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The development of efficient pure violet organic light-emitting diodes (OLEDs) featuring a low Commission
Internationale de [Eclairage (CIE), coordinate of below 0.02 remains a critical yet challenging objective.
Herein, three ultrapure violet hot-exciton emitters, namely BO-2DBT, BO-3DBT, and BO-4DBT, have
been developed through strategic integration of an oxygen-bridged cyclized boron (BO) skeleton with
a dibenzothiophene (DBT) at varied substitution positions, where the effect of the regioisomerism of
heavy sulfur atom was investigated. All three emitters demonstrate narrowband violet emission in
toluene solution, with maxima centered at 405, 408, and 404 nm, respectively, and narrow full widths at
half-maximum (FWHM) of 23, 22, and 22 nm, respectively. Theoretical analyses reveal significant high-
lying reverse intersystem crossing rates (106-107 s7%) across all emitters. Notably, BO-2DBT exhibits
superior fluorescence efficiency, with its intersystem crossing rate from S; to T; reduced by over one
order of magnitude compared to others, attributable to minimal spin—orbit coupling (0.059 cm™Y.
Consequently, the optimized device employing BO-2DBT as an emitter achieves ultrapure violet
electroluminescence with a peak at 405 nm, FWHM of 25 nm, and CIE coordinates of (0.166, 0.014). The
device demonstrates a peak external quantum efficiency of 7.90%, retaining 7.67% at 500 cd m~2. To the
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Introduction

With the rapid progress of organic light-emitting diode (OLED)
technology in the realm of wide-color-gamut high-definition
and ultra-high-definition displays, red, green, and blue (RGB)
emitting materials with high color purity have emerged as the
focal point of extensive research attention. Numerous mono-
chromatic RGB OLEDs, featuring external quantum efficiencies
(EQESs) exceeding 20% and narrow emission spectra with a full
width at half-maximum (FWHM) of less than 30 nm, have been
developed. In contrast, despite the significant application value
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coordinate <0.015 and establishes a new efficiency benchmark for this class of devices.

of violet materials in various fields such as photodynamic
therapy, high-density information storage, anti-counterfeiting,
non-antibiotic treatment, photocuring, and other sensing and
medical applications,' highly efficient violet OLEDs, especially
narrowband violet OLEDs with a Commission Internationale de
I'Eclairage (CIE), value of below 0.02,%” have been rarely
reported.

Most violet OLEDs suffer from limited color purity due to
their broad emission spectra which originate from the struc-
tural relaxation and intrinsic vibrational coupling occurring
between the lowest excited singlet state (S;) and the ground
state (Sp).*® To improve the color purity with a small FWHM
value, a traditionally common approach is to introduce color
filters or optical microcavity techniques to cut off the edge
regions of the electroluminescence (EL) spectrum within the
device, leading to a significant energy loss.*' In 2016, Hata-
keyama et al. pioneered a unique molecular design concept of
multiple resonance (MR) effect induced narrowband emitter, in
which the electron-rich heteroatom (N/O) and electron-deficient
boron (B) were embedded in polycyclic aromatic hydrocarbons.
The rigid molecular structure can effectively suppress vibronic
coupling and structural alterations in the excited state,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting in an unprecedented color purity with a small
FWHM."™* Moreover, the unique short-range charge transfer
(SR-CT) state induced by the atomical separation of frontier
molecular orbitals (FMOs) endows MR-emitters with a high
radiative transition rate (k;)."* Based on the oxygen-bridged
cyclized boron (BO) type MR skeleton, Zhao et al. reported an
intramolecular through-space charge transfer (TSCT) molecule
tCz-BO-PCz, providing narrow ultraviolet light with an EL peak
at 398 nm, a FWHM value of 32 nm, a CIE, value of 0.023, and
an EQE of 3.82%;" Lee and colleagues reported a pure violet
emitter BO-2mSi, demonstrating an EQE of 7.1%, a FWHM of 33
nm, and color coordinates of (0.16, 0.02);'® Zhu et al. achieved
a high EQE of 9.15%, an EL peak at 414 nm, a FWHM of 32 nm,
and color coordinates of (0.165, 0.034) in a solution-processed
OLED with tBOSi as a dopant.”” Recently, Zhu et al. reported an
efficient hybridized local and charge transfer (HLCT) molecule
ICz-BO, achieving a recorded maximum EQE of 12.01%, as well
as pure violet emission with an EL peak at 414 nm, a FWHM of
32 nm, and CIE coordinates of (0.164, 0.031)."* However, as the
drive current increases for higher light output, EQEs steeply
decline (known as efficiency roll-off), due to the serious exciton
quenching processes associated with a critical triplet-to-singlet
spin-flipping process.

