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ABSTRACT
In this work, we report the strategic incorporation of a rigid 14H-dibenzo[a,j]xanthene (DBX) core into the BCz-BN framework,
leading to the development of a novel DBX-BCz-BN multi-resonance (MR) thermally activated delayed fluorescence (TADF)
emitter. This structural modification preserves the sky-blue emission color while substantially narrowing the emission profile,
reducing the full width at half maximum (FWHM) to 17 nm. In addition, the singlet–triplet energy gap (ΔEST) is lowered from
0.17 eV for BCz-BN to 0.06 eV, thereby promoting more efficient reverse intersystem crossing (RISC) and improved exciton
harvesting. As a result, the corresponding OLED device based onDBX-BCz-BN exhibits an external quantum efficiency (EQE) of
22.2%, while maintaining the same emission color. These results demonstrate that rigid-core engineering via DBX incorporation
is an effective strategy for achieving narrowband, efficient, and color-pure sky-blue TADF emitters.
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Introduction

n high-resolution displays and new augmented/virtual real-
ty (AR/VR) applications, where stringent spectral stability,
ow power consumption, and extended operational lifetimes
re crucial, high-efficiency, high-color-purity blue emitters are
mong the most important parts of next-generation organic
ight-emitting diodes (OLEDs) [1–3]. Because organic emitters
an achieve high internal quantum efficiencies without relying
n rare or hazardous metals like iridium or platinum, they
ave gained popularity as sustainable alternatives to heavy-
etal phosphors [4–9]. This is especially true of multi-resonance
MR) thermally activated delayed fluorescence (TADF)materials.
R-TADF emitters, as opposed to metal complexes, provide
arrowband emission, tunable molecular design, and supe-
ior compatibility with flexible and solution-processable device
2026 Wiley-VCH GmbH
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architectures [10–12]. Although considerable progress has been
made, several challenges remain to be addressed. For instance,
achieving ultra-narrow emission while maintaining a small
singlet-triplet energy gap (ΔEST) for efficient reverse intersystem
crossing (RISC) remains difficult [2, 13]. Many reported blue
MR-TADF systems exhibit broadened spectra, poor color stability
under operational conditions, or significant efficiency roll-off at
practical brightness levels [14]. Furthermore, attaining both nar-
row emission and photochemical stability in sky-blue materials
continues to be a major challenge.

Several studies on the BCz-BN MR-core have shown that
extending conjugation through para-substitution at the boron-
linked phenyl ring is an effective strategy for tuning MR-TADF
photophysics and broadening optoelectronic applications
[15–18]. Representative examples include electron-deficient
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FIGURE 1 Molecular design strategy and overview of multi-resonance molecular architectures.
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erivatives that afford red-shifted yet narrowband emission, and
arbazole-based DABNA analogues that enable color tuning
rom deep-blue to green [19, 20]. Other studies have employed
onor-modified pure-blue emitters and pyrene-functionalized
ystems to improve device stability in hyper fluorescence
LEDs [21, 22]. More recently, compact donor–acceptor emitters
ave been developed to strengthen charge-transfer control
hile retaining narrow emission [23]. Centre-chiral frustrated
ewis pair designs have also emerged as an effective strategy
o combine circularly polarized emission with high device
fficiency (Figure 1) [24]. However, these advances often rely on
roader emission profiles, extensive device-level optimization,
nd increased molecular complexity, including the incorporation
f double/multiple boron atoms within the MR framework or
laborate peripheral substituents used to control molecular
rientation and device performance [23, 25, 26]. While effective,
uch strategies can compromise synthetic accessibility and
calability.

o address these challenges, we introduce a rational design
trategy based on the para-linked incorporation of a rigid
ibenzo[xanthene] (DBX) unit into the BCz-BN MR core
hrough a non-conjugated architecture. This approach
reserves the intrinsic multi-resonance electronic structure
hile increasing molecular rigidity and steric protection. The
ighly twisted configuration (∼87◦) effectively suppresses
-conjugation, thereby maintaining narrowband emission,
hile the bulky DBX fragment modulates vibrational degrees
f freedom and excited-state relaxation dynamics without
ignificantly perturbing the frontier orbitals. In addition,
he modular synthetic strategy enables straightforward
unctionalization and scalability. Collectively, DBX-BCz-
N achieves a balanced combination of ultranarrow emission,
educed ΔEST and efficient RISC through a relatively simple
igid-core modification. Accordingly, the DBX design strategy
of 9
provides a practical and effective approach to simultaneously
enhance color purity while preserving emission wavelength and
device performance, without introducing significant synthetic
complexity, thereby offering an attractive alternative to strategies
that focus solely on maximizing EQE.

