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Multiple resonance thermally activated delayed fluorescence (MR-TADF) emitters, mainly constructed from
rigid fused polycyclic aromatic hydrocarbon frameworks incorporating boron and nitrogen (B/N), have
garnered significant attention attributed to their remarkable optoelectronic properties, such as high
efficiency, narrowband emission, and so on. However, the relatively large singlet—triplet energy gap
(AEst), small spin—orbit coupling (SOC) matrix elements and planar rigid framework inherent to MR-TADF
materials lead to slow reverse intersystem crossing rates (kgrisc) and aggregation-caused quenching
(ACQ), limiting their practical application in organic light-emitting diodes (OLEDs). This study presents an
effective molecular design strategy that integrates a bulky thermally activated delayed fluorescence
(TADF) moiety (also as a sensitizer) into a multiple-resonance (MR) framework. This hybrid architecture
enables the resulting emitter 4TCzBNCN to exhibit bright green emission with a narrow full width at half
maximum (FWHM) of approximately 31 nm, alongside a significantly enhanced kgjsc of 4.2 x 10° s~* and

) 202 near-unity photoluminescence quantum yield. Therefore, the solution-processable OLEDs achieve

Received 12th November 5 . - . o .

Accepted 26th January 2026 a maximum external quantum efficiency (EQE,,) exceeding 26.8% with an almost unchanged FWHM
even at high doping concentration. The results demonstrate that TADF sensitizer decorated MR emitters

DOI: 10.1039/d55c08829a simultaneously accelerate kgisc and suppress the ACQ effect, thereby addressing a persistent challenge
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1 Introduction

As technological progress ushers society into an intelligent era,
display technology has become a crucial interface between
smart device functionalities and human interaction. Among
various display technologies, OLEDs have gained rapid promi-
nence in recent decades due to their inherent advantages: self-
emissive characteristics, fast response speed, true-to-life color
reproduction, and mechanical flexibility."” The organic elec-
troluminescent emitter is a key component in OLEDs, directly
influencing display panel performance such as emission color,
efficiency, and operational lifetime. The evolution of organic
electroluminescent materials has progressed through several
generations, including fluorescence, phosphorescence, TADF,
and radical emitters.’ Particularly, TADF emitters possess the
advantages of low cost and high efficiency, attracting persistent
research enthusiasm. In addition, most TADF-based OLEDs are
fabricated using vacuum-deposit methods. In contrast, solu-
tion-processed OLEDs provide a compelling alternative, with
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benefits including cost-effective production, low equipment
requirements, and precise doping concentration.**® Therefore,
solution-processed OLEDs incorporating TADF emitters are
attracting growing interest in both academic and industrial
research, though they tend to exhibit lower external quantum
efficiency (EQE) and reduced operational stability compared to
vacuum-deposited devices."

Despite achieving near-unity exciton utilization—which
enables highly efficient devices—TADF emitters face another
challenge: they often suffer from low color purity. The emer-
gence of MR-TADF materials, pioneered by Takuji Hatakeyama
et al., effectively addresses the challenge of color purity attrib-
uted to their narrowband emission characteristics.’* The key
objective in designing MR-TADF materials lies in employing
rational strategies to induce multiple resonance (MR) effects
within polycyclic heteroaromatics. The MR effects drive the
effective alternative separation of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) to induce a small AEgr, thereby endowing the
resulting material with TADF properties.'*'* Notably, unlike the
long-range charge transfer (LRCT) characteristic of traditional
donor-acceptor (D-A) type TADF structures, the HOMO and
LUMO in the MR-TADF framework are separated by a distance
roughly equivalent to a single chemical bond.**™° This gives rise
to a typical short-range charge transfer (SRCT) feature within
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the localized excited state category, which mitigates the poten-
tial weakness of radiative transitions caused by the separation
of the HOMO and LUMO and is therefore conducive to
enhancing the photoluminescence quantum yield (abbrevia-
tion: PLQY; symbol: ®@p). MR-TADF emitters exhibit distinct
advantages such as narrow bandwidth emission and high
exciton utilization efficiency at low concentrations. However,
compared to the D-A type TADF counterparts, the slower reverse
intersystem crossing (RISC) process remains a critical bottle-
neck in many MR emitters due to their SRCT characteristics.*~*°
Another challenge for most MR emitters is their pronounced
susceptibility to ACQ arising from their highly planar configu-
rations, which facilitate m-m stacking interactions, thereby
leading to doping sensitivity and degrading device perfor-
mance.** To address ACQ, several molecular design strategies
have been proposed, including the incorporation of steric
substituents to disrupt molecular packing and the use of host-
guest doping to spatially separate intermolecular
interactions.**** Furthermore, several strategies incorporating
auxiliary donor groups or TADF units have been proposed to
synergistically address the challenges of ACQ and RISC. For
instance, You et al. introduced a functional cyano-unit into the
LUMO position of the MR-TADF framework, which can promote
attractive red-shifted emission. The resultant CNCZ-BNCZ
exhibits an orange-red color due to the strong electron-with-
drawing ability of the cyano-group. However, due to its long
lifetime of delayed fluorescence (tq = 60.4 us), the triplet
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(a) Previous work. (b) Molecular design strategy of the 4TCzBNCN emitter.

