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Multiple resonance thermally activated delayed fluorescence (MR-TADF)

materials are preferred for their high efficiency and high colour purity in
organic light-emitting diodes (OLEDs). However, the design strategies of MR-
TADF emitters in the red region are very limited. Herein, we propose a concept
for a paradigm shift in orange-red/deep-red MR emitters by linking the outer
phenyl groups in a classical MR framework through intramolecular sulfur (S)
locks. Endowed with the planar architectural feature of the MR mother core,
the proof-of-concept S-embedded emitters S-BN and 2S-BN also exhibit con-
siderable flatness, which proves critical in avoiding the direct establishment of
potent charge transfer states and inhibiting the non-radiative decay process.
The emission maxima of S-BN and 2S-BN are 594 nm and 671 nm, respectively,
and both have a high photoluminescence quantum yield of ~100%, a rapid
radiative decay rate of around 107 s, and a remarkably high reverse inter-
system crossing rates of about 10°s™. Notably, maximum external quantum
efficiencies of 39.9% (S-BN, orange-red) and 29.3% (2S-BN, deep-red) were also
achieved in typical planar OLED structures with ameliorated efficiency roll-offs.

M Check for updates

Orange-red/deep-red organic light-emitting diodes (OLEDs) have
attracted considerable attention due to their potential applications in
biomedical imaging!, clinical practice’, night vision®, optical
communications*, and other fields**. Unfortunately, conventional
flexible molecules are limited in their luminescence efficiency by the
“loose bolt” and “free rotor” effects”®, resulting in relatively modest
photoluminescence quantum yields (PLQYs). Consequently, strategies
have been implemented that use perdeuterated/perfluorinated mole-
cules to suppress the high-frequency vibrations associated with
stretching of the C-H, O-H and N-H bonds, thereby mitigating the
electronic-vibrational energy transfer within these models’". How-
ever, these methods face significant challenges in terms of synthesis,
economic feasibility and practical effectiveness.

Instead, researchers have preferred to use rigid and fused poly-
cyclic frameworks to construct long-wavelength (>580 nm) emitters
that can effectively suppress the non-radiative decay mechanisms
mentioned above> ™. While this strategy has been partially successful
with red fluorescent and thermally activated delayed fluorescence
(TADF) materials, it faces the challenge of a broader emission spec-
trum that is not well suited for the realization of future wide color
gamut displays such as Ultra High Definition (UHD) TV. Despite the use
of color filters and optical microcavities to reduce the full width at half
maximum (FWHM) of the electroluminescence (EL) spectra in the
latest OLEDs, the development of high-efficiency red emitters with
narrowband emission is highly desired to realize displays with high
color purity.
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Recently, the emergence of rigid polycyclic aromatic hydro-
carbons characterized by multiple resonance (MR)'*** represents a
promising avenue for the construction of high-performance and high
color-purity emitters. The triumph of this methodology hinges on the
incorporation of electron-donating and electron-withdrawing atoms
with complementary resonance effects, which drastically localizes the
frontier molecular orbitals (FMOs) on the atoms. The resulting non-
bonding molecular orbitals (MOs) are capable of minimizing vibronic
coupling and vibrational relaxation in the material, thereby sig-
nificantly reducing the overlap of vibrational wave functions and
structural displacements between the ground (So) and excited (S;)
states and avoiding non-radiative transitions. At the same time, MR
offers other advantageous properties, such as narrowband emission,
high absolute PLQY, and TADF, which have attracted considerable
interest. For example, since the pioneering DABNA?, numerous high-
performance blue and green MR emitters have been unveiled® 25,
facilitating the fabrication of narrowband OLEDs with external quan-
tum efficiencies (EQEs) surpassing 30% and small FWHMs < 25 nm.