2 Results and Discussion

2.1 Molecular Design, Synthesis, and Theoretical
Calculations

The molecular design ofDBX-BCz-BN incorporates aDBX core,
connected to the BCz-BN multi-resonance acceptor unit at the
para-position [21]. The incorporation of theDBX core introduces
a rigid and extended polycyclic framework, enhancing structural
stability while enforcing a well-defined spatial arrangement.

The target MR-TADF material, DBX-BCz-BN, was synthesized
via a three-step procedure. In the first step, 14-(4-bromophenyl)-
3,5-difluoro-14H-dibenzo[a,j]xanthene (precursor) was prepared
through the cyclisation of 4-bromo-3,5-difluorobenzaldehyde
with 2-naphthol [27]. The precursor was then coupled with
di-tert-butyl-9H-carbazole via a nucleophilic substitution reac-
tion to yield the intermediate DBX-BCzBr. Finally, a boron
insertion reaction using BBr3 afforded the target DBX-BCz-
BN with yields up to 21% (Scheme S1). Detailed synthetic
procedures for both the precursor and the final material are
provided in the Supporting Information. Structural character-
ization of the compounds was performed using 1H and 13C
NMR spectroscopy, as well as high-resolution mass spectrometry
(HRMS), with full spectra shown in the (Figures S1–S8). Prior
to device fabrication, DBX-BCz-BN was further purified by
temperature-gradient high-vacuum sublimation to ensure high
purity.
Small, 2026
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FIGURE 2 (a) Absorbance (red) and Emission spectra (RT (blue) and 77 K (green) of DBX-BCz-BN in toluene solution (1 × 10−5 M); inset:
photographs of the DBX-BCz-BN in toluene at RT and 77 K under 365 nm irradiation. (B) Emission spectra of DBX-BCz-BN in 3 wt.% in mCBP at
RT (blue) and 77 K (green).

FIGURE 3 (a) Lifetime profile ofDBX-BCz-BN in 3 wt.% in mCBP in air (blue) and vacuum (red). (b) Emission spectra ofDBX-BCz-BN in 3 wt.%
in mCBP in air (blue) and vacuum (red).
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.2 Photophysical Properties

he photophysical characteristics of DBX-BCz-BN were inves-
igated in toluene solution and in 3 wt.% mCBP-doped films
Figures 2, 3 and Table 1), and the results were compared
ith those of the reference compounds (Figure 1). In toluene,
BX-BCz-BN exhibited three distinct absorption features cen-
ered at 328, 375, and 468 nm, corresponding to the π–π*
ransition localized within the rigid MR skeleton and a low-
nergy intramolecular charge-transfer (ICT) transition from
he donor (BCz) to the boron-nitrogen acceptor framework.
he absorption profile of DBX-BCz-BN closely resembles
hat of BCz-BN, which exhibits an ICT peak at 467 nm,
ut the slightly red-shifted absorption tail in DBX-BCz-BN
ndicates stronger donor–acceptor electronic coupling facil-
tated by the extended conjugation imparted by the DBX

nit.

mall, 2026

i

In the photoluminescence spectra, DBX-BCz-BN displayed an
intense sky-blue emission at 484 nm in toluene with a narrow
FWHM of 17 nm (Figure 2), indicative of a highly localized short-
range charge-transfer (SRCT) transition typical of MR-TADF
emitters. In comparison, reported materials (Figure 1) emitted
at 468–485 nm with FWHMs of 21–24 nm, respectively. The
emission of DBX-BCz-BN is slightly red-shifted relative to both
analogues, reflecting the enhanced π-extension and improved
conjugation through the DBX linkage, which subtly stabilizes
the LUMO and narrows the optical gap. The small Stokes shift
(16 nm) observed for DBX-BCz-BN confirms limited geometric
relaxation between the ground and excited states, consistent
with the rigid MR core along with the DBX unit. Subsequently,
the solvatochromic behavior of DBX-BCz-BN was evaluated in
various solvent polarities, including n-hexane, toluene, THF, and
DCM (Figure S9 and Table S1). The photoluminescence spectra
exhibited a subtle positive solvatochromic shift in emission
3 of 9
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TABLE 1 Photophysical data of DBX-BCz-BN in toluene solution (1 × 10−5 M) and doped film (mCBP).