In accordance with first-order perturbation theory, the spin-
orbital coupling (SOC) matrix element between the initial triplet
and final singlet states emerges as a pivotal factor influencing
the spin-flipping dynamics.'®'® The judicious integration of
heavy atoms within organic emitters has been successfully
harnessed to engineer thermally activated delayed fluorescent
(TADF) and phosphorescent materials that exhibit pronounced
SOC effects.*®** Such integration facilitates rapid intersystem
crossing and reverse intersystem crossing (ISC and RISC)
processes, ultimately mitigating the notorious efficiency roll-off
phenomenon to a considerable degree. Meanwhile, it has been
often observed that heavy atoms in the MR skeleton, due to
their large atomic radius, induce greater conformational flexi-
bility, thus resulting in the unexpected spectrum broadening
issue. Furthermore, until now, no research has elucidated the
influence of precise positional modulation of heavy atoms
within the molecular structure of ultraviolet emitters on their
optoelectronic properties.

In this study, we present a feasible strategy for designing
highly efficient donor-acceptor (D-A) type pure violet emitters
by meticulously modulating the peripheral substitution site of
heterocyclic donor, dibenzothiophene (DBT) containing the
moderately heavy sulfur atom, on the prototypical MR-type
electron acceptor. Here, 5,9-dioxa-13b-boranaphtho[3,2,1-de]
anthracene (DOBNA), featuring a prominent emission band
centered at 398 nm,* serves as an MR-type acceptor, where two
tert-butyl group are introduced to lower the lowest unoccupied
molecular orbital (LUMO) energy level,* as well as to enhance
the solubility and quenching resistance caused by intermolec-
ular interactions. Consequently, three emitters: BO-2DBT, BO-
3DBT, and BO-4DBT are synthesized with 2-; 3-, and 4-
substituted DBT, respectively (Fig. 1). All the emitters exhibit
similar electronic transitions in the lowest singlet (S;) state,
retaining ultrapure violet emission with the peak wavelengths
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Fig. 1 Schematic illustration of pure violet emitter design strategy by
combining DBT with an MR-type acceptor.

of 404-408 nm and narrow FWHMSs of 22-23 nm in toluene
solution. For BO-4DBT with 4-substituted DBT, the greatest
change in electronic configuration between the S; and its
energetically close fifth triplet (Ts) state leads to a significantly
large SOC matrix element of 0.857 cm ™', resulting in a fast
reverse intersystem crossing rate (kgisc). Whereas, its photo-
luminescence quantum yields (PLQYs) decrease obviously due
to the slow radiative transition process. Owing to the better
trade-off between them, BO-2DBT exhibits enhanced EL
performance. The optimized OLED based on BO-2DBT not only
displays narrowband violet emission peaking at 405 nm with
a FWHM value of 25 nm, corresponding to CIE coordinates of
(0.166, 0.014), but also achieves an impressive EQE,ax of 7.90%,
representing the state-of-the-art EL performance in violet
OLEDs with a CIE,, value below 0.02.