excitons of CNCZ-BNCZ cannot be quickly converted into
singlet excitons. This induces significant triplet-triplet annihi-
lation (TTA) at elevated current densities, resulting in
a substantial loss of efficiency and pronounced efficiency roll-
off.”* Duan et al. addressed the ACQ issue by encapsulating the
MR core with sterically hindered carbazole groups, obtaining
the efficient emitter D-Cz-BN. Its corresponding device main-
tained an external quantum efficiency (EQE) of 36.3% and
a narrowband emission spectrum with a FWHM of 24 nm, even
at a high doping concentration of 20 wt%. Nevertheless, its krisc
in solution was merely 1.8 x 10* s™!, which is substantially
lower than the average values of high-performance TADF
materials. Zhang et al. integrated a B/N-MR core with a donor-
acceptor (D-A) moiety to construct DtCzBN-CNBT2, which
exhibits inherent TADF properties with accelerated kgisc and
a suppressed ACQ effect. Nevertheless, these strategies demand
meticulous control to strike a delicate balance between
preserving a narrow emission bandwidth and retaining TADF
characteristics—an inherent trade-off that poses a non-trivial
challenge in molecular design.

Herein, we propose a molecular design strategy that inte-
grates a TADF sensitizer moiety, 4TCzBN, into an MR frame-
work. Distinct from previous single-effect design paradigms,
our approach constructs a synergistic MR/TADF hybrid archi-
tecture. This successfully addresses two persistent challenges in
MR-TADF materials, ie., slow spin-flip dynamics and
pronounced ACQ, while offering a straightforward path to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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explore sensitizer performance in devices. This approach facil-
itates a sufficient expansion of the LUMO distribution while
maintaining the original HOMO delocalization compared to the
parent MR core (BCz-BN).** Such a cross-shaped HOMO/LUMO
configuration retains a predominant SRCT character and some
hybrids of LRCT excited states, thereby accelerating the efficient
spin-flip process and red-shifting the emission spectrum
toward saturated green light in contrast with BCz-BN. Mean-
while, the encapsulated TADF sensitizer moiety with bulk steric
hindrance enhances quenching resistance. As anticipated, the
target emitter—denoted as 4TCzZBNCN—successfully combines
the narrowband emission characteristic of BCz-BN with the
prominent TADF behavior of 4TCzBN (Fig. 1). Specifically,
4ATCzBNCN exhibits bright green emission with a narrow
FWHM of 31 nm.*® Crucially, green OLEDs based on 4TCzZBNCN
demonstrate excellent performance across a wide range of
doping concentrations. An optimized solution-processed OLED
achieves an EQE,,, exceeding 26.8%, along with an ultra-high
luminance of up to 10320 cd m~>. This work highlights that
a TADF sensitizer moiety decorated MR core can synergistically
modulate the excited states and provide steric hindrance for the
resulting MR-TADF materials, thereby concurrently accelerating
the efficient spin-flip process and enhancing ACQ resistance.