Emitter In toluene solution (1 × 10−5 M)a

λabs
(nm)

λemmax

(nm)
FWHM
(nm) S1 (eV)

T1
(eV)

ΔEST
(eV) Ф % τ (µs)

kF
[107 s−1]

DBX-
BCz-
BN

328,
375, 468

484 17 2.65 2.50 0.15 33 0.012 2.8

In 3 wt.%mCBP host-blended filma

λemmax

(nm)
FWHM
(nm)

S1 (eV) T1 (eV) ΔEST
(eV)

ФP % ФD % ФPL % τP (µs) τD (µs) kISC
[107 s−1]

kRISC
[105 s−1]

491 30 2.64 2.58 0.06 42 54 96b 0.006 14.5 9.4 1.6
aMeasured under ambient conditions.
bMeasured under an inert atmosphere.
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axima from 477 nm in nonpolar n-hexane to 490 nm in
olar DCM, with FWHM values remaining narrow and varying
lightly from 16 nm (hexane) to 25 nm (DCM). This limited
athochromic shift and preservation of narrow emission bands
re characteristic of MR-TADF emitters, where the excited state
s dominated by SRCT character localized within the rigid MR
ramework. Unlike typical long-range CT states that display
roader and more pronounced solvent-dependent shifts due to
xtensive dipole moment changes, the SRCT nature inherent
o MR-TADF compounds leads to weak solvent stabilization
ffects. The modest increase in FWHM in more polar solvents
ikely reflects minor solvent reorganization without significant
eometric relaxation of the emitter [28]. These results affirm
hat DBX-BCz-BN maintains its highly localized emissive state
cross different solvent environments, supporting the expected
R-TADF mechanism with sharp, well-defined emission even
nder varying polarity.

n the doped film (3 wt.% in mCBP, Figure 2b), DBX-BCz-BN
xhibited an emission maximum at 491 nm with a marginally
ncreased narrowband emission character. The slight red shift
ompared to the solution spectrum indicates weak host-guest
nteractions and negligible aggregation effects, demonstrating
he robustness of the MR framework in the solid state [29].
he S1 and T1 energy levels derived from the onset of fluores-
ence and phosphorescence spectra were 2.64 eV and 2.58 eV,
espectively, corresponding to a small ΔEST of 0.06 eV in the
oped film, whereas in toluene solution, the S1 and T1 levels
ere found to be 2.65 eV and 2.50 eV, respectively, giving
ΔEST of 0.15 eV. Both these ΔEST values are smaller than

hose of BCz-BN (0.17 eV), suggesting efficient RISC due to
he finely balanced orbital separation and MR-induced short-
ange CT character. Photoluminescence quantum yield (PLQY)
easurements further support the superior emissive efficiency of
BX-BCz-BN, reaching 33% in toluene, 42% in the mCBP-doped
ilm under ambient conditions, and an excellent 96% under inert
tmosphere, highlighting the strong suppression of nonradiative
uenching in the solid-state environment. These values surpass
hose of BCz-BN and are equal to those of TBA-BCz-BN (95%),
et they highlight the excellent PLQY of the DBX-modified
tructure. In doped film the prompt lifetime was determined
of 9
to be 6.1 ns (Figure S10), while the average delayed lifetimes
of DBX-BCz-BN were measured to be 14.5 µs in ambient and
20.5 µs in vacuum conditions, as shown in Figure 3a, significantly
shorter than that of BCz-BN (60 µs), implying a faster RISC
process, which is beneficial for reducing triplet accumulation
and exciton quenching in device operation. Figure 3b shows the
increase in photoluminescence intensity under air and vacuum
conditions, suggesting the involvement of triplet excitons. The
calculated radiative and nonradiative rate constants are 𝑘

𝑆
𝑟 =

1.6 × 108 s−1 and 𝑘
𝑆
𝑛𝑟 = 6.7 × 106 s−1, further confirming the

highly efficient singlet emission and negligible non-radiative
losses. The kISC and kRISC rate constants are 9.4 × 107 s−1 and
1.6 × 105 s−1, respectively. These results demonstrate a balanced
intersystem-crossing mechanism conducive to efficient TADF
behaviour.