Results and discussion

Molecular synthesis and characterization

The synthetic routes of target materials BO-2DBT, BO-3DBT,
and BO-4DBT are shown in Scheme S1. All the compounds were
synthesized by a typical palladium-catalyzed Suzuki cross-
coupling reaction (Scheme S1, SI) between DBT boric acid
molecules and 7-bromo-2,12-di-tert-butyl-5,9-dioxa-13b-bor-
anaphtho[3,2,1-de]anthracene (BO-Br), while BO-Br was ob-
tained by a two-step reaction.”* After purification by column
chromatography and vacuum sublimation, the molecular
structures of BO-2DBT, BO-3DBT, and BO-4DBT were charac-
terized using "H and '*C nuclear magnetic resonance (NMR)
and high-resolution mass spectra (HRMS) (Fig. S1-S13, SI).
Thermogravimetric analysis (TGA) reveals that all the
compounds have excellent thermal stabilities with decomposi-
tion temperatures (T4, at 5% weight loss) of 387, 415 and 364 °C
for BO-2DBT, BO-3DBT, and BO-4DBT, respectively (Fig. S14).

Chem. Sci., 2025, 16, 16304-16313 | 16305
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The glass transition temperature (T,) of BO-4DBT is 162 °C,
while no significant T, is observed for BO-2DBT and BO-3DBT
(Fig. S15). The electrochemical properties of the three mole-
cules were investigated by cyclic voltammetry (CV) in degassed
acetonitrile (Fig. S16). The highest occupied molecular orbital
(HOMO) energies for BO-2DBT, BO-3DBT, and BO-4DBT are
—5.75, —5.78 and —5.86 €V, respectively. The LUMO energies of
BO-2DBT, BO-3DBT, and BO-4DBT are calculated to be —2.66,
—2.72 and —2.76 eV, respectively, according to the difference
between the HOMO and the optical bandgap (E;).

Theoretical calculation

To elucidate the relationship between the molecular structure
modifications and electronic properties for the three emitters,
density functional theory (DFT) and time-dependent DFT (TD-
DFT) calculations were further performed at the PBE0/6-31G (d,
p) level.*®?* As shown in Fig. 2, these compounds display
moderately distorted and rigid S, geometries with torsion
angles of 37.7°, 37.5° and 47.9° between the BO acceptor and
DBT donor, respectively, whereas the torsion angles decrease to
31.8°, 26.3° and 40.0°, respectively, in the optimized S; geom-
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length, thereby enabling the construction of wide bandgap
emitters with high fluorescence efficiency.””** Meanwhile, BO-
2DBT, BO-3DBT, and BO-4DBT demonstrate small root-mean-
square displacement (RMSD) values of 0.214-0.224 A, as well as
small total reorganization energies of 0.188-0.199 eV between
the Sy and S, states (Fig. 2 and S17), indicating the suppressed
geometrical deformation in the excitation-emission processes,
aligning well with the observed small Stokes shift and small
FWHM in the experiment.> The HOMOs of all the emitters are
uniformly located on the BO unit, while their LUMOs are mainly
localized on the BO unit and extend to the DBT moiety. As
shown by the natural transition orbital (NTO) analysis in Fig. 3,
the S; states of BO-2DBT, BO-3DBT, and BO-4DBT show two
possible transition components with a degree of orbital over-
laps indicated by the overlap integrals (62.47% for BO-2DBT,
61.67% for BO-3DBT, and 62.94% for BO-4DBT) between the
hole and electron distributions, including the SR-CT transition
originating from the MR effect of the boron and oxygen atoms
within the BO unit and long-range charge transfer (LR-CT)
transition between the BO unit and the peripheral DBT unit,
which possess substantial potential for achieving narrowband
emission.* The oscillator strengths for BO-2DBT, BO-3DBT, and

etries. This planarization feature is conducive to enhancing BO-4DBT, are as high as 0.1400, 0.1395, and 0.1396,
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Fig.2 Optimized Sp and S; geometries, molecular relaxation in So/S; transitions and distributions of the frontier molecular orbitals of BO-2DBT,

BO-3DBT, and BO-4DBT.
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Fig. 3 NTO analysis of Sy, Ty, and Ts excited states, and their calculated energy level diagrams with SOC values for (a) BO-2DBT, (b) BO-3DBT,

and (c) BO-4DBT.