Although MR materials with blue to green emissions have flour-
ished, to our knowledge, their orange-red/deep-red potential needs to
be further explored, an issue that needs to be addressed for further
applications. On one hand, the development of most orange-red to
deep-red MR molecules is bound within a double boron (B)-conjugated
structure of para B--B**, which faces constraints related to mole-
cular backbone/synthesis methodology, low reaction yield, and sub-
stantial molecular mass, hindering commercialization (Fig. 1a). To our
knowledge, no MR emitters with deep-red emission using a single
boron atom have been disclosed. On the other hand, orange-red/deep-
red MR OLEDs are often subject to significant efficiency roll-offs due to
the constraints imposed by slow reverse intersystem crossing (RISC)
rates, resulting in sub-par device performance at high brightness
intensities (>1000 cd m2)***,

To address the aforementioned challenges concurrently, we
herein propose a concept for a paradigm shift in orange-red/deep-red
MR emitters by incorporating additional electron-donating sulfur (S)
locks into the highest occupied molecular orbital (HOMO) positions of
a classical MR framework (BCz-BN***) (Fig. 1b). Based on the rigid
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structure of the BCz-BN mother core, the S-BN/2S-BN obtained by the
introduction of the S-lock(s) also have considerable flatness, which
proves crucial in avoiding the direct establishment of strong charge
transfer (CT) states that undermine the MR molecule’s inherent weak
vibrational coupling and small structural displacement between the So
and S states (i.e., promoting the non-radiative decay process). At the
same time, the multiple ortho and para N-1t-S structures contribute to
the enhancement of the delocalized excited states of the molecule®,
resulting in a pronounced red shift of the luminescence spectrum, a
decrease in the singlet-triplet (T;) energy gap (AEst), and an accelera-
tion of the RISC process. As intended, orange-red/deep-red emitters
with peaks at 594 nm (S-BN) and 671 nm (2S-BN) were obtained, while
exhibiting narrow FWHMs of 54nm and high PLQYs of ~-100% in
toluene. To the best of our knowledge, 2S-BN was the first single-boron
based deep-red MR dye. The significantly suppressed non-radiative
transitions (-10°s™) and impressively high radiative decay rates of
~107 s demonstrate the efficacy of this molecular architecture for the
construction of highly efficient red emitters. Record-high maximum
EQEs (EQEaxs) of 39.9% (S-BN, orange-red) and 29.3% (2S-BN, deep-
red) were achieved in typical planar OLED structures with ameliorated
efficiency roll-offs.

Results
Synthesis
The synthetic methodology of S-BNs is shown in Fig. 1b and Supple-
mentary Fig. 1. The key precursor BCz-BN was prepared by a one-step
lithiation-borylation reaction in two steps from commercially available
sources. Subsequently, using 50 equivalents of sulfur as a reagent and
0.4 equivalents of iodine as a catalyst, the designated targets S-BN and
2S-BN were successfully obtained through a one-step synthesis
method with impressive yields of 45% and 32%, respectively. It is
noteworthy that, no palladium or alternative transition metal catalysts
were used here, rendering it financially efficient. Consistent with
classical MR materials, both S-BN and 2S-BN were soluble in common
organic solvents (toluene, dichloromethane, tetrahydrofuran, etc.).
The structure of 2S-BN was further confirmed by X-ray crystal-
lographic analysis (Fig. 1b and Supplementary Figs. 7-8). A notable
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Fig. 1| Representative orange-red/deep-red MR molecules. a The typical orange-red/deep-red MR molecules with para B-rt-B structures. b Synthesis methods and

molecular structures of S-BN and 2S-BN. Right: The crystal structure of 2S-BN.
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Fig. 2| Theoretical analysis. a The chemical architectures of BCz-BN, S-BN and 2S-BN comprise multiple ortho and para N-ti-S fragments. b The DFT-calculated HOMO and
LUMO distributions, energy levels, energy gaps and oscillator strengths (f) of BCz-BN, S-BN and 2S-BN.

feature of this molecule is its remarkable planarity, which underlies its
good luminescence performance in the deep-red spectrum. The
dihedral angles encompassing the thioheterocyclic units are trivial
values of only 2.56° (a-b) and 2.32° (c-d), respectively. The B-C bond
lengths fall comfortably within the interval of 1.55-1.56 A, cataphori-
cally indicating the single bond nature. Consistent with conventional
MR materials, robust intermolecular m-Tt stacking interactions exist
between the backbones (contact length: 3.35 A, overlap area: 80%).
This interplay ultimately culminates in the formation of 2S-BN dimers.

