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ty and Ins
A B S T R A C T

With excellent color purity (full-width half maximum (FWHM) < 40nm) and high quantumyield, multi-
resonance (MR) molecules can harvest both singlet and triplet excitons for highly efficient narrowband
organic light-emitting diodes (OLEDs) owing to their thermally activated delayed fluorescence (TADF)
nature. However, the highly rigid molecular skeletonwith the oppositely positioned boron and nitrogen
in generatingMR effects results in the intrinsic difficulties in the solution-processing of MR-OLEDs. Here,
we demonstrate a facile strategy to increase the solubility, enhance the efficiencies and modulate
emission color of MR-TADF molecules by extending aromatic rings and introducing tert-butyls into the
MR backbone. Two MR-TADF emitters with smaller singlet-triplet splitting energies (DEST) and larger
oscillator strengths were prepared conveniently, and the solution-processed MR-OLEDs were fabricated
for the first time, exhibiting efficient bluish-green electroluminescencewith narrow FWHMof 32nm and
external quantum efficiency of 16.3%, which are even comparable to the state-of-the-art performances of
the vacuum-evaporated devices. These results prove the feasibility of designing efficient solution-
processible MR molecules, offering important clues in developing high-performance solution-processed
MR-OLEDs with high efficiency and color purity.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Thermally activated delayed fluorescence (TADF) emitters,
which can realize 100% internal quantum efficiency through
efficient reverse intersystem crossing (RISC) of triplet excitons
without the involvement of any rare noble metals, have drawn
tremendous attention especially in the field of organic light-
emitting diodes (OLEDs) [1–3]. Plenty of TADF materials have been
developed since the pioneeringwork of Adachi et al. [4,5], showing
the increasingly improved external quantum efficiencies (EQEs)
even higher than those of phosphorescent OLEDs [6,7]. To design
efficient TADF emitters, strong electron donor (D) and acceptor (A)
units are generally incorporated in D-A architectures to spatially
separate the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) and consequently
minimized the splitting energy (DEST) between the lowest singlet
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(S1) and triplet (T1) excited states, because a smallDEST (< 0.37 eV)
is essential in supporting efficient RISC process at room tempera-
ture [8–10]. Nevertheless, these D-A molecules with strong
intramolecular charge transfer (ICT) characters often display fairly
small radiative emission cross-sections and are usually accompa-
nied by large structural reorganization related to high conforma-
tional degrees of freedom of the D-A molecular architecture [11].
Therefore, the emission spectra of most TADF emitters are
considerably broad with full-width half maximum (FWHM) close
to 100nm without fine structures, leading to poor color purity of
the TADF OLEDs which is fatal for active matrix displays.

Alternatively, Hatakeyama et al. proposed an unusual design
strategy of TADF molecules by introducing nitrogen and boron
atoms positioned oppositely in a rigid polycyclic aromatic
framework to induce the multi-resonance (MR) effects; an
atomically separated distribution of HOMO and LUMO for small
DEST and relatively large oscillator strength (fosc) are resulted,
where HOMO locates on nitrogen atoms and carbon atoms at the
meta positions of nitrogen atoms, and LUMO distributes mainly on
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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boron atoms and carbon atoms at the meta positions of boron
atoms [12,13]. This localization of HOMO and LUMO induced byMR
effects minimizes the bonding/antibonding character, vibronic
coupling and vibrational relaxation in the material, resulting in an
extremely sharp photoluminescence (PL) spectrum with a very
small FWHM and significantly reduced DEST to promote RISC for
efficient TADF emission with large fosc [14,15]. Many high-
performance MR-type blue TADF molecules have been developed,
showing high EQEs up to 34.4% and narrow emission bands with
FWHM of 14nm [16,17]. In contrast, narrowband green and red
MR-TADF emitters are fairly rare owing to the intrinsic difficulties
in bathochromic shift of the MR-featured emission. Effective ways
reported to improve the luminescent efficiencies and manipulate
the emission colors of MR-TADF materials include increasing the
number of MR backbones in either linear or cyclic molecular
structures and introducing various substituents on theMR systems
to amplify the influence of skeleton and peripheral units [18,19].
Nevertheless, along with the much increased synthetic difficulties
and preparation costs, the resulting MR-TADF molecules generally
exhibit reduced solubility due to the increased molecular rigidity
and planarity [20]. Therefore, the most reported MR-TADF-based
OLEDs were fabricated by vacuum deposition and the solution-
processed MR-OLEDs remain a challenge so far [21,22].