respectively, which is conducive to increasing the radiative
decay rate (k). The lowest triplet (T;) states of BO-2DBT and BO-
4DBT show similar orbital configurations to their S; (Fig. 3 and
Table S1), resulting in small SOC matrix elements of 0.059 and
0.124 cm™ ', respectively, while BO-3DBT exhibits a high SOC
value of 0.205 cm ™' due to the different orbital configurations
between S; and T; where the lone-pair electron of heavy-atom S
clearly participates in the S; — T, transition. The large singlet-
triplet splitting energies (AEsy) are estimated to be 0.570, 0.598,
and 0.571 eV for BO-2DBT, BO-3DBT, and BO-4DBT, respectively
(Table S1), making it difficult for RISC process from T; to S;.
Notably, compared to their S, state, the high-lying triplet excited
state (Ts) in BO-2DBT, BO-3DBT, and BO-4DBT exhibits distinct
excitation characteristics where the sulfur atoms are involved in
the hole distributions. There are minimal energy differences of
0.040, 0.007, and 0.050 eV and SOC matrix elements of 0.179,
0.131, and 0.857 cm ™" between the S; and the Ts, respectively,
which suggests the feasibility of a hot-exciton mechanism
involving the high-lying reverse intersystem crossing (hRISC)
process from Ts to S;, as supported by Fermi's golden rule®-*
and El-Sayed's rule.*® This enhances the utilization efficiency of
triplet excitons in the EL process.**3¢

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

Furthermore, kgisc and the intersystem crossing rate (kigc)
between S; and triplet state can be calculated using both the
semiclassical Marcus theory*”*® and Fermi's golden rule*-** as
follows:

. 2
o <S]|Hsoc|Tn> . (AEsr + 1)’ (1)
RISC 7 Mg T p 40y T
X 2
o <S] ’HSOC’TH> I (AEst — 1)’ (2)
15 7 g TP 40y T

Here, /i represents the reduced Planck constant. (S;|Hgsoc|T,)
signifies the SOC matrix element between S; and the involved
triplet state. kg denotes the Boltzmann constant, while 7 is the
temperature which is set to 300 K constantly. A represents the
reorganization energy associated with the transition between S,
and T,, which is presumed to possess plausible values of either
0.10 or 0.20 eV.>**

As presented in Table S2, when 2 is assumed to be 0.20 eV,
the kgisc(r, — s,) values of BO-2DBT, BO-3DBT, and BO-4DBT are
notably small, calculated to be 7.11 x 1077, 1.03 x 10", and
2.91 x 10°°® s7', respectively, due to their quite large AEgr

Chem. Sci., 2025, 16, 16304-16313 | 16307
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Fig. 4 UV-Vis absorption and PL spectra in toluene (10 uM) and 5 wt% doped films of (a) BO-2DBT, (b) BO-3DBT, and (c) BO-4DBT. (d) The
transient PL decay curves of the 5 wt% doped films of BO-2DBT, BO-3DBT, and BO-4DBT in the mCP host at 300 K.

values. Conversely, the kisc(s, — T,) values for BO-3DBT and BO-
4ADBT reach 1.14 x 10* s~*, while BO-2DBT exhibits a substan-
tially lower rate of 2.67 x 10° s™'. These findings suggest that
the ISC process from S; to T, can be effectively mitigated in the
BO-2DBT emiitter, thereby minimizing exciton losses in the EL
process. Regarding the hRISC process from Ts to S; states, the
calculated kgsc(r, - s,) constants are substantially larger (Table
$3):3.92 x 10° or 1.14 x 10° s~ for BO-2DBT, 4.62 x 10° or 1.24
x 10° s for BO-3DBT, and 6.79 x 10 or 2.06 x 10’ s~ * for BO-
4DBT, depending on A values of 0.10 or 0.20 eV, respectively.
Notably, BO-4DBT demonstrates a krisc(r, — s,) value nearly one
order of magnitude higher than those of BO-2DBT and BO-
3DBT, implying superior exciton utilization efficiency (EUE) in
OLEDs. However, concurrently, it is observed that the kisc(s, —
1, values of BO-4DBT are one to two orders of magnitude greater
than those of BO-2DBT and BO-3DBT. This significant disparity
in kiscs, — T, constants may facilitate triplet exciton aggrega-
tion, consequently resulting in a diminution of device effi-
ciency. The results demonstrate that sulfur atom proximity to
the BO core enhances the heavy-atom effect,* leading to
increased SOC values. However, this geometric perturbation
also induces greater molecular distortion, which concurrently
elevates k¢, and reduces PLQY in the BO-4DBT molecule.

