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Multi-resonance thermally activated delayed fluorescence (MR-TADF) emitters have broad applications
in organic light-emitting diodes (OLEDs). However, their device performance is often limited by the large
conjugated planarity that makes them easily aggregate in the form of m—m stacking, resulting in
aggregation-caused quenching (ACQ) and the formation of excimers, which reduce exciton utilization
efficiency and color purity. To address these issues, large shielding units can be incorporated to prevent
interchromophore interactions. In this study, we introduced 10,10-diphenyl-5,10-dihydro-dibenzo-
[b.el[1,4]azasiline (DPPASI), which contains a silicon atom, at the para-carbon position of a B-substituted
phenyl ring as a steric group to synthesize the emitter BNSi. This modification successfully achieved a
narrow-band blue emission at high doping ratios with a maximum external quantum efficiency (EQEnax)
of 34.8% in the corresponding OLED device. Even at luminance levels of 1000 cd m~2

Received 19th September 2024,
Accepted 10th October 2024

DOI: 10.1039/d4tc04002c , an impressive

EQE of nearly 20% was maintained. This study provides valuable insights for designing efficient narrow
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Introduction

Thermally activated delayed fluorescence (TADF) emitters have
garnered significant attention and increasingly widespread use
in organic light-emitting diodes (OLEDs)."™* Theoretically,
TADF materials can achieve 100% internal quantum efficiency
(IQE) without using precious metals, as they can harvest both
singlet (S,) and triplet (T;) excitons owing to a small energy gap
(AEst) between the S; and T; excited states, which can effec-
tively promote the rate of the reverse intersystem crossing
(RISC) process. By introducing spatially twisted electron donor
(D) and acceptor (A) groups, the AEgy value can be minimized,
thereby separating the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
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band blue emitters by utilizing the steric effect.

of traditional TADF materials.>'® However, TADF materials
with conventional D-A type structures exhibit significant struc-
tural relaxation due to the spatial separation of charge transfer
(CT) excited states, resulting in wide Stokes shifts and large full
width at half maximum (FWHM). This broad band emission
hinders the current pursuit of high color purity and makes
meeting the National Television System Committee (NTSC) and
BT.2020 ultra-high-definition display standards challenging.
In 2016, Hatakeyama et al. proposed the concept of multi-
resonance thermally activated delayed fluorescence (MR-TADF)
molecules, which utilize the opposite resonance effects of
nitrogen and boron atoms."* By arranging the distribution of
HOMO and LUMO at the atomic level, MR-TADF emitters based
on a rigid polycyclic aromatic hydrocarbon framework can
achieve both rapid radiative transitions and narrow band
emissions.”>™® Recently, a promising strategy to achieving
high-performance blue OLEDs has been through the use of
MR-TADF emitters containing boron/nitrogen (B/N). Among
these MR-TADF emitters, DtBuCzB stands out as a prominent
candidate due to its remarkably simple molecular structure,
which is conducive to cost-effective large-scale production.>’
However, the relatively planar configuration of DtBuCzB can
lead to significant m-n stacking interactions, resulting in
aggregation-caused quenching (ACQ) effects. Therefore, DtBuCzB
has a tendency to form excimers even at very low doping

J. Mater. Chem. C, 2024,12,18725-18731 | 18725


https://orcid.org/0000-0002-2645-6212
https://orcid.org/0000-0002-2352-9666
https://orcid.org/0000-0003-4447-2408
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc04002c&domain=pdf&date_stamp=2024-10-18
https://doi.org/10.1039/d4tc04002c
https://doi.org/10.1039/d4tc04002c
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc04002c
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012046

Published on 11 oktober 2024. Downloaded on 19. 12. 2025 16:39:29.