Here, we demonstrate that both the emission color and
efficiency of MR-TADF molecules can be modulated by introducing
additional aromatic rings into the MR backbone (Fig. 1). Owing to
the expanded conjugation skeleton and increased molecular
planarity, the facilely prepared MR-TADF emitter of CzBN shows
sky-blue emissionwith a smallDESTof 0.12 eV and a large oscillator
strength of 0.3506. The first fabricated solution-processed MR-
OLEDs exhibit high device performance with EQE up to 14.7% and
FWHM of 35nm. To further bathochromic shift the emission band
and improve the solubility, tert-butyls were introduced at the para
positions of nitrogen atoms. Excitingly, thus designedMRmolecule
of BCzBN has bluish-green emission around 490nm with PLQY of
86% and FWHMof 32nm, and the solution-processed TADF devices
reach the high EQEs up to 16.3%. This combined aromatization and
substitution strategy of the MR skeleton not only provides an
effective way to design high-performance MR-TADF materials, but
also makes the solution-processed MR-OLEDs possible.

Based on thewidely investigated deep-blueMR-TADF emitter of
DABNA-1 [12], the two free-rotating peripheral benzenes of
nitrogen atoms were designed to be fused to their nearby benzene
rings in the core to afford CzBN. This aromatization of the skeleton
not only extends the p-conjugation but also increases the ICT
localization area for the more efficient MR effect [14]. To increase
the solubility and further modulate emission band, four electron-
donating tert-butyl substituents were introduced to the para
positions of the two nitrogen atoms to obtain BCzBN. These
molecules can be facilely prepared by replacing diphenylamine to
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Fig. 1. Molecular design of solution-processible MR-molecules and structures of
CzBN and BCzBN.
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carbazole in a similar two-step synthetic route of DABNA-1 with
total yields up to 36% (Scheme S1 in Supporting information). The
molecular structures were fully characterized by 1H and 13C NMR
(Figs. S1-S6 in Supporting information) [23]. Extraordinarily, they
have good solubility in comment solvents, which is up to 10mg/mL
forBCzBN. Furthermore, they are highly stablewith decomposition
temperature over 360 �C, which is important for stable and high
brightness device operation (Fig. S7 and Table S1 in Supporting
information) [24–26].

The ultraviolet-visible (UV–vis) absorption and PL spectra of
CzBN and BCzBNweremeasured to investigate their photophysical
properties (Figs. 2a and b and Table S1 in Supporting information)
[27]. In dilute dichloromethane (DCM) solution, the two emitters
exhibit dominative absorption bands at around 470nmand narrow
emission bands at 479 and 497nm with FWHM of 30 and 28nm,
respectively. This should be a typical feature of MRmolecules [12].
The small Stokes shifts (< 30nm) are due to their rigid molecular
structures [28]. In the neat film, CzBN exhibits a weak emission
band at 502nm and an additional broad emission band at 570nm,
where the first band at 502nm should be the single molecular
emission and that at 570nm is attributed to the excimer emission
owing to the nearly planar configuration for heavy aggregation
[29,30]. The introduction of tert-butyls in BCzBN suppresses the
aggregation in neat film, resulting in much enhanced single
molecular emission at 517nm that is comparable to the excimer
emission around 571nm. Dilute solutions of CzBN and BCzBN
exhibit bright sky-blue and bluish-green emission in air with
PLQYs of 87% and 86%, respectively (inset of Fig. 2c). The excimer
induced emission around 570nm was confirmed by doping CzBN
and BCzBN into commonly used host material of 1,3-bis(9H-
carbazol-9-yl)benzene (mCP). The doped films display similar
Fig. 2. Normalized absorption spectra (dash line) and emission spectra (solid line)
of (a) CzBN and (b) BCzBN in DCM solution (black), neat film (red) and doped film in
mCP (blue). (c) Delayed fluorescence decay curves of CzBN (black) and BCzBN (red)
at 482 and 497nm, respectively. Inset: photographs of diluted toluene solutions of
CzBN and BCzBN excited by 365nm UV light.
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emission spectra to those in solution with also very small FWHM
about 32nm [31].