Photophysical properties

The ultraviolet-visible (UV-Vis) absorption and steady-state
photoluminescence (PL) spectra of BO-2DBT, BO-3DBT, and

16308 | Chem. Sci, 2025, 16, 16304-16313

BO-4DBT were investigated in dilute toluene solutions (10 uM)
at room temperature. As depicted in Fig. 4a-c and Table 1, the
strong absorption band in the 300-360 nm region can be
attributed to the w-m* transition of the acceptor unit and donor
unit. The E,s are deduced from the onset of absorption spectra
to be 3.09, 3.06 and 3.10 eV for BO-2DBT, BO-3DBT, and BO-
4DBT, respectively. Compared to the isolated BO unit, the
slightly red-shifted absorption peaks at 386-388 nm that
maintain some of the sharpness of the S, transition for the BO
acceptor moiety can be assigned to the hybrid SR-CT and LR-CT
transitions.”® The fluorescence spectra exhibited ultrapure
violet emission with peaks at 405, 408, and 404 nm, and small
FWHMs of 23, 22, and 22 nm for BO-2DBT, BO-3DBT, and BO-
4DBT, corresponding to CIE coordinates of (0.166, 0.011),
(0.165, 0.013), and (0.166, 0.011), respectively.

Their spectral shapes closely resemble that of the parental
BO unit, aligning with the predominantly SR-CT nature of the S,
excited state. As the solvent polarity increases (Fig. S18-S20), the
emission spectra of BO-2DBT, BO-3DBT, and BO-4DBT exhibit
slight bathochromic shift accompanied by broadened FWHM
values, whereas their absorption spectra are hardly changed in
the different solvents, indicating that their S, states are mainly
dominated by a SR-CT characteristic with a small portion of LR-
CT characteristic in the excited state, which coincided well with
the theoretically calculated result.** Moreover, the Stokes shifts
of BO-2DBT, BO-3DBT, and BO-4DBT are estimated to be 19, 20,
and 18 nm, respectively, while their PLQYs are 67%, 81%, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The photophysical and electrochemical properties of BO-2DBT, BO-3DBT, and BO-4DBT

Aabs” Aem®? PLQY“? FWHM® FWHM? ™ kL e Euomo/EvomolEy”  Es /Er,/AEst®
Compound  [nm] [nm] [%] [nmev"] [mmev '] [ns] [x10°s7'] [x10%s7'] [eV] [ev]
BO-2DBT 326, 386 405/412 67/59 23/0.172 32/0.229 4.74 1.24 0.87 —5.75/—2.66/3.09 3.06/2.68/0.38
BO-3DBT 324, 388 408/415 81/63 22/0.162 35/0.246 5.07 1.23 0.74 —5.78/—2.72/3.06 3.04/2.55/0.49
BO-4DBT 314, 386 404/408 38/23 22/0.166 33/0.239 8.12 0.28 0.95 —5.86/—2.76/3.10 3.07/2.60/0.47

“ Measured in toluene (10 pM) at 300 K. ? Measured in the 5 wt% doped films at 300 K. ° HOMO energy level (Eyomo) obtained from CV
measurement, the optical gap (E,) deduced from the onset of absorption spectrum, and the LUMO energy level (Erumo) calculated from E;ymo
= Epomo + Eg. 45, energy level (Es,) obtained from the peaks of emission spectra in toluene (10 uM) at 300 K and T, energy level (Er,) obtained

from the peaks of phosphorescence spectra in toluene (10 uM) at 77 K, AEgy = Es, — Er,