Paper

concentrations (<1 wt%), leading to emission bands with
markedly reduced energy and intensity. These excimers offer a
vital pathway for exciton quenching, resulting in an increase in
the full width at half maximum (FWHM) and subsequently
deteriorating device performance.”' >

To address this problem, introducing steric hindrance into
the DtBuCzB is being investigated to improve the performance.
In 2021, Yang et al. compared the impact of methyl and phenyl-
substituted pyridine donors on MR-TADF characteristics.>*
By incorporating larger peripheral groups via phenyl pendant
groups, the external quantum efficiency (EQE) can reach
approximately 28%, effectively decreasing efficiency roll-off.
Recently, Zhang et al introduced 10H-spiro[acridine-9,2'-
adamantane] (a-DMAc) in various connection modes at the
periphery to achieve diverse conformation distributions, aim-
ing to reduce ACQ effects at elevated concentrations.>® Even
with a high doping ratio of 30%, the peak external quantum
efficiency can still be maintained at 23.8%. While these sub-
stituents have demonstrated value, our objective is to introduce
a novel substituent strategy that not only enhances steric
hindrance but also improves the photophysical properties of
the molecule.

In this study, we designed a blue TADF emitter BNSi by
selecting a typical MR-TADF skeleton known as DtBuCzB, and
10,10-diphenyl-5,10-dihydro-dibenzo[b,e][1,4]azasiline (DPPASI) as
a peripheral group substituted at the para-position of the boron
atom (Fig. 1). DPPASi successfully weakened the electron-
withdrawing ability of the boron atom as a weak and stable
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electron-donating group, allowing the spectrum to maintain a
blue emission.>®>” The silicon atom also effectively enhanced
the RISC process of the emitter as a heavy atom. More impor-
tantly, the DPPASI group, as a bulky substituent, has success-
fully weakened the n-m interactions between the DtBuCzB
segment, thereby suppressing the aggregation-caused quench-
ing (ACQ) effect at high concentrations. Consequently, this
material exhibited excellent device performance: the maximum
EQE (EQE4y) of the BNSi device reached 33.9% under 15 wt%,
with an emission wavelength of 484 nm and an FWHM of
27 nm. Using tris (2-phenylpyridinato-C2, N) iridium(ur) (FIrpic)
as the sensitizer, the TADF-sensitized fluorescent (TSF) OLED
device of BNSi achieved an EQE,,, of 34.8%. This exploration is
significant for the future development of efficient silicon-
substituted narrow-spectrum blue emitters.

Results and discussion
Molecular design and synthesis

The synthetic scheme of the new blue-emitting material BNSi is
illustrated in Scheme 1. The amino group in bis(2-bromo-
phenylamine) was blocked by 4-methoxybenzyl to obtain inter-
mediate 1. Cyclization was then carried out via nucleophilic
substitution, and after a one-step deprotection to get DPPAS;, the
final product BNSi was obtained through Buchwald-Hartwig
coupling. After column chromatography and recrystallization,
the final products were further purified by temperature
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Scheme 1 Synthetic routes of BNSi. (a) NaH, DMF, room temperature,
15 h; (b) n-BuLi, THF, 0 °C, 1 h then dichlorodiphenylsilane, room
temperature, 16 h; (c) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, Tol,
H,0, 80 °C, 14 h; (d) Pdy(dba)s, tri-tert-butylphosphine tetrafluoroborate,
t-BuONa, Tol, 110 °C, 16 h.

gradient sublimation at 360 °C under a high vacuum (<10™*
Pa) to obtain pure materials for characterization and OLED
evaluation. The chemical structure was fully characterized by
"H-NMR and '*C-NMR, mass spectrometry (MALDI-TOF), and
single-crystal X-ray diffraction analysis. Detailed synthesis pro-
cedures and characterization data are provided in the ESL¥

Single crystal analysis and theoretical calculation

To characterize the impact of the DPPASi group on molecular
conformation and stacking behavior, single crystals of BNSi
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were grown through gradual diffusion of ethanol in a dichloro-
methane solution. The molecular structure was determined
by single-crystal X-ray diffraction (XRD) analysis. As shown in
Fig. 2a and b, BNSi exhibits a rigid orthogonal structure in the
single crystal, with a dihedral angle of 80.8° between the
acridine plane and the DtBuCzB plane. The DPPASi group
effectively reduces the overlap area of the luminescent frag-
ments of the rigid planar structure and enables BNSi to present
a J-aggregation stacking mode with an intermolecular distance
of 3.52 A (Fig. $1, ESI+).>*° Additionally, the steric hindrance
of peripheral modification groups tends to dominate the inter-
action force between DPPASi and the luminescent fragment
(DtBuCzB), effectively decreasing the m-n interaction between
luminescent planes.**

