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Dual Multiresonance Core Strategy Enable Efficient Pure
Blue Organic Light-Emitting Devices Based on Fluorene
Linkages

Xiangan Song, Shaogang Shen, Binghong He, Shengnan Zou, Aliaksei A. Vaitusionak,
Sergei V. Kostjuk,* Yafei Wang, Ying Wang,* and Yong Zhang*

Multiresonance thermally activated delayed fluorescence (MR-TADF) emitters
with high color purity in virtue of their inherent narrowband emission have
received great interest in organic light-emitting diodes (OLEDs). However, it
remains a big challenge to develop the ultrapure blue MR-TADF emitters with
high efficiency. In this work, a novel “dual-MR-core” strategy is proposed by
connecting two parent N-B-O-skeletons with non-conjugate 9-position
substituted fluorene linkages for high efficient deep-blue MR-TADF emitters,
namely H-FOBN and Me-FOBN, which possess the highly twisted structure
with suppressed aggregation. Finally, the vacuum-deposited deep-blue OLED
exhibits excellent external quantum efficiency (EQE) of 25.1% with small full
width at half maximum (FWHM) of 28 nm, as well as CIE of (0.14, 0.08).
Furthermore, owing to enhanced solubility, the solution-processed deep-blue
OLED based on Me-FOBN shows EQE of 11.3%, with small FWHM of 32 nm
and CIE of (0.14,0.09). These outstanding performances confirm that this
“dual-MR-core” strategy provides a feasible approach to develop high efficient
ultrapure blue MR-TADF emitters.
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1. Introduction

Organic light-emitting diodes (OLEDs)
have been considered as a promising candi-
date in the field of panel display, relying on
its superior advantages of flexible character-
istics and high display quality.[1–4] Recently,
thermally activated delayed fluorescence
(TADF) emitters have been extensively
studied owing to their nearly 100% internal
quantum efficiency (IQE) which is enabled
by converting triplet excitons to radiative
single excitons through reverse intersystem
crossing (RISC) process acquired from
minimized energy gap (ΔEST) between the
lowest triplet (T1) and singlet excited states
(S1).[5–9] Generally, this requirement can be
realized by separating the highest occupied
molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO)
via a twist donor–acceptor (D–A) molecu-
lar structure.[10–15] In the past few years,
many reported OLEDs employing TADF
emitters with D–A molecular structure

exhibit external quantum efficiency (EQE) exceeding 30%.[16–18]

Despite the success of D–A molecular structure, their intrinsic
structural relaxation between the ground state and excited state
will inevitably lead to broad emission band and therefore a poor
color purity, limiting their further applications in the field of
larger color gamut.[19,20] In addition, their inherent long-range
charge transfer (LRCT) character will result in bathochromic
shifted emission which can be further aggravated by intermolec-
ular interactions, generating great challenges to obtain highly ef-
ficient deep-blue TADF emitters.[21] Consequently, a novel molec-
ular design strategy of TADF emitters is thus highly needed to be
designed toward higher color purity, especially for pure deep-blue
emission (CIEy < 0.10).

Recently, to meet the requirements of high color purity, a new
TADF molecular structure with multi-resonance (MR) effect has
been developed based on rigid polycyclic aromatic frameworks
composed of electron-deficient atom (boron, B) and electron-rich
atom (nitrogen, N), giving opposite electronic effect of short-
range charge transfer (SRCT) to realize well-separated distribu-
tions of frontier molecular orbitals (FMOs) and therefore a small
ΔEST.[22–26] Their inherent rigid molecular can suppress struc-
tural relaxation and the dominant non-bonding character can
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Figure 1. Molecular design strategies and the summary performances of H-FOBN and Me-FOBN.

minimize the energy gaps between the vibrational energy lev-
els, leading to narrowband emission.[27–29] Currently, one of the
most challenging problems in OLED is to establish rationale
molecular design strategies toward deep-blue MR-TADF emit-
ters (CIEy < 0.10) together with high efficiency.[30] For example,
the well-known blue MR-TADF emitter DABNA-1 based on N-
B-N-skeleton display emission peak at 459 nm and full width
at half maximum (FWHM) of 28 nm with CIE of (0.13, 0.09).
However, the OLED based on DABNA-1 displays unsatisfactory
EQE of only 13.5%.[31] To enhance efficiency, the diphenylamine
in DABNA-1 was replaced by 3,6-di-tert-butylcarbazole to synthe-
size the extended 𝜋-conjugated skeleton tCzBN (aka. DtBuCzB or
BBCz-SB), which exhibited the improved EQE over 20%. How-
ever, the serious red-shifted emissions were observed with CIEy
values over 0.40.[32,33] Another extended 𝜋-conjugated strategy is
to introduce double B atoms into MR-skeletons and then the en-
hanced OLED performances were able to be obtained, but most
of them accompanied with the red-shifted emission, resulting in
CIEy values over 0.10.[28,34,35] In addition, these emitters also suf-
fer severe molecular aggregation due to the inherent planar struc-
tures, which also leads to the poor solubility and limited applica-
tions in the solution-processed OLEDs.[34,36,37] It thus becomes
highly desirable to develop the molecular design strategy for nar-
rowband blue MR-TADF emitters, which can achieve high effi-
ciency and maintain deep-blue emission with CIEy < 0.10 simul-
taneously.