The phosphorescent spectra of CzBN and BCzBNwere obtained
at 77K with a delay time of 30ms (Fig. S8 in Supporting
information) [32]. From the respective fluorescence and phospho-
rescence peaks at 478 and 502nm, the DEST of 0.12 eV is identified
for CzBN. Similarly, DEST of BCzBN is determined to be 0.11 eV on
the basis of fluorescence and phosphorescence peaks at 498 and
520nm. These DESTs are much smaller than the TADF criterion of
0.37 eV, suggesting that the two designed molecules are typical
TADF emitters [33]. Their TADF feature was further confirmed by
the time-resolved PL decays. Both short-lived prompt and long-
lived delayed fluorescence components at room temperature were
observed, exhibiting lifetimes of 7.0 and 8.4 ns (Fig. S9 in
Supporting information) and 44.8 and 50.4ms, respectively
(Fig. 2c). It should be noted that both CzBN and BCzBN have
smaller DEST than DABNA-1 and their delayed fluorescence
lifetimes are much shorter than 93.7ms of DABNA-1, suggesting
that both RISC and radiative decay processes of the fused MR
molecules are more efficient than the original MR compound.
These findings are in consistent with the kinetic rate constants of
the photoluminescence (Table S2 in Supporting information),
exhibiting accelerated prompt fluorescence (kPF), intersystem
crossing (kISC) and RISC (kRISC) of CzBN and BCzBN.

To further clarify the MR and TADF characteristics of CzBN and
BCzBN, density functional theory (DFT) and time-dependent DFT
(TD-DFT) theoretical calculationswereperformed [34].As shownin
Fig. 3, CzBN and BCzBN exhibit atomically separated frontier
molecular orbital (FMO) distributions similar to DABNA-1, where
HOMOs distribute mainly on nitrogen atoms and carbon atoms at
their meta-positions, and LUMOs locate primarily on boron atoms
and carbon atoms at their meta-positions, except for the more
extended distribution of FMOs and charge transfer (CT) delocaliza-
tionareasdue totheir fusedmolecular structures.These typicalMR-
TADFmolecule-featured FMOdistributions arewell in linewith the
electron density difference (EDD) and CT amount (q) analyses
[14,35]. Their atomically alternative distributions of EDD show
clearly the MR effects and extend to the phenyls far from boron
atom, which is quite different to that of DABNA-1. Meanwhile, CT
[(Fig._3)TD$FIG]

Fig. 3. HOMO and LUMO distributions and theoretical (black) and experimental
(red) energy levels of CzBN and BCzBN, as well as EDD distributions and oscillator
strength (fosc) of DABNA-1, CzBN and BCzBN.
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amounts ofCzBN andBCzBN are 0.725 and0.723 e,which are larger
than that ofDABNA-1 (0.697 e), indicating the enhancedMReffects
in these fused MR molecules (Tables S3�S5 in Supporting
information). Therefore, not only reducedDEST, but also red-shifted
emission are resulted with increased fosc from 0.2048 forDABNA-1
to 0.3506 and 0.4152 for CzBN andBCzBN, respectively. The highest
fosc ofBCzBN shouldbedue toboth increasedmolecular rigidityand
enhanced MR effect by introducing tert-butyl substitutes at para-
positions of nitrogen atoms to strengthen the electron-donating
ability of N atoms [36]. Moreover, the introduction of four electro-
donating tert-butyl substitutes also raises the HOMO energy level
for better hole injection and transport, which was confirmed by
both the DFT calculations and cyclic voltammetry (CV) measure-
ments (Fig. S10 in Supporting information) [37]. The high-lying
HOMOaround -5.5 eV and low-lying LUMOabout -2.9 eV are highly
attractive for hole and electron injection and transport, making it
convenient in selectinghostmaterials andother functional layers to
fabricate TADF OLED devices.