To further investigate the MR-TADF properties of the emit-
ter, density functional theory (DFT) calculations of BNSi were
performed at the B3LYP/6-31G(d,p) level for ground states
(Fig. 2¢).*** As expected, the LUMO remains distributed on
the DtBuCzB segment, while the HOMO of BNSi extends to the
DPPASi segment. The HOMO distribution of BNSi indicates
that the DPPASi group, acting as a donor attached at the para
position of the boron atom, weakens the electron-withdrawing
ability of the boron atom, resulting in a shallower HOMO
energy level for BNSi. Additionally, to investigate the properties
of the emissive state of BNSi, the geometries of the S; and the
T, of both conformers of BNSi and DtBuCzB have also been
optimized with time-dependent DFT (TDDFT) at the B3LYP/
6-31G(d,p) level (Fig. 3). The electron-hole analysis shows that
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Fig. 2 Front view (a) and top view (b) single-crystal structures of BNSi; HOMO and LUMO electron density distribution and energy levels of orbitals of

BNSi (c).
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Fig. 3 The analysis for the distribution of the hole and electron for the
singlet excited states (a) and triplet excited state (b) of BNSi.

both S; and T, states of BNSi possess significant n—-n* transition
characteristics.®® The SOC constants of the S; and T, states of
the BNSi molecule were further calculated (Fig. 3), for compar-
ison, the same calculations were performed on the DtBuCzB
fragment (Fig. S2, ESIT). Results show that the SOC constants
(S1|Hsoc|T1 = 0.31 ecm™*) of BNSi were significantly increased
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compared with the result of DtBuCzB (S |Hsoc|T; = 0.05 cm ™),
proving that the heavy atom effect of the silicon atom success-
fully enhances the spin-orbit coupling of the S; and T, states of
the BNSi molecule, greatly promoting the RISC process of the
molecule.**°

Photophysical properties

To systematically understand the underlying principles of
peripheral DPPASi modification, we conducted a comprehen-
sive study of the photophysical properties of BNSi (Fig. 4). The
UV-vis absorption and photoluminescence (PL) spectra of BNSi
in toluene solution are shown in Fig. 4a, with key data sum-
marized in Table 1. The results were further compared with the
corresponding parent molecule DtBuCzB (for detailed solution
photophysical data, please refer to the ESIt). The absorption
band below 400 nm in the emitter is attributed to the m-n*
transitions of the conjugated structure.*> Due to the short-
range intramolecular charge transfer (ICT) characteristics of
its chromophore, the absorption spectrum of BNSi shows a
maximum peak at 464 nm. The PL spectrum of BNSi also
exhibits a narrow emission peak at 477 nm. The small Stokes
shift of 13 nm indicates suppressed structural relaxation and
low reorganization energy between the S, and S; states in the
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Fig. 4 Absorption and fluorescence spectra of BNSi recorded in dilute toluene solution (a); fluorescence spectrum of 15 wt% BNSi doped in a PhCzBCz
film (b); fluorescence spectra of BNSi in different solvent solutions (c); fluorescence and phosphorescence spectra in a dilute toluene solution at 77 K

of BNSi (d).
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emitter, which also lead to a minimal FWHM of 22 nm.
Compared with DtBuCzB, the small bandgap and blue-shifted
PL spectrum of BNSi can be attributed to the inherent electron-
donating properties of DPPASi. Furthermore, a change in solvent
polarity from weak (toluene) to strong (dimethyl sulfoxide) causes
a slight red shift and gradual broadening of the BNSi spectrum
(Fig. 4c), indicating the presence of CT characteristics in the
molecule’s lowest excited state S;.*°