Molecular design and theoretical calculations

To fully comprehend the implications of skeletal alterations on both
the geometric and optoelectronic properties, density functional the-
ory (DFT) and time-dependent DFT (TD-DFT) calculations were per-
formed on the basis of the optimized structure (S-BN)/ single-crystal
structure (2S-BN) at the B3LYP/6-31G (d, p) level (Fig. 2). The bench-
mark compound, BCz-BN, an archetypal blue-green MR emitter with
identical single-borylated framework as the study substances, served
as a reference species. Based on the rigid structure of the BCz-BN
mother core, the S-BN/2S-BN obtained by introducing the S-lock(s)
also have substantial flatness (as illustrated in the 2S-BN crystal
structure, Supplementary Figs. 7-9 and Table 1), a factor crucial for
ensuring the target molecules mitigate the overlap of vibrational wave
functions and structural displacements between the So and S; whilst
experiencing substantial red shifts.

For photophysical modulation, the pronounced redshift emis-
sions originating from S-BNs are primarily enabled by the enhanced
electron-donating capabilities induced by the multiple N-1t-S motifs,
synergistically combined with the positive conjugation effects induced
by the extended 1 conjugation lengths (Fig. 2a). These effects could be
elucidated by the enhancement and reduction of HOMO and the
lowest unoccupied molecular orbital (LUMO) energy levels, respec-
tively (Fig. 2b and Supplementary Table 2). Furthermore, these new

paradigms also provided convenience in achieving smaller AEst values
while maintaining high oscillator strengths (fs), an essential pre-
requisite for fabricating high-performance orange-red and deep-red
emitters with elevated PLQYs and rapid RISC rates (kg;scs) (Fig. 2b and
Supplementary Table 2).

In terms of inhibiting the non-radiative decay process, S-BN/2S-BN
could significantly reduce the probability of S;-Sq internal conversion
(IC) compared to conventional acceptor-donor type TADF red
emitters'*". Reorganization energy and RMSD calculations indicate
that S-BN/2S-BN has very little structural changes in ground and exci-
ted state structures (Supplementary Figs. 11-13). Consequently, it can
be assumed that there is no zero level crossing between its ground and
excited states. Under these circumstances, the S;-Sg internal transition
(non-radial jump) has to occur through the Franck-Condon forbidden
mechanisms®. According to the distribution of FMOs, the non-
bonding characteristics of the BCz-BN core could be preserved in
the S-BN/2S-BN, that is the highest occupied molecular orbitals
(HOMOs) predominantly profiled on the N/S atoms and the carbon
atoms at their ortho/para positions, while the lowest unoccupied
molecular orbitals (LUMOs) were primarily situated on the B atoms
and the carbon atoms at their ortho/para positions. This so-called non-
bonding character could significantly lower the vibration frequency in
the molecules, thereby making it difficult to establish an efficient wave
function overlap with the elevated vibrational energy level of the
ground state, culminating in a significant reduction in the likelihood of
the occurrence of nonradiative decays.