To elucidate the structure-property relationships and rationalize
the experimentally observed photophysical behavior, density
functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were performed. Particular attention was given
to understanding how the non-conjugated, sterically twisted
DBX unit modulates the electronic structure and excited-state
characteristics of the BCz-BN framework while preserving its
intrinsic multiresonance (MR) nature. Ground- and excited-
state geometries were optimized using the B3LYP functional
with the def2-TZVP basis set and D3BJ dispersion correction,
as implemented in the ORCA software package (Tables S5 and
S6) [30]. Accurate excited-state energies were further evaluated
using TD-DFT with the double-hybrid B2PLYP functional within
the Tamm–Dancoff approximation (TDA), employing the def2-
ZVP basis set and D3BJ dispersion correction, with toluene
included as the solvent [31]. For the unsubstituted BCz-BN
emitter, the absence of the bulky DBX fragment preserves the
intrinsic MR electronic structure, giving HOMO and LUMO
energies of −5.95 eV and −0.84 eV, respectively (Figure 4). The
calculated singlet (S1 = 2.65 eV) and triplet (T1 = 2.52 eV) energies
yield a ΔEST of 0.13 eV, which is consistent with efficient TADF
behavior. The predicted emission maximum at 468 nm with
a slightly higher oscillator strength (f = 0.47) reflects a more
allowed transition arising from minimal perturbation of the MR
framework (Table S4).
Small, 2026
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FIGURE 4 Left: Frontier molecular orbitals (HOMO and LUMO) of the BCz-BN MR emitter. Middle: Frontier molecular orbitals (HOMO and
LUMO) of theDBX-BCz-BNMR emitter. Right: Optimizedmolecular structure and dihedral angle of theDBX-BCz-BNMR emitter obtained fromDFT
and TD-DFT calculations. The dihedral angle is defined between the red plane formed by the B1–N1–C1–N2 atoms of the BCz-BN core and the blue
plane formed by the C8–C17–C18–C27 atoms of the DBX core.
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pon incorporation of the rigid DBX unit, both excited-state
nergies are elevated to S1 = 2.73 eV and T1 = 2.61 eV, resulting
n a comparable ΔEST of 0.12 eV, in good agreement with
he experimentally determined solution-state value (Table S4
nd Figure 4). A corresponding blue-shifted emission maxi-
um at 453 nm is predicted, with a comparable oscillator
trength of f = 0.43. Frontier molecular orbital analysis shows
hat the HOMO (−5.85 eV) remains predominantly localized
n the electronegative nitrogen atoms of the BCz-BN core,
hereas the LUMO (−0.65 eV) extends over both the BCz-
N and DBX fragments despite the noncoplanar geometry.
his delocalization is attributed to favorable π* orbital align-
ent, residual through-bond polarization, and σ–π mixing
t the linkage, further supported by the inductive and res-
nance stabilization of the oxygen-bridged DBX framework.
s a result, DBX modification induces a short-range charge-
ransfer-like LUMO distribution over the BCz-BN and DBX
oieties while preserving the resonance-stabilizedMR electronic
ramework.

o investigate vibronic coupling effects and to gain insights into
he short-delayed lifetime and fast RISC rates, Huang-Rhys fac-
ors (S) and the corresponding reorganization energies (λ) were
alculated for all vibrational modes of DBX-BCz-BN and BCz-
N. In DBX-BCz-BN, the most active high-frequency vibration
s a DBX-localized C–H stretching mode at 3164 cm−1, exhibiting
large Huang-Rhys factor (S = 15.5) and a reorganization energy
mall, 2026
of approximately 104 cm−1 (Figure S11a). Owing to their weak
thermal population at room temperature, however, such high-
frequency modes contribute little to spectral broadening and
mainly produce weak vibronic sidebands [32]. More importantly,
incorporation of the bulky DBX fragment introduces additional
low-frequency vibrational modes (<1500 cm−1), primarily out-
of-plane C─H bending and framework deformation motions,
that are absent in BCz-BN. These modes exhibit moderately
large Huang-Rhys factors (S ≈ 7–10) and reorganization energies
exceeding 103 cm−1, indicative of enhanced coupling between the
excited state and low-frequency nuclear motions (Figure S11b).
Despite these additional modes, the low-frequency vibrational
manifold remains dominated by small S values (<1-2), limiting
structural relaxation and thus preserving the narrow emission
profile.