Subsequently, we further studied the photophysical proper-
ties of BNSi by incorporating it into a 15% concentration 9H-
carbazole, 3-(2-3,9’-bi-9H-carbazol]-9-ylphenyl)-9-phenyl (PhCzBCz)
film. BNSi exhibits blue light emission (1 = 484 nm, FWHM =
28 nm). Compared to the dilute solution in toluene, the
spectrum shows a slight red shift and broadening due to the
host-guest interaction of MR-TADF materials. Additionally,
because the PhCzBCz film effectively restricts the intra-
molecular vibrational energy loss of BNSi, its PLQY increased
from 85% in toluene solution to 99%. Based on the PLQY and
the fitting transient PL decay curves, the dynamic rate con-
stants of the excited state were calculated and summarized

Table 1 Summary of the photophysical properties of BNSi
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in Table S2 (ESIt). The prompt lifetime (tp) and delayed lifetime
(tp) were derived to be 8.5 ns and 90 us, respectively. The
radiative transition rate constant (k,) of the singlet state for the
BNSi-doped thin film was calculated to be 1.17 x 107 s~ *. More
importantly, the RISC rate (kg;sc) for BNSi was calculated to be
1.01 x 10° s ', Consistent with our supposition, BNSi exhibits
high krisc and PLQYs, and thus will enable OLED devices based
on BNSi to have high EQE and narrow spectral emission under
high doping ratios.

Thermal gravimetric analysis (TGA) was conducted in a nitrogen
atmosphere to investigate the thermal stability of BNSi. The results,
as shown in Fig. S4 (ESI{), indicate that BNSi has good stability,
demonstrated by a high decomposition temperature (Ty) of 465 °C
(corresponding to 5% weight loss), which may be attributed to
its rigid molecular structure and substantial molecular weight.
Furthermore, cyclic voltammetry (CV) was employed to evaluate the
electrochemical properties of BNSi, the analysis reveals reversible
oxidation/reduction behavior for BNSi. The HOMO and LUMO
energy levels of BNSi (Table 1) are calculated to be —5.25 and
—2.35 eV, respectively, consistent with simulation results.

Compound Jabs” (nm) Jpr” (nm) FWHM? (nm) Sy/T,” (eV) AEg° (eV) E (eV) HOMO?/LUMO/ (eV) T (°C)
BNSi 464 477 22 2.56/2.43 0.13 2.9 —5.25/-2.35 465
DtBuCzB? 467 481 22 2.66/2.53 0.13 2.55 ~5.40/—2.85 445

“ Absorption and fluorescence peak wavelengths, FWHM, Stokes shift in toluene solutions at room temperature. b Estimated from the short-
wavelength onset of the fluorescence/phosphorescence spectra at 77 K in frozen toluene. © AEsy = Es — Er. “ The optical bandgaps (E,) calculated
from the onset of the absorption spectra. © HOMO levels were determined from cyclic voltammetry measurements.” LUMO = HOMO + E,.
¢ Decomposition temperature corresponding to 5% weight loss from TGA measurements.
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(a) Device architecture and HOMO and LUMO energy levels of the materials used in OLED devices; (b) molecular structures of the adopted

spectra; (e) current efficiency-luminance curves of OLED devices.
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Table 2 Summary of the OLED device performance of BNSi
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Emitters X (Wt%) Von” (V) FWHM? (nm) S (nm) CE? (cd A™Y) EQE’ (%)

BNSi/PhCzBCz 5 3.1 26 480 40.1 29.4/24.0/7.0
10 3.1 27 484 40.5 31.1/24.5/8.7
15 3.1 27 484 51.3 33.9/23.6/6.5
20 3.0 27 484 41.5 26.5/21.0/5.1

BNSi/PhCzBCz/FIrpic 15 3.0 28 484 53.2 34.8/29.6/19.4

“ Onset voltages at the current density of 0.01 mA cm™2. ? Full width at half maximum. ° Electroluminescence peak wavelength. ¢ Maximum

current efficiency.  Maximum external quantum efficiency and values at 100 and 1000 cd m