Photophysical properties

The photophysical properties of these emitters were analyzed in a
dilute toluene solution (1x107° M), and the results were presented in
Fig. 3 and Table 1. Both S-BNs displayed archetypal MR absorption
characteristics, including elaborate absorption bands within the
spectral range of 300-500 nm and sharp absorption peaks beyond
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500 nm, attributed to -* and short-range charge transfer (SR-CT)
transitions, respectively (Fig. 3a and Supplementary Fig. 17). As a result
of the enhanced electron-donating capabilities and extended m-con-
jugations, S-BN and 2S-BN revealed orange-red and deep-red lumi-
nescence at 594 nm and 671 nm, respectively, with significant red shifts
of over 110 nm/474 meV and 187 nm/714 meV compared to the original
BCz-BN core (emission maximum: 484 nm) (Fig. 3a). To our knowl-
edge, S-BNs were the simplest structured orange-red/deep-red MR
emitters available””'. At the same time, 2S-BN was the first single
boron based deep-red MR material, highlighting the sophistication of
this molecular design methodology®*~*". The Stokes shifts and FWHM
values were calculated to be 41 nm/155 meV and 54 nm/184 meV for S-
BN, 42nm/123meV and 54nm/149 meV for 2S-BN, respectively,
demonstrating that the molecular vibrational coupling and relaxation
were suppressed. Taking advantage of the weak vibrational coupling
and minute structural displacement between the Sg and S; states of MR
configurations, S-BNs manifested remarkably high PLQY values, close
to 100%. Such achievements symbolize a significant suppression of
non-radiative decay pathways, correcting the recognized limitations of
the energy gap paradigm outlined above.

The AEsy values, calculated from the onset of the fluorescence and
phosphorescence (77 K in toluene) spectra, were 0.09 eV for S-BN and
0.06 eV for 2S-BN (Fig. 3b). These small values facilitated the TADF at
ambient conditions, which could be verified by temperature-
dependent transient photoluminescence (PL) decay experiments
(Fig. 3d). The prompt (tpr) and delayed (rpf) lifetimes at room-
temperature deoxygenated solutions were measured to be 9.24 ns and
15.30 ps for S-BN and 10.68ns and 7.63 ps for 2S-BN, respectively
(Fig. 3c and Supplementary Figs. 18-19). Following by a classical
methodology®®, the rate constants of radiative decays (k;s), inter-
system crossings (kiscs), RISCs (kriscs) and non-radiative transitions
(knrs) were subsequently determined to be 4.35x107s™, 6.43 x107s™,
1.61x10°s™, and 3.51x10°s™ for S-BN, 3.30x10’s™, 5.99x10s?,
3.66 x10°s™, and 5.37 x10°s™ for 2S-BN respectively. In contrast to
previously reported BCz-BN structures, which generally exhibit sus-
tained lifetimes of several hundred microseconds or even milliseconds
and kgiscs of 10%~10* s (refs. 28,37), the S-BNs exhibited significantly
shortened delayed lifetimes and accelerated RISC rates, as indicated by
their smaller AEsy values. This property is favored in EL due to the
greater likelihood that upconverted triplet excitons will emit light via
the RISC mechanism, bypassing deleterious spin-flip cycles and
avoiding energy loss®.

Electroluminescent performance

Given the exceptional photophysical properties of these orange-red/
deep-red emitters, their potential for EL performance in devices was
then thoroughly investigated. The OLEDs were fabricated using the
following optimized architecture: ITO/ 4,4’-cyclohexylidenebis[N,N-
bis(4-methylphenyl)benzenamine] (TAPC, 50 nm)/ tris(4-(9H-carba-
zol-9-yl)phenyl)amine (TCTA, 10 nm)/ the emitting layer (30 nm)/1,3,5-
tri[(3-pyridyl)-phen-3-yl]lbenzene (TmPyPb, 30 nm)/ lithium fluoride
(LiF, 1nm)/ Al (100 nm). LiF was used as the electron injection layer,
TAPC and TmPyPb as the hole and electron transport layers, and TCTA
as the electron blocking layer. For the emitting layer, DMIC-TRZ (1,3-
dihydro-1,1-dimethyl-3-(3-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)
indeno-[2,1-b]carbazole) was chosen as the host due to its suitable
HOMO/LUMO energy levels and balanced charge injection and trans-
port capabilities®, with the dopant concentration level optimized at
0.5 wt%. The energy level diagram of the devices as well as the mole-
cular structures of the materials used in the organic layers are shown in
Fig. 4a and Supplementary Fig. 21.