2 Results and discussion

4TCzBNCN was synthesized via a two-step reaction sequence
from key intermediates DtCzB-Bpin.*’” The key steps for
preparing the final material involve the Suzuki coupling reac-
tion between boronic esters and brominated aromatics, as well
as the aromatic nucleophilic substitution reaction between
fluoroaromatics and 3,6-di-tert-butylcarbazole (tCz), with an
overall moderate yield (Fig. S1). The product 4TCzZBNCN was
sequentially purified by column chromatography and gradient
vacuum sublimation. Its chemical structure was confirmed by
"H NMR, *C NMR spectroscopy, and high-resolution mass

Fig. 2
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spectrometry (HR-MS). Detailed synthetic procedures and
characterization data are provided in the SI.

To further confirm the molecular structure and packing
arrangement, single crystals of 4TCZBNCN were cultured using
the slow evaporation method from a mixed solvent system of
chloroform and methanol. The summarized crystallographic
data are presented in Table S1. Single-crystal X-ray analysis
shows that the molecular conformation of 4TCzBNCN is highly
distorted between its MR core and TADF moiety, leading to an
increased intermolecular distance (Fig. 2a). The dihedral angles
among the central benzene ring in the MR core and carbazole
fragments in benzonitrile range from 52.5° to 74.6°. Notably, no
obvious intermolecular -7 stacking interactions are observed
among the MR cores in 4TCzBNCN. Instead, the crystal packing
is stabilized exclusively through weak van der Waals interac-
tions, such as C-H---C and C-H---H-C short contacts (distances
>2.39 A) involving both the tCz units and the MR core, as well as
interactions between vicinal tCz groups, as illustrated in Fig. 2b.
The distance of the adjacent MR cores exceeds 10 A due to the
sterically shielded tCz groups on the periphery of the B/N-PAHs
(Fig. S7 and S8). This hybrid architecture, combining a planar
MR framework with a twisted TADF moiety, synergistically
enhances kgysc, suppresses ACQ, and preserves the desirable
narrowband emission profile.

The photophysical properties of 4TCzBNCN in toluene
solution (1 x 10~° mol L™") were analyzed using ultraviolet-
visible (UV-Vis) absorption, photoluminescence (PL), and
phosphorescence spectra. As shown in Fig. 3a, 4TCzZBNCN
exhibits intense absorption below 450 nm, attributed mainly to
m-mv* transitions within its aromatic conjugated segments. The
moderate absorption band centered at 483 nm, unlike the
characteristic intense transitions observed for BCz-BN
(Fig. S15), originates from the cooperative interplay between
the SRCT of the MR framework and LRCT associated with the
TADF moiety. Its structureless emission peak appears at 506 nm
with a minor Stokes shift of 23 nm (0.12 eV) and a FWHM of

| YR 2380 A ,2.672A ,3.274A

d..

(a) Single-crystal information. (b) Packing diagram of 4TCzBNCN.
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Fig. 3 (a) UV-vis absorption and fluorescence (FL) spectra (300 K) of 4TCzBNCN in toluene solution (1 x 10~> mol L™ (inset: photograph taken
under 365 nm UV light). (b) Steady state photoluminescence (PL) spectra of 4TCzBNCN (5 wt%) doped in a PhCzBCz film. (Inset) The relaxation

dynamics of prompt and delayed fluorescence, monitored at 520 nm.

31 nm, further confirming its hybrid TADF and predominant
MR characteristics. With increasing solvent polarity,
4TCzBNCN shows minimal solvatochromism, displaying only
slight bathochromic shifts in the emission maximum and
a marginal increase in FWHM (Fig. S9). This indicates that
4TCzBNCN maintains the dominant SRCT character, despite
the incorporation of the TADF moiety into the MR framework.
Furthermore, based on the onset wavelengths of the fluores-
cence and phosphorescence spectra at low temperature
(Fig. S10), the S; and T; energy levels of 4TCzBNCN are esti-
mated to be 2.54 eV and 2.51 eV, respectively, corresponding to
a very small AEgr of 0.03 eV. This tiny energy gap facilitates
exciton up-conversion from the T; state to the S; state.
Remarkably, the PL peak position of 4TCzBNCN remains nearly
constant at approximately 509 nm, and its FWHM stays rela-
tively small (37-39 nm) as the doping concentration varies from
1 wt% to 5 wt% (Fig. S11). 4TCzBNCN achieves an impressive
photoluminescence quantum yield (PLQY) of 99.4% in doped
thin films. The transient photoluminescence (TRPL) decay
profile clearly demonstrates its TADF behavior, showing a short
prompt fluorescence lifetime (z,) of 25.7 ns and a delayed
fluorescence lifetime (tq4) of 8.9 ps, corresponding to a radiative
decay rate (k;) of 3.86 x 10" s~ " and a kgisc of 4.2 x 10° s,
which is over 460 times faster than that of BCz-BN (Fig. 3b, see

Information).*® The associated photophysical data are summa-
rized in Table 1.