38%, respectively, in toluene solution. Notably, their doped
films with 5 wt% dispersed into 1,3-bis(carbazol-9-yl)benzene
(mCP) host show slightly red-shifted and narrowband emission
with peaks at 412, 415, and 408 nm, FWHMs of 32, 35, and 33
nm, as well as PLQYs of 59%, 63%, and 23%, respectively,
compared with solutions, which should be attributed to the
enhanced intermolecular interactions in the solid films. The
low PLQY of BO-4DBT could be attributed to the non-radiative
decay pathway caused by the ISC process. The energies of S; are
estimated from the peak value of their PL spectra to be 3.06,
3.04, and 3.07 eV, while their T; energies are estimated to be
2.68, 2.55, and 2.60 eV, resulting in AEsys of 0.38, 0.49 and 0.47
eV for BO-2DBT, BO-3DBT, and BO-4DBT, respectively. The
significantly large AEgr values observed effectively rule out the
involvement of the TADF mechanism. Furthermore, transient
PL decay measurements were systematically conducted for all
emitters in both doped films and various solutions. As illus-
trated in Fig. S21, S22 and 4d, these measurements reveal first-
order exponential decays with nanosecond lifetimes. Notably,
microsecond-scale delayed fluorescence components are absent
in the doped films under microsecond-range detection
windows, as confirmed from the transient PL decay profiles
shown in Fig. S23a. These findings collectively preclude the
possibility of TADF contributions. The doped films of BO-2DBT,
BO-3DBT, and BO-4DBT exhibit fluorescence lifetimes of 4.74,
5.07, and 8.12 ns, respectively. BO-2DBT exhibits a shorter
fluorescence lifetime than others, indicating faster exciton
decay, which can effectively mitigate exciton quenching in the
device. The k, values of up to 1.24 x 10% and 1.23 x 10® s~ " are
recorded for BO-2DBT and BO-3DBT, respectively, while that of
BO-4DBT has fallen to 0.28 x 10® s~* with a high &, of 0.95 x
10% s, The positional variation of heavy sulfur atom exerts
a minimal impact on the emission spectra of the emitters;
however, the vibrational coupling and molecular conforma-
tional changes induced by sulfur incorporation profoundly
modulate the radiative and non-radiative transition processes.
BO-4DBT with a larger dihedral angle exhibits drastically
reduced PLQY and large k,, value. This could be attributed to
the compromised molecular rigidity and enhanced vibrational
coupling induced by the large SOC effect. Moreover, the steady-
state PL spectra of BO-2DBT, BO-3DBT, and BO-4DBT in N, and
air atmospheres were recorded. As shown in Fig. S23b, c and d,
the emission can be partially quenched by oxygen, which indi-
cates that triplet excitons participate in the luminescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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process. Combining theoretical analysis, the hot-exciton
mechanism involving the hRISC process is the main pathway
for the utilization of triplet excitons.

Single crystals

To characterize the impact of constitutional isomerism on the
molecular conformation and packing structure, the single
crystals of BO-2DBT and BO-4DBT were obtained through
gradual solvent evaporation (from the dilute mixed solution of
dichloromethane/acetone). The crystal structures of BO-2DBT
and BO-4DBT were determined by single-crystal X-ray diffrac-
tion (XRD) analysis, and the corresponding crystal parameters
are listed in Table S4. As depicted in Fig. S24 and S25, BO-2DBT
exhibits two moderately distorted molecular conformations
with the dihedral angles of 24.48° and 28.20° between the BO
and DBT units, as well as 9.95° and 18.42° between the two
phenyl rings within the BO skeleton. The dimers are arranged in
a staggered step fashion along the molecular transverse axis,
with intermolecular interactions predominantly comprising -
 stacking at distances ranging from 3.479 to 3.663 A, and C-
H--- interactions spanning 2.882 A. These interactions fortify
molecular rigidity, which is advantageous for mitigating
molecular vibrations and structural relaxation.*>** Conse-
quently, they contribute to minimizing non-radiative energy
loss in aggregated states, preserving high PLQY, and narrowing
the emission spectrum. BO-4DBT exhibits a more distorted
molecular conformation with a dihedral angle of 39.75°,
whereas the BO moiety exhibits more planar configuration with
a dihedral angle of 3.58° due to the double C-H:--O interactions
(2.656 A) with the adjacent BO skeleton. Intriguingly, weak 7t-7
interaction with a distance of 3.753 A is found in the crystalline
packing of BO-4DBT, which can be attributed to the large steric
hindrance resulting from the altered substitution position of
the DBT unit. This incompact packing mode may be responsible
for suppressing concentration-caused quenching effect.** A
significantly shorter sulfur-to-boron distance in BO-4DBT (6.602
A) compared to BO-2DBT (10.338/10.352 A), is one of the
reasons for enhanced SOC matrix element in the BO-4DBT
molecule.