As shown in Fig. 4b, Supplementary Figs. 22-23 and Supplemen-
tary Tables 3-4, these OLEDs exhibited bright orange-red and deep-red
emissions with peaks, FWHMs and CIE coordinates of 600 nm, 58 nm/
198 meV and (0.61, 0.39) for S-BN and 676 nm, 62 nm/164 meV and
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(0.70, 0.28) for 2S-BN, respectively. Among them, the 2S-BN-based
OLED can experience a remarkable redshift of >190 nm/717 meV when
contrasted with the BCz-BN parent core, marking the first single-boron
deep-red MR-OLED. As for the slightly broadened EL spectra (com-
pared to the PL spectra in dilute solutions), these can be attributed to
the potential host-dopant and dopant-dopant interactions resulting
from the planar configurations. In addition to the noticeable spectral
redshifts, the devices also exhibited considerable EQE,,xs of 39.9%
(S-BN) and 29.3% (2S-BN), which visibly result from the high PLQY and
horizontal dipole ratio (©//) values of the S-BNs, highlighting the
effectiveness of the aforementioned molecular design methodology
(Fig. 4c and Supplementary Fig. 24). To the best of our knowledge,
these efficiencies surpassed those of orange-red and deep-red MR-
OLEDs***, respectively (Fig. 4d, Supplementary Fig. 26 and Supple-
mentary Table 5), and were indeed paralleled by the high-efficiency
TADF devices with similar emission maxima'’. Taking advantage of the
relatively fast kgiscs, the efficiency roll-offs of these devices were
substantially ameliorated. At a brightness of 1000 cd m?, the EQE
values of these devices remained at substantial levels of 26.3% and
16.7%, which were the highest values for orange-red (S-BN) and deep-
red (2S-BN) MR-OLEDs, respectively, at this luminance (Fig. 4d and
Supplementary Table 5). To validate the high EQE values, we also
measured the angle-dependent EL intensities of the devices based on
S-BN and 2S-BN, and nearly Lambertian profile patterns with

Lambertian coefficients of 0.98 (S-BN) and 0.99 (2S-BN) were recorded
(Supplementary Fig. 31). The EQE; s of the S-BNs devices were
recalculated by Lambertian calibration to be still up to 39.1% (S-BN)
and 29.0% (2S-BN), indicating that the high device efficiencies were not
overstimated.

To further improve the performance of the aforementioned
devices and to suppress the efficiency roll-off, a sensitization strat-
egy was employed® (Fig. 5a, Supplementary Figs. 27-30 and Sup-
plementary Tables 6-7). The remarkable phosphorescent emitters
bis(4-phenyl-thieno[3,2-c]pyridinato-C2,N)(acetylacetonato)iridiu-
m(lll) (PO-01) and bis(1-phenyl-isoquinoline)(acetylacetonato)iridiu-
m(lll) (Ir(piq),acac) were chosen as sensitizers®®®’, taking advantage
of their well-matched PL spectra with the absorption spectra of S-
BNs, high PLQYs and short excited state lifetimes. As shown in Sup-
plementary Fig. 28, substantial spectral overlap between the
absorption and emission spectra was achieved, along with large
Forster energy transfer (FET) radii of 5.28 A for S-BN and 2.60 A for
2S-BN, respectively, indicating remarkable FET efficiencies from the
phosphorescent sensitizers to the MR emitters. The electro-
luminescence spectra of the S-BN and 2S-BN sensitized devices are
identical to those of their non-sensitized ones, with corresponding
peak wavelengths and FWHMs of 600 and 61 nm/205 meV, and 680
and 62 nm/166 meV, respectively (Fig. 5b). This indicates that energy
is efficiently transferred from the sensitizers to the terminal emitters.
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The EQE.xs of the sensitized devices reached 36.8% (S-BN) and
28.2% (2S-BN), again in the range of the highest values currently
available for orange-red and deep-red MR-OLEDs"*"%*, respectively
(Figs. 4d, 5c and Supplementary Table 5).