Density functional theory (DFT) calculations were performed
at the B3LYP/6-31G(d) level to investigate the nature and ener-
gies of the frontier molecular orbitals of 4TCzBNCN. For
comparison, the parent MR-TADF core BCz-BN was also
studied. As shown in Fig. 4a, the HOMO of BCz-BN is
predominantly delocalized over the electron-donating nitrogen
atom and extends to its adjacent ortho/para-positioned carbons
within the PAH framework. In contrast, the LUMO is primarily
localized on the electron-accepting boron atom and the
complementary carbon sites in its vicinity.>* After incorporating
the TADF segment, the HOMO of 4TCzBNCN remains primarily
localized on the MR core BCz-BN. In contrast, the LUMO is not
only delocalized across the MR-TADF core, but also extends
toward the cyano-group and its directly bonded phenyl ring due
to the strong electron-withdrawing nature of the cyano-func-
tionality. This spatial distribution of the LUMO complementa-
rily overlaps with the HOMO, facilitating efficient charge
transfer and narrowband emission. Notably, the introduction of
tCz groups has minimal impact on the distributions of the
FMOs, primarily serving to increase intermolecular spacing. In
contrast, the incorporated cyano-acceptor group extends the
delocalization of the LUMO. The alternately separated HOMO

the detailed calculation method in the Supporting and LUMO distributions, along with the locally expanded
Table 1 Photophysical properties of 4TCzBNCN

Compound  Agps” [NM] A [nm]  Sy/Ti/AEsy” [ev] 7" [ns] 74 [ps] Dp? (%) kF[107 57 kpisd [107 7] Enomo/Erumol/Eg [eV]
BCz-BN** 467 481 2.66/2.53/0.13 8.5 68.8 91 16 0.9 —5.40/—2.85/2.55
4TCzBNCN 485 506 2.54/2.51/0.03 25.74 8.91 99.4 3.86 420 —5.26/—3.07/2.19

4 Measured in toluene at a concentration of 1.0 x 10~°> mol L™. ? §; and T, were obtained from the onset of fluorescence and phosphorescence
spectra at 77 K, respectively. © Measured in 5 wt% doped films in PhCzBCz. ¢ Absolute ®p; of doped films measured using an integrating
sphere. ® k, denotes the rate constant of fluorescence radiative decay (S; — So): k; = Dp/1p,. 7 krisc means the rate constant of RISC (Ty — Sy),
krisc = Pakrkpr/(kisc®Pr). € Optical bandgap (E,) from the absorption onsets. Data for BCz-BN were taken from ref. 35.

Chem. Sci. © 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Frontier molecular orbital distributions (blue for holes and green for electrons), oscillator strengths, and state levels. (b) SOC values in

the S; geometries of BCz-BN and 4TCzBNCN at the B3LYP/6-31G(d) level. (c) Reduced Density Gradient (RDG) scatter diagrams of 4TCzBNCN.
(d) Intramolecular non-covalent interaction (NCI) analysis of 4TCzBNCN.

LUMO orbitals, endow 4TCzBNCN with a predominantly SRCT
character and some LRCT contribution. This electronic distri-
bution feature induces a bathochromic shift toward saturated
green light and promotes TADF behavior, compared to the
parent MR emitter BCz-BN. The calculated HOMO and LUMO
energy levels are —5.17 eV and —2.04 eV, respectively, corre-
sponding to an energy gap (E,) of 3.13 eV (Fig. 4a). Time-
dependent density functional theory (TD-DFT) simulations
predict a singlet-triplet energy gap (AEst) of 0.26 €V between the
S; and T, states, which is larger than that obtained from
experimental data. This result is reasonable; the apparent
discrepancy between calculated and experimental AEgr values
arises from the combined effects of solid-state dielectric stabi-
lization, excited-state conformational relaxation, and multi-
state excited-state mixing, which are not fully captured by gas-
phase TD-DFT calculations. Based on the computation, Fig. 4
reveals the complete excited-state energy level diagram of
4TCzBNCN and the spin-orbit coupling matrix elements
(SOCMES) between the S; and T, states were evaluated to assess
the magnitude of SOC between these states and elucidate the
possible RISC channels. Natural transition orbital (NTO) anal-
ysis reveals that both the S; and T, states of 4TCZBNCN possess
those of BCz-BN, displaying