By comparison, BCz-BN is dominated by C─H bending modes
with much smaller Huang-Rhys factors (S ≈ 0.1) and lower
reorganization energies (∼101 cm−1; Figure S11c), reflecting
substantially weaker vibronic coupling. This reduced vibronic
activity points to a limited capacity for vibronically assisted
excited-state mixing in BCz-BN. Taken together, these findings
suggest that the non-conjugatedDBX unit modulates the excited-
state landscape primarily through enhanced vibronic coupling,
arising from the introduction of additional low-frequency vibra-
tional modes. Such modes facilitate spin-vibronic coupling by
promoting non-adiabatic mixing between singlet and triplet
5 of 9
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FIGURE 5 (a) The energy level diagram of the device structure, (b) Current-Density-Voltage-Luminance (J-V-L) characteristics, (c) EQE vs.
Luminance plots, and (d) EL spectra of the DBX-BCz-BN device measured at various operating voltages; inset: photograph of the device.
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tates, thereby acceleratingRISC and contributing to the observed
hort delayed lifetime [33].

.3 Electrochemical and Thermal Properties

he electrochemical behavior of the MR-TADF emitter
BX-BCz-BN was studied through the cyclic voltammetric
CV) method. The measurement was conducted in dry
ichloromethane containing 0.1 M of tetrabutylammonium
exafluorophosphate as the supporting electrolyte [34]. The CV
urve (Figure S12) shows a quasi-reversible nature, which is
ypical for stable organic redox processes. The oxidation potential
Eox) was observed at 1.14 V, and the reduction potential (Ered)
as found at 1.05 V (vs. Ag/AgCl). The HOMO energy level
as calculated to be −5.42 eV, and the LUMO energy level was
alculated to be −2.82 eV. The calculated electrochemical band
ap (ΔE) is 2.60 eV (Table S2). The relatively deep HOMO energy
nsures good oxidative stability and facilitates efficient charge
njection in the OLED device.

he thermal properties of DBX-BCz-BN were subsequently
xamined through thermogravimetric analysis (TGA) and dif-
erential scanning calorimetry (DSC), as shown in Figure S13.
BX-BCz-BN exhibits excellent thermal stability, as evidenced
y a high decomposition temperature (Td) of 511◦C at 5 wt.%
oss of the initial weight. Notably, this Td value is 30◦C higher
han that of the parent material BCz-BN (481◦C). This enhanced
of 9
thermal robustness is attributed to the rigid and bulky nature
of the DBX unit, which effectively restricts molecular motion
and thermal degradation. The DSC analysis revealed a clear
glass transition temperature (Tg) at 165◦C. A high Tg is vital
for ensuring the formation of a stable amorphous film and
preventing morphological degradation during device operation.
The observed high Td and Tg values collectively indicate that
DBX-BCz-BN possesses excellent thermal and morphological
stability, making it highly favorable for the thermal vacuum
evaporation process.

2.4 Electroluminescent Properties

To explore the electroluminescence (EL) performance of
the DBX-BCz-BN emitter, the device was fabricated with
the following architecture: ITO/HATCN (10 nm)/TAPC
(40 nm)/mCBP:3 wt.% DBX-BCz-BN (15 nm)/PPT (10 nm)/
TmPyPB (50 nm)/Liq (2 nm)/Al (100 nm). In the structure,
indium-tin-oxide (ITO) acts as a transparent anode,
1,4,5,8,9,11-Hexa azatriphenylenehexacarbonitrile (HATCN)
is applied as a hole injection layer, 1,1-bis[4-[N,N’-di(p-
tolyl) amino]phenyl]cyclo-hexane (TAPC) is adopted
as a hole transport layer, 2,8-bis(diphenyl-phosphoryl)-
dibenzo[b,d]thiophene (PPT) is used as an exciton blocking
layer, 1,3,5-Tris(3-pyridyl-3-phenyl)benzen (TmPyPB) is utilized
as an electron transport layer, 8-hydroxyquinolinolato-lithium
(Liq) is used as electron injection layer and finally, aluminum
Small, 2026
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TABLE 2 Electroluminescent properties of DBX-BCz-BN.