In light of the highly soluble MR-TADFmolecules of BCzBNwith
favorable FMO energy levels, we fabricated the solution-processed
MR-OLEDs with the structure of ITO/PEDOT:PSS (40nm)/emitting
layer (EML, 50nm)/DPEPO (10nm)/TmPyPB (35nm)/Liq (1 nm)/Al,
where PEDOT:PSS (poly(3,4-ethylenedioxythiophene): poly(styr-
enesulfonic acid) and Liq (8-hydroxyquinolinolatolithium) act as
hole- and electron-injection layers, DPEPO (bis(2-(diphenylphos-
phino) phenyl)ether oxide) serves as hole-blocking layer, TmPyPB
(1,3,5-tri(m-pyrid-3-yl-phenyl)benzene) is electron-transporting
layer (Figs. 4a and b) [38]. 10-(4-((4-(9H-Carbazol-9-yl)phenyl)
sulfonyl)phenyl)-9,9-dimethyl-910-dihydroacridine (CzAcSF) is
selected as the host materials in the EML with 2wt%, 5wt%,
10wt% CzBN and BCzBN [39]. Indeed, very sharp electrolumines-
cence (EL) spectra with small FWHM from 32nm to 42nm similar
to the PL spectra were observed at different doping concentrations
of MR-TADF emitters, indicating clearly the successful fabrication
of solution-processed MR-OLEDs. The enlarged FWHM at increas-
ing doping amount from 2wt% to 10wt% could be due to the
enhanced guest aggregation at high concentrations. Impressively,
the maximum current efficiency (CE), power efficiency (PE) and
EQE of the sky-blue OLEDs based on CzBN reach 24.3 cd/A, 15.9
lm/W, and 14.7%, respectively, at the optimized doping concentra-
tion of 2wt% (Table 1, and Figs. 4c and d). The much higher EQEs
than the upper-limit (5%) of the conventional fluorescent OLEDs
give the direct evidence that triplet excitons were harvested for EL
through TADF mechanism. More excitingly, when BCzBN was
employed as the emitter, improved device performanceswith CE of
31.1 cd/A, PE of 19.5 lm/W and EQE of 16.3% were achieved in the
efficient bluish-green MR-OLEDs at a doping concentration of 2
wt% (Figs. 4e and f). These device performances are among the best
results of solution-processed TADF OLEDs (Table S6 and Scheme S2
in Supporting information) [40].

In summary, a new design strategy for the solution-processible
MR-TADF molecules was proposed by extending the CT delocali-
zation of the MR backbone using both conjugated moieties and
tert-butyl substituents. Two MR-TADF emitters with sky-blue and
bluish-green emission were facilely prepared in two steps. It was
found that the extension of p-conjugation and the introduction of
electron-donating moieties at N-resonance positions to enhance
the MR effect can narrow the bandgap and bathochromic-shift the
emission spectra for small DEST, increased PLQY and good
solubility. Unprecedentedly, the first solution-processed MR-TADF
OLEDs exhibit the maximum CEs of 31.1 and 24.3 cd/A, PEs of 19.5
and 15.9 lm/W and EQEs of 16.3 and 14.7% for BCzBN and CzBN-
based devices, respectively. These device performances are even
better than the vacuum-deposited OLEDs based on DABNA-1,
which may initiate the explorations of solution-processible MR
materials and devices in the near future.
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Fig. 4. (a) Structure and energy diagram of the solution-processedMR-TADF OLEDs. (b) Molecular structures of the adoptedmaterials. Current density-voltage-luminance (J-
V-L) curves (inset: EL spectra), current efficiency, power efficiency and external quantum efficiency curves of the devices at different doping concentration of (c, d) CzBN and
(e, f) BCzBN.

Table 1
Device performance of the solution-processed MR-OLEDs.

Guest Con. (%) Von (V) Maximum efficiency FWHM (nm) lEL (nm)

CE (cd/A) PE (lm/W) EQE (%)

BCzBN 2 < 4 31.1 19.5 16.3 32 490
BCzBN 5 < 4 20.9 16.4 9.1 38 492
BCzBN 10 < 4 15.9 10.0 6.9 39 494
CzBN 2 < 4 22.3 14.0 14.7 35 480
CzBN 5 < 4 24.3 15.9 14.6 36 482
CzBN 10 < 4 18.4 11.5 10.0 42 484
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