similar distributions to

© 2026 The Author(s). Published by the Royal Society of Chemistry

predominant SRCT characteristics localized on the B/N core
(Fig. 4b and S12 and Table S2). Notably, 4TCzBNCN exhibits
strong SOCMEs between its first excited singlet state (S;) and
first excited triplet state (T;), characterized by a large
[(S1]Hsoc|T1)| of 0.370 ecm™*. This distinguishes it from
conventional MR emitters, which typically exhibit larger
[(S1]Hsoc|T,)| values (where n = 2); e.g., |(S1|Hsoc|T5)| is the
strongest for BCz-BN. However, the T, (2.43 eV), T; (2.51 eV),
and T, (2.79 eV) states clearly exhibit LRCT character, delocal-
izing from the B/N core to the peripheral tCz units (Fig. S12).
These triplet states lie in proximity to the S, state (2.64 eV) with
smaller energy gaps of 0.13-0.19 eV. Consequently, this system
not only efficiently drives the T; — S, spin-flip process but also
may open new avenues to the spin-flip process via T, (n = 2) —
S; due to the spaced upper triplet states (T,-T,) close to S; and
the moderate SOCMEs between them, suggesting potential
RISC channels that could enhance the overall TADF perfor-
mance and accelerate the kgysc. Reduced density gradient (RDG)
function calculations indicate that the introduction of tCz
groups leads to a locally highly twisted molecular conformation,
enhancing intramolecular non-covalent interactions (NClIs, i.e.,
short interactions, see Fig. 4c¢).***> To visualize the spatial
distribution of NCIs within the molecule, color-mapped RDG

Chem. Sci.
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Fig. 5 Solution-processed HF-OLED performance based on 5 wt% 4TCzBNCN doped emitting layers: (a) device architectures and energy level
of the functional layer. (b) PE-luminance—CE curves. (c) Current density and luminance versus voltage (J-V-L) characteristics. (d) External

quantum efficiency (EQE)-luminance curves and EL spectra.

iso-surface plots were generated (Fig. 4d). These plots clearly
show that intramolecular NCIs are primarily distributed
between the TADF segments and the BCz-BN core, thereby
interrupting intermolecular interactions among adjacent B/N
cores. This twisted molecular conformation not only provides
additional transition channels with LRCT character but also
suppresses the ACQ.** Moreover, the synergistic effect of the
enhanced LRCT component mixed with the inherent SRCT
character of the MR core likely contributes to reducing AEsr and
increasing SOC strength, ultimately promoting an efficient RISC
process.**

To achieve its potential OLEDs applications, the electro-
chemical properties and thermal stability of 4TCzZBNCN were
systematically tested before device fabrication. Based on cyclic
voltammetry measurements (Fig. S13), the HOMO and LUMO
energy levels of 4TCzBNCN are determined to be —5.45 eV and
—3.27 eV, respectively. Moreover, 4TCzBNCN exhibits excellent
thermal stability, showing a 5% weight loss temperature (74) as
high as 478 °C according to thermogravimetric analysis (TGA)
(Fig. 514).