It is noteworthy that at the elevated brightness level of
1000 cd m?, the EQEs remain at 34.6% and 20.9% and decrease only
slightly by 6.0% and 25.9%, respectively, relative to the maximum
efficiency, representing one of the best performances for orange-red
and deep-red MR-OLEDs at this luminance (Fig. 5c and Supplemen-
tary Table 5). A substantial part of the remarkably suppressed effi-
ciency roll-offs can be attributed to the relatively fast kg;scs of S-BN
and 2S-BN, which could accelerate the radiative dissipation of exci-
tons to mitigate the potential exciton annihilations®®°, Regarding
the relatively modest EQE,,.s in sensitized devices, this could be
attributed to the Dexter energy transfer dissipation pathway from
the high energy T; of the sensitizers to the low energy T; of the target
emitters’’. By further introducing the steric wrapping groups to
mitigate the direct interactions between the active molecules (host-
dopant and dopant-dopant), the device performance can be further
enhanced for the effectively suppressed DET’”2, In addition, the EL
operating stability of phosphorescent-sensitized devices under
constant current density with an initial luminance of 1000 cd/m? was
also evaluated. The LT85s (lifetime to 85% of the initial luminance) of
~170 and ~320 h were obtained for S-BN and 2S-BN, respectively
(Supplementary Fig. 32).

Discussion
In summary, we propose here a concept for a paradigm shift in
orange-red/deep-red MR emitters by incorporating additional

electron-donating sulfur (S) locks into the HOMO positions of a
classical MR framework. The multiple ortho and para N-mt-S struc-
tures contribute to the enhancement of the delocalized excited
states of the molecule, resulting in a remarkable red shift of the
luminescence spectrum, a reduction of the AEst value, and an
enhancement of the RISC process. It is of greater significance that the
proof-of-concept S-embedded emitters are capable of maintaining a
high degree of flatness as a consequence of the planar architectural
feature of the MR mother core. This is of paramount importance in
preventing the direct formation of potent charge transfer states and
inhibiting the non-radiative decay process. As expected, orange-red/
deep-red emitters with peaks at 594 nm (S-BN) and 671 nm (2S-BN)
were achieved while exhibiting high PLQYs of -100%, significantly
suppressed non-radiative transitions of ~-10°s™, and impressively fast
radiative decay rates of ~10”s™. Furthermore, narrowband orange-
red/deep-red OLEDs based on these emitters with the phosphor
sensitizer exhibited record-high EQEs of up to 36.8% (orange-red)
and 28.2% (deep-red) with low efficiency roll-offs. We're confident
that this strategic design approach will greatly accelerate the devel-
opment of high-performance long-wavelength MR emitters
and OLEDs.

Methods

Material

All reagents were purchased from commercial sources and used
without further purification. 'H NMR and C NMR spectra were
recorded on a Bruker 500/151 MHz spectrometer in deuterium reagent
at room temperature. MALDI-TOF mass data were recorded on a
Bruker ultrafleXtreme instrument.
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Computational methods

The calculations were performed using the Gaussian 16 package”,
employing the density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) methods. The B3LYP functionals
were utilized™*”’. The structures were optimized using DFT for
So state and TD-DFT for S; and T; states with a 6-31 G (d, p) basis set.
The MOMAP software package was used to calculate the absorption
and emission spectra and analyze the vibrational modes in
the emission spectrum”®, NTO analysis was performed
using the Multiwfn package®’. The spin-orbit coupling matrix ele-
ments (SOCEMs) between two first singlet and triplet excited states
were calculated in B3LYP/6-31G (d, p) level using Orca 4.2.1
package®*®,

Measurement of absorption and emission characteristics

1 x 107 M solutions were prepared by stepwise dilution for solution
measurements. UV-vis absorption spectra were measured using UV-
2600 (Shimadzu) instrument. Photoluminescence (PL) spectra were
recorded on FluoroMax-4P (Horiba) instrument and Hitachi F-4600
fluorescence spectrophotometer. The PLQYs were obtained with an
absolute photoluminescence quantum yield measurement system
Hamamatsu C9920-03G in an integrating sphere. The solution sample
was bubbled with nitrogen for 10 min before measurement. The tran-
sient spectra were collected on an Edinburgh Fluorescence Spectro-
scopy FLS1000.