Electroluminescent performance and device optimization

First, the electroluminescent performance of BNSi in vacuum-
deposited devices was investigated. The device was fabricated
with the structure of ITO/HAT-CN (10 nm)/TAPC (40 nm)/TCTA
(10 nm)/PhCzBCz: x wt% emitter (20 nm)/TmPyPB (40 nm)/Liq
(2 nm)/Al (80 nm). In this configuration, indium tin oxide
(IT0) and aluminum (Al) served as the anode and cathode
respectively. HAT-CN (1,4,5,8,9,11-hexaazatriphenylenehexacarbo-
nitrile) and Liq acted as the hole injection layer and electron
injection layer, respectively; TAPC (1,1-bis[(di-4-tolylamino)phenyl]-
cyclohexane) and TmPyPB (1,3,5-tri[(3-pyridyl)phen-3-yl]benzene)
functioned as the hole transport layer and electron transport layer,
respectively; TCTA and PhCzBCz were the exciton blocking layer
and host material, respectively. Fig. 5a and b depict the electronic
energy levels and chemical structures of the relevant compounds,
and the electroluminescent performance parameters are shown in
Fig. 5c—e and summarized in Table 2. The doped OLED exhibits a
low turn-on voltage of approximately 3.0 V. Devices based on BNSi
achieved blue emission at doping concentrations of 5 to 20 wt%,
with an EQE,, .« of 33.9% at 15% doping concentration. Further-
more, the EQE remained around 30% at other high doping ratios
(5, 10, 20 wt%). Notably, with increasing doping concentration, the
EL emission peak redshifted slightly from 480 to 484 nm, with
almost no broadening of the FWHM (26 to 27 nm). These trends
suggest that connecting the DPPASi unit to the MR-TADF core
effectively prevents dopant aggregation. In comparison, the OLED
device based on DtBuCzB (15 wt%) with the same structure was
fabricated, and the data are summarized in Fig. S6 and Table S5
(ESIt). Consistent with our predictions, analysis reveals that at the
same high doping ratio (15 wt%), the DtBuCzB devices exhibita 10 nm
red shift in the EL peak and the FWHM has broadened to 36 nm. The
comparison results demonstrate that the introduction of the DPPASi
group effectively reduces the interaction of conjugated planes and
suppresses the ACQ effect between the DtBuCzB segments.

To further improve device efficiency, Flrpic was used as a
sensitizer to assist exciton recycling at a doping rate of 15 wt%
(Fig. S7, ESIt and Table 2). The sensitized OLED device based on
BNSi maintained a narrow spectrum blue emission with an FWHM
of 28 nm (Ag;, = 484 nm), achieved an EQE,,, of 34.8%, and reduced
efficiency roll-off to 44.2% through sensitization techniques.

Conclusions

In summary, we propose a strategy of attaching a DPPASI group
to the MR framework to develop the blue MR-TADF emitter

18730 | J Mater. Chem. C, 2024, 12, 18725-18731
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BNSi. In addition to inheriting the MR framework of DtBuCzB,
this work introduced DPPASi, which contains a silicon atom,
as a weak donor unit at the para-position of the boron atom.
This modification allows BNSi to achieve narrow band emission
at 480 nm with an FWHM of 26 nm approximately. Further-
more, the introduction of DPPASi as a bulky steric hindrance
group effectively weakens the m-m interactions between the
emitting planes, enabling OLED devices based on BNSi to
achieve narrow band blue emission with high efficiency at high
doping ratios. The EQE,.x reached 34.8% when using FIrpic
as the sensitizer. Our research highlights the potential role of
large steric hindrance weak donor groups in MR-TADF emit-
ters, which is crucial for designing blue MR-TADF emitters by
leveraging the steric hindrance effect. We believe that our
proposed design strategy will enrich the exploration of mole-
cular design and high-performance MR-TADF emitters.
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