Device performance

Their prominent photophysical features inspired us to further
investigate the potential applications of BO-2DBT, BO-3DBT,
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Fig. 5
the reported representative violet OLEDs.

Table 2 The EL performance of OLEDs

Luminance (cd m™?)

FWHM (nm)

(a) EL spectra of OLEDs at 5 V. Inset, corresponding CIE image. (b) EQE versus luminance curves. (c) EL peak wavelength versus FWHM of

Device A ®[nm] FWHM? [nmeV™'] Vo[Vl  Imad[cd m™>]  CEmad[cdA™]  PEmed [ImMW™]  EQEma& [%]  CIE" (x, )

D2 405 24/0.179 4.0 94 0.38 0.30 5.57 (0.167, 0.016)
D3 410 27/0.196 4.0 129 0.49 0.39 5.21 (0.166, 0.016)
D4 406 25/0.185 3.8 147 0.36 0.29 2.60 (0.166, 0.026)
D22 405 25/0.187 3.8 2474 0.62 0.25 7.90 (0.166, 0.014)

@ EL peak wavelength at 5 V. ? Full width at half maximum at 5 V. ¢ Turn-on voltage at 1 cd m

~2, 4 Maximum luminance. ¢ Maximum current

efficiency.” Maximum power efficiency. £ Maximum external quantum efficiency. ” CIE coordinates at 5 V.

and BO-4DBT in OLEDs. To alleviate the exciton quenching
effect, vacuum-deposited doped devices (D2, D3, and D4) with 5
wt% doping ratios in the low-polarity mCP host were fabricated
with the following device architecture: ITO/HAT-CN (20 nm)/
TAPC (40 nm)/TCTA (10 nm)/mCP (5 nm)/EML (20 nm)/DPEPO
(5 nm)/TmPyPB (35 nm)/LiF (1 nm)/Al (100 nm). Here, devices
D2, D3, and D4 correspond to the emitters BO-2DBT, BO-3DBT,
and BO-4DBT, respectively; indium tin oxide (ITO) and
aluminum (Al) were applied as the anode and cathode, respec-
tively;  dipyrazino[2,3-f:2/,3’-h]quinoxaline-2,3,6,7,10,11-hexa-
carbonitrile (HAT-CN) and lithium fluoride (LiF) acted as the
hole and electron injecting layers, respectively; high-mobility
4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC) and 1,3,5-tris(3-pyridyl-3phenyl)benzene (TmPyPB) were
used as the hole and electron transporting layers, respectively;
mCP and bis[2(diphenylphosphino)-phenyl]ether  oxide
(DPEPO) were applied as the electron and hole blocking layers,
respectively; 4,4’ ,4-tris(carbazol-9-yl)triphenylamine (TCTA)
acted as the buffer layer for stepped progression of the HOMO
energy levels. The molecular structures of the organic materials
used in the device are provided in Fig. S26. Device structures
and EL performance are shown in Fig. 5 and S27, and relevant
data are summarized in Table 2.

As shown in Fig. 5, all the devices emit stable ultrapure violet
light with the EL peak/FWHM values of 405/24 nm for D2, 410/
27 nm for D3, and 406/25 nm for D4, corresponding to CIE
coordinates of (0.167, 0.016), (0.166, 0.016), and (0.166, 0.026),
respectively, which are in good agreement with their corre-
sponding PL spectra. Notably, devices D2 and D3 with BO-2DBT
and BO-3DBT, respectively, as emitters achieve impressive