Thermal characterization

In the range of 25-800 °C, TA Q500 thermogravimeter was selected to
perform the thermogravimetric analysis (TGA) of target molecules
under nitrogen atmosphere at a heating rate of 10Kmin™. The

decomposition temperatures (T4) of the compounds were measured at
5% weight loss. The Ty values of the S-BN and 2S-BN were 435 °C
and 465 °C.

Electrochemical characterization

BAS 100 W Bioanalytical electrochemical work station was used to
measure the electrochemical property with platinum disk as working
electrode, platinum wire as auxiliary electrode, a porous glass wick Ag/
Ag' as pseudo reference electrode and ferrocene/ferrocenium as the
internal standard. And 0.1 M solution of n-BuyNPF¢ which was the
supporting electrolyte was utilized to measure the reduction (in
anhydrous tetrahydrofuran) potentials with a scan rate of 100 mvs™.
The oxidation potentials were calculated from E.q and Eg, the optical
bandgaps (£;) were estimated from the onset of the absorption
spectra.

Determination of the emitting dipole orientation

To determine emitting dipole orientation of an emitting film, angle-
resolved and polarization-resolved PL measurements were performed
by Hamamatsu’s established molecular orientation measurement sys-
tem (C14234-11, Hamamatsu Photonics). The sample consisted of a
fused silica substrate with a 10 nm-thick film doped with emitters. Thin
films for photophysical characterization were prepared by thermal
evaporation on quartz substrates at 1-2 A s in a vacuum chamber with
a base pressure of <10 torr. The sample was attached to a fused silica
half-cylinder prism by index matching liquid. The excitation of the
samples was performed with the 360 nm line of the continuous-wave
laser with a fixed excitation angle of 45°. The angle-dependent p-
polarized emission intensity at the peak wavelength of the PL spectrum
of the emitting layer was detected. The emitting dipole orientation was
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then determined by least-square fitting of the measured angle-
dependent polarized emission intensity with calculated results.

Device fabrication and measurement of EL characteristics

All compounds were subjected to temperature-gradient sublimation
under a high vacuum before use. OLEDs were fabricated on the ITO-
coated glass substrates with multiple organic layers sandwiched
between the transparent bottom indium-tin-oxide (ITO) anode and the
top metal cathode. Before device fabrication, the ITO glass substrates
were pre-cleaned carefully. All material layers were deposited by
vacuum evaporation in a vacuum chamber with a base pressure of 107
torr. The deposition system permits the fabrication of the complete
device structure in a single vacuum pump-down without breaking the
vacuum. The deposition rate of organic layers was kept at
0.1-0.2nms™. The doping was conducted by co-evaporation from
separate evaporation sources with different evaporation rates. The EL
spectrum, CIE coordinates and luminance intensity of OLEDs were
recorded by Photo Research PR655, meanwhile, the current density (/)
and driving voltage (V) were recorded by Keithley 2400. By assuming
Lambertian distribution, EQE was estimated according to brightness,
electroluminescence spectrum and current density.

Data availability

The data supporting the findings of this study are available within the
paper and the Supplementary Information. Crystallographic data for
the structure reported in this Article have been deposited at the
Cambridge Crystallographic Data Centre, under deposition number
CCDC 2352386 (2S-BN). Copies of the data can be obtained free of
charge via https://www.ccdc.cam.ac.uk/structures/. Source data are
provided with this paper.
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