EQEmaxs of 20.5% and 5.2%, with
decreased efficiency roll-offs of 48% and 12% at 100 cd m−2,
respectively. Despite improved efficiency retention, the overall
performances of both devices remain at a low level.

To improve device performance and suppress efficiency roll-
off, a TADF sensitization strategy was employed to harvest
triplet excitons via auxiliary pathways, thus compensating for
the MR emitters with intrinsically low kRISC.44–46 Based on the
absorption feature of NBNPO at around 455 nm, a series of
TADF sensitizers emitting near this wavelength were screened.
Among these, m4TCzPhBN emerged as the optimal sensitizer
due to its favorable photophysical properties,47 including a high
T1 energy (2.86 eV), a high kRISC (1.0 × 106 s−1), and nearly
complete spectral overlap with the absorption of NBNPO
(Fig. S33). This spectral alignment facilitates efficient Förster
energy transfer, thereby improving sensitization efficiency and
exciton utilization. The D-NBNPO, D-NBNPS and D-NBNPSe
devices incorporating the TADF sensitization strategy show
electroluminescence (EL) spectral peaking at 467, 472, and 472
nm with FWHMs of 22 (0.13 eV), 27 (0.15 eV), and 33 nm (0.18
eV) and CIE coordinates of (0.12, 0.09), (0.11, 0.12), and (0.12,
0.13) (Fig. 5), demonstrating good blue color purity. Compared
with the PL spectra of the three emitters, the spectral shi is
negligible. Furthermore, the change in EL spectra is ignorable
as the drive voltage increases from 7 to 13 V, implying that these
devices possess exceptional spectral stability (Fig. S35).

Additionally, all sensitized OLEDs exhibit good perfor-
mances. For D-NBNPO, an EQEmax of 32.4%, a maximum
current efficiency (CEmax) of 34.6 cd A-1 and a maximum power
efficiency (PEmax) of 25.9 lm W−1 were achieved. At a brightness
of 100 cdm−2, the EQE decreases to 17.6%, suggesting relatively
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Device architecture and the corresponding energy-level diagram. (b) Electroluminescence spectra. (c) CIE chromaticity coordinates.
(d) Current density/luminance versus driving voltage characteristics. (e) External quantum efficiency versus luminance curves. (f) Power efficiency
and current efficiency versus luminance curves of D-NBNPO, D-NBNPS, and D-NBNPSe.
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serious efficiency roll-off, partially due to the relatively long
delayed lifetime (77.3 ms) of NBNPO. But at a high luminance of
1000 cd m−2, the EQE can be kept at 14.7%, and the efficiency
roll-off is alleviated, maybe due to the molecular rigidity caused
by the Ph–P]O locking unit. The D-NBNPS device demon-
strates better performances with an EQEmax of 31.6%, a CEmax of
35.8 cd A−2 and a PEmax of 28.8 lm W−1, respectively, and the
efficiency roll-off is signicantly suppressed compared to that of
D-NBNPO. At a luminance of 100 and 1000 cd m−2, the EQEs are
comparative with values of 20.9% and 19.5%, respectively. Even
at a high brightness of 2000, 3000, and 4000 cd m−2, the EQEs
remain at 19.4%, 17.7%, and 16.5%, respectively. These results
suggest that the introduction of the Ph–P]S lock in the MR
framework is benecial for an efficient device with low effi-
ciency roll-off. However, compared to D-NBNPO and D-NBNPS,
Table 2 EL performance data of TADF sensitized OLEDs

Device Vturn-on
a [V] lEL

b [nm] FWHM [nm eV−1] CIE [x, y] Lmax
c [

D-NBNPO 3.9 467 22/0.13 0.12, 0.09 8040
D-NBNPS 3.8 472 27/0.15 0.11, 0.12 14 883
D-NBNPSe 4.0 472 33/0.18 0.12, 0.13 6670

a Turn on voltage recorded at a brightness of 1 cd m−2. b Electroluminesc
measured at luminance levels of 1000/10000 cdm−2. e Maximum external q
1000 cd m−2. f Maximum power efficiency.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the EQEmax of D-NBNPSe decreases to 11.4%, which correlates
with the intrinsically low FPL (61%) of NBNPSe. But notably, the
D-NBNPSe device demonstrates a signicantly reduced effi-
ciency roll-off. From the maximum value to a brightness of 1000
cd m−2, the EQEs are around 11%. At a high brightness of 2000,
3000, and 4000 cd m−2, the EQEs remain at 10.5%, 9.0%, and
7.8%, respectively. We believe that the rigid molecular structure
with a short delayed lifetime (2.93 ms) of NBNPSe is responsible
for this phenomenon (Table 2). Although the incorporation of
a Se atom in the emitter leads to a decrease in the peak effi-
ciency of its device, it plays a pivotal role in enhancing device
stability. These ndings also highlight the potential and chal-
lenge of heavy atom integration in achieving a balanced trade-
off between efficiency and roll-off in future MR-TADF mate-
rials and OLED design.
cd m−2] CEmax/100/1000
d [cd A−1] EQEmax/100/1000

e [%] PEmax
f [lm W−1]

34.67/18.77/15.66 32.4/17.6/14.7 25.9/10.5/6.6
35.83/23.73/22.08 31.6/20.9/19.5 28.8/14.3/10.9
11.47/10.33/11.36 11.2/10.2/11.1 8.7/5.1/4.8

ence peak at 7 V. c Maximum luminance. d Maximum power efficiency,
uantum efficiency and external quantum efficiency measured at 100 and
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Conclusions

In conclusion, this work presents a heavy-atom-assisted
phenylphosphine locking strategy by introducing functional
Ph–P]X units (X= O, S, Se) into a DtCzB-based MR framework.
This design synergistically enhances molecular rigidity and
SOC, signicantly accelerating the RISC process while
preserving the characteristic narrowband emission of MR-TADF
materials, ultimately contributing to good photophysical prop-
erties. As a result, NBNPO, NBNPS, and NBNPSe emitters exhibit
blue emission with peak wavelengths of 468, 471, and 471 nm as
well as FWHMs of 19 (0.11 eV), 19 (0.11 eV), and 27 nm (0.15 eV),
respectively. Thanks to the heavy atom effect, the kRISC values
were determined to be 5.92 × 104, 4.62 × 105, and 9.91 × 106

s−1 for NBNPO, NBNPS, and NBNPSe, respectively. The corre-
sponding sensitized OLEDs based on NBNPO, NBNPS, and
NBNPSe demonstrate EQEmax values of 32.4%, 31.6%, and
11.4%, with a gradual reduction in efficiency roll-off. These
results underscore the importance of rationally designing
molecular structures and controlling heavy atom effects to
balance the trade-off between high efficiency and minimal
efficiency roll-off, thereby guiding future advancements in MR-
TADF material design for OLED application.
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