To evaluate the electroluminescence (EL) performance of
4TCzBNCN, devices were fabricated with the following config-
uration according to the matched energy level: ITO/PEDOT: PSS
(35 nm)/EML (30 nm)/TmPyPB (50 nm)/LiF (1 nm)/Al (120 nm).
PEDOT: PSS and LiF serve as the hole injection layer (HIL) and

Chem. Sci.

the electron injection layer (EIL), respectively. TmPyPB acts as
an electron transport layer (ETL). The corresponding chemical
structures of the materials used in the devices and the energy
level diagram are shown in Fig. S16 and 5a, respectively. A
ternary emitting layer (EML) was constructed, comprising the
sensitizer 4TCzBN and host material PhCzBCz. The terminal
emitter 4TCzZBNCN was doped at concentrations ranging from 1
wt% to 15 wt% to systematically evaluate the corresponding
device performance. Notably, the TADF sensitizer 4TCzBN
within the 4TCzBNCN architecture exhibits emission spectral
overlap with the absorption profile of the terminal emitter
(Fig. S16). Based on the Forster resonance energy transfer
(FRET) model, the energy transfer from 4TCzBN to 4TCzZBNCN
was quantitatively analyzed according to eqn (S4)—(S8).*> A high
energy-transfer efficiency (@gr) of 94.59% and a fast transfer
rate (kgr) of 7.19 x 10° s ' explain the nearly complete
quenching of donor emission in the co-doped films.***” As the
doping concentration increased, the EL spectra of the
4TCzBNCN-based devices show a slight red shift from 508 nm to
516 nm even in the non-doped state, while the FWHM remains
at around 40 nm (Fig. S17 and Table S3). The non-monotonic
evolution of FWHM with doping concentration reflects
a competition between spectral purity via efficient energy
transfer and inhomogeneous broadening induced by increased
intermolecular interactions at higher concentrations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of electroluminescence data for optimized OLEDs
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Devices Von” [V] Linax” [cd m™?] CEma [cd A7)

PE o’ [Im W]

EQE? [%] Peak® [nm] FWHM’ [nm] CIE’ [x, y]

5 wt% 3.2 10320 61.7 60.4

26.8 512 38 (0.16, 0.63)

“ Turn-on voltage. > Maximum luminance. ¢ Maximum current efficiency and power efficiency. ¢ Maximum EQE. ° EL peak, FWHM, and CIE color

coordinates.

4TCzBNCN-based solution-processed devices achieve
optimal EL performance at a 5 wt% doping concentration. The
optimum arises from a trade-off between efficient exciton har-
vesting and the suppression of concentration-induced non-
radiative losses, enabled by the sterically protected TADF-
sensitizer-decorated MR architecture. Based on the current
density and luminance versus voltage (J-V-L) characteristics, the
turn-on voltage is observed to be 3.2 V. Meanwhile, the device
achieves an EQE,,x of 26.8%, a maximum current efficiency
(CE) of 61.7 cd A~", a maximum power efficiency (PE) of 60.4 Im
W', and a maximum luminance of 10320 c¢d m~> (Fig. 5b-
d and Table 2). The electroluminescence is similar to that of
photoluminescence, peaking at 512 nm with a small FWHM
value of 38 nm and CIE coordinates of (0.16, 0.63) (Fig. S17 and
Table S3). These high values originate from a high PLQY of
99.4% and a fast kgysc. Despite the modest LT50 measured at
1000 cd m~? under non-ideal conditions (Fig. $18), the overall
device performance ranks among the best reported for solution-
processed OLEDs, thereby validating the proposed strategy of
decorating MR emitters with a TADF sensitizer moiety.

3 Conclusions

In this work, we propose a simple yet effective strategy for
designing highly efficient green TADF molecules based on
a TADF sensitizer moiety decorated MR core. Both experimental
and computational findings confirm that this molecular design
strategy not only successfully facilitates kgisc and suppresses
ACQ, but also preserves the characteristic narrowband emission
and high performance intrinsic to MR emitters. As a result, the
target molecule, 4TCzBNCN, exhibits high-quality green emis-
sion centered at 506 nm with a narrow FWHM of 30 nm,
alongside a significantly accelerated kg;sc over 460 times faster
than that of the parent MR emitter BCz-BN. Furthermore, by
adopting a self-sensitizer moiety, 4TCzBN, as the sensitizer, the
resulting device achieves an EQE,, of 26.8% and a Ly, of 10
320 cd m~2, which is outstanding in solution-processed OLEDs.
Such a synergistic strategy, combining hybrid MR emitter
characteristics to preserve a narrow emission bandwidth with
a TADF sensitizer segment to accelerate kgysc and suppress the
ACQ effect, lays a solid foundation for fabrication of superior
color purity and easy-processability devices.
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