16310 | Chem. Sci, 2025, 16, 16304-16313

EQE a8 0f 5.57% and 5.21%, while the EQE ., of the BO-4DBT-
based device D4 is only 2.60%, resulting from its poor PLQY. To
the best of our knowledge, these values represent a break-
through and are one of the narrowest reported for the OLEDs
with an EL peak wavelength =415 nm (Fig. 5c¢). The poorest
performance in BO-4DBT-based device D4 can be ascribed to its
low PLQY and long fluorescence lifetime. Assuming a light out-
coupling efficiency of 20-30% and a radiative exciton efficiency
of 25%, the theoretical EQE,,, values can be estimated to be
2.95-4.43%, 3.15-4.73%, and 1.15-1.73%, for BO-2DBT, BO-
3DBT, and BO-4DBT, respectively, which are lower than the
experimentally obtained EQE,, .« in the devices D2, D3, and D4.
This implies that several triplet excitons are converted to
singlets in the EL process. The good linear relationships
between luminance and current density illustrate that the
triplet-triplet annihilation mechanism can be excluded (Fig.
S29). Combining photophysical and theoretical analysis, the
hot-exciton mechanism that involves the hRISC process from Ts
to S, is the main reason for achieving the utilization of triplet
excitons.

Given the exceptional overall performance of BO-2DBT, we
further optimized its device architecture (D22) as follows: ITO/
HAT-CN (20 nm)/TAPC (40 nm)/TCTA (10 nm)/mCP (5 nm)/
mCP: 5 wt% BO-2DBT (20 nm)/TPBi (30 nm)/LiF (1 nm)/Al (100
nm). In this structure, 1,3,5-tri(phenyl-2-benzimidazolyl)-
benzene (TPBi) functions as both the hole-blocking and elec-
tron-transporting layer. Notably, device D22 demonstrates
a substantial enhancement in EL efficiency relative to device D2.
As illustrated in Fig. 6, S29, and Table 2, the device achieves
a low turn-on voltage of 3.8 V and a maximum luminance of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2474 cd m 2. The EQE reaches a peak value of 7.90%, remaining
at 7.67% under a practical luminance of 500 cd m 2, indicative
of minimal efficiency roll-off. Meanwhile, D22 retains stable
narrowband violet emission with an EL peak at 405 nm, and
a FWHM of 25 nm, corresponding to high color purity with the
CIE coordinates of (0.166, 0.014). To our knowledge, device D22
represents one of the most advanced violet OLEDs fabricated
utilizing oxygen-bridged boron emitters (Table S5). The CIE, of
0.014 marks the lowest value documented to date among all
reported OLEDs (Fig. 5¢, d and Table S6), establishing D22 as
a breakthrough in ultrapure violet OLED technology. Addi-
tionally, inspired by the good solubility of all three emitters, the
simple solution-processed OLEDs were fabricated with a low
doping concentration of 2 wt% in mCP. As shown in Fig. S31
and Table S7, the solution-processed device incorporating BO-
2DBT achieves the highest EL performance, exhibiting
a maximum EQE of 6.97%, an EL peak at 410 nm, and a FWHM
of 30 nm. These results underscore the superiority of target
emitters in terms of color purity.

Conclusions

In conclusion, by precisely manipulating the connection sites
between the peripheral sulfur-containing DBT group and BO
skeleton, we have designed and synthesized three ultrapure
violet hot-exciton emitters, BO-2DBT, BO-3DBT, and BO-4DBT,
exhibiting hybrid LR/SR-CT characteristics. Systematic variation
in sulfur atom positioning induces distinct SOC interactions

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

between singlet and triplet excited states, enabling precise
regulation of both the hRISC process from Ts to S; and ISC
process from S; to T;. All the emitters exhibit emission peaks at
405, 408, and 404 nm in toluene solution, with the corre-
sponding CIE coordinates of (0.166, 0.011), (0.165, 0.013), and
(0.166, 0.011), respectively. Notably, BO-2DBT with an appro-
priately twisted geometry exhibits higher device performance,
yielding ultrapure violet emission with CIE coordinates of
(0.166, 0.014), a considerable EQE,x of 7.90% and minimal
efficiency roll-off (7.67% at 500 cd m™~2). Overall, these findings
not only emphasize the pivotal role of precise heavy-atom
placement in engineering high-performance hot-exciton emit-
ters and OLEDs but also offers a viable pathway toward realizing
ultrapure violet OLEDs with superior efficiency and low effi-
ciency roll-off.
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