Device
Von
(V)

Luminance
(cd m−2)

EQE
(%)

PE
(lmW−1)

CE
(cd A−1)

EL
(nm)

FWHM
(nm) CIE

DBX-BCz-BN 3.5 10104 22.2 33.6 37.4 488 24 (0.08, 0.38)
BCz-BN 3.5 8597 19.8 27.2 38.9 489 30 (0.09, 0.43)
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Al) serves as the cathode. A wide triplet energy gap host,
,3’-bis(N-carbazolyl)-1,1’-biphenyl (mCBP), was selected to
void back energy transfer and has well-aligned HOMO/LUMO
nergy levels with the adjacent layers. The device structure and
nergy level diagram of the materials are shown in Figure 5a.
he electroluminescent properties of the DBX-BCz-BN OLED
ere recorded, including the current density-voltage-luminance
J-V-L) curve, EQE vs. luminance plot, and electroluminescent
EL) spectra of the OLEDs are shown in Figure 5b–d, and the
etailed parameters are illustrated in Table 2.

s depicted, the device displays excellent electroluminance per-
ormance, which indicates proper exciton injection and charge
ransport in the device and achieves a favorable turn-on voltage
f 3.5 V. The maximum EQE of 22.2% and maximum luminance
f 10104 cd m−2 were achieved. The corresponding maximum
urrent efficiency (CE) and power efficiency (PE) for the device
re 37.4 cd A−1 and 33.6 lm W−1, respectively (Figure S13). The
evice emits sky-blue emission with an EL peak maximum at
88 nm, a narrow FWHM of 24 nm, and CIE coordinates of
0.08, 0.38). Furthermore, the EL spectra at various operating
oltages were measured, and no wavelength shift or emissions
rom the interlayers were observed, indicating effective exciton
ecombination and stability of the EL spectra at high voltages
35]. When compared with the reported MR-TADF emitter, the
Cz-BN-based OLED exhibits an EQE of 19.8% and a PE of
7.2 lm W−1, respectively (Figures S14 and S15, Table 2 and
able S3). The BCz-BN OLED shows a narrow emission FWHM
f 30 nm, whereas the DBX-BCz-BN device exhibits an even
harper FWHMof 24 nm. The enhanced spectral purity originates
rom the incorporation of the rigid DBX core at the para-position
f BCz-BN, which not only minimizes the FWHM and improves
hermal stability but also preserves the emission color.

Conclusions

n conclusion, we report DBX-BCz-BN, a novel MR-TADF emit-
er based on rigid-core integration of the DBX unit into the BCz-
N scaffold. This design enables simultaneous enhancement of
olor purity and excited-state dynamics, without compromising
he emission wavelength and device performance. The DBX
odification delivers an ultranarrow emission in solution (17 nm
WHM) and a reduced ΔEST of 0.06 eV in 3 wt.% mCBP
ilm, enabling efficient reverse intersystem crossing (kRISC =
.6 × 105 s−1) without undesirable spectral shifts. This favorable
alance translates into OLEDs with a high EQE of 22.2%, narrow
lectroluminescence (24 nm FWHM), and improved exciton
tilization, outperforming the parentBCz-BN device under iden-
ical fabrication conditions. DFT and vibronic analyses further
eveal that theDBXunit subtly extends theLUMOand introduces
dditional low-frequency vibrational modes, providing a mecha-
mall, 2026
nistic basis for the reduced ΔEST and enhanced vibronic coupling.
Overall, this work establishes rigid-core engineering as a practical
and synthetically accessible strategy for developing high-purity
sky-blue MR-TADF emitters for next-generation high-definition
and AR/VR display technologies.
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