Herein, we proposed a novel “dual-MR-core” molecular
design strategy and prepared two blue MR-TADF emitters,
namely H-FOBN and Me-FOBN, which were connected two
N-B-O-skeletons with 9-position substituted fluorene linkages
(Figure 1). The N-B-O-skeletons has a weakened electron donat-
ing character with oxygen substitutes, which will induce a blue-
shift emission compared with the B–N only emitters. In addi-

tion, unlike the extended coplanar 𝜋-conjugated double-B MR-
TADF emitters, the non-conjugated connection in H-FOBN and
Me-FOBN emitters can make the N-B-O cores emit indepen-
dently, providing the inhibited bathochromic shift and high EQE
simultaneously. Furthermore, the highly twisted structure with
9-position substituted fluorene linkages can suppress molecu-
lar aggregation and improve the solubility, giving solution pro-
cessability. Consequently, the vacuum-deposited OLED based
on Me-FOBN exhibited high color purity with small FWHM
of 28 nm and CIE of (0.14,0.08), and the excellent EQE of
25.1%. In addition, the solution-processed OLED based on Me-
FOBN shows EQE of 11.3% with small FWHM of 32 nm and
CIE of (0.14,0.09). These outstanding performances of vacuum-
deposited and solution-processed devices based on H-FOBN and
Me-FOBN confirm the effectiveness of this molecular design
strategy.

2. Results and Discussion

The 9-position substituted fluorene units were used as linkage
to synthesize the target double-B emitters H-FOBN and Me-
FOBN by one-step cascade lithiation-borylation-annulation reac-
tions, and the details were shown in Supporting Information. It
is noted that both H-FOBN and Me-FOBN have good solubili-
ties in common organic solvents, indicating their promising po-
tential in solution-processed OLEDs. The nuclear magnetic res-
onance (NMR) and matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) spectroscopy were further employed
to confirm the molecular structures of H-FOBN and Me-FOBN
(Figures S9–S14, Supporting Information). In addition, as shown
in Figure S1 (Supporting Information), the decomposition tem-
peratures (Td) obtained from thermogravimetric analysis (TGA)
were as high as 501 °C and 504 °C for H-FOBN and Me-FOBN,
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Figure 2. S0 geometries and FMOs distributions of H-FOBN and Me-FOBN.

respectively, confirming the good thermal stabilities for OLED
fabrication through vacuum thermal deposition. To explore the
electrochemical properties, the cyclic voltammetry (CV) was used
to measure the oxidation potentials of H-FOBN and Me-FOBN.
The HOMO energy levels were calculated to be as −5.77 and
−5.74 eV, respectively. Furthermore, the LUMO energy levels of
H-FOBN and Me-FOBN were obtained as −3.03 and −2.99 eV
from optical bandgaps (Eg) and HOMO levels. The DFT calcu-
lated HOMOs of H-FOBN and Me-FOBN are 5.40 and 5.30 eV,
and the LUMOs are 1.90 and 1.80 eV respectively. The slightly
high-lying HOMO and LUMO energy levels in Me-FOBN are
attributed to that the electron-donating of methyl group which
enhance the electron-donating capability of nitrogen atoms and
weaken the electron-withdrawing capability of boron atoms si-
multaneously.

The S0 geometries and frontier molecular orbitals (FMOs) dis-
tributions of H-FOBN and Me-FOBN were investigated by den-
sity function theory (DFT). As shown in Figure 2, the S0 geome-
tries of H-FOBN and Me-FOBN exhibit highly twisted structure
with 9-position substituted fluorene linkages, which weaken the
intermolecular aggregation and increase the solubility. The di-
hedral angles between fluorene and N-B-O-skeletons are 82.3°

and 81.3° for H-FOBN and 85.3° and 86.1° for Me-FOBN, re-
spectively. The FMOs distributions of H-FOBN and Me-FOBN
show typical MR character and are on N-B-O-skeletons, implying
that the two parent MR cores participate in emission which will
increase the quantum efficiencies. Furthermore, no FMOs distri-
butions are observed on the non-conjugate 9-position substituted
fluorene linkages, which can induce each MR core to emit inde-
pendently and then avoid the bathochromic shift resulted from
the extended 𝜋-conjugation. In addition, the FMOs distributions
of Me-FOBN on two parent MR cores are more uniform than

that of H-FOBN. To clarify the excitation characters of S1 states
of H-FOBN and Me-FOBN, the hole–electron analysis was used
to calculate the hole and electron distributions.[38] As shown in
Figure S3 (Supporting Information), the hole and electron dis-
tribute on both core 1 and 2, and exhibit obvious overlap on both
core 1 and 2, generating dual-MR-core-emission character. As a
result, the molecular structures of H-FOBN and Me-FOBN with
the 9-position substituted fluorene linkages exhibit obvious dual-
MR-core-emission characters, indicating their potential in highly
efficient deep-blue OLEDs.

To clarify the photophysical properties of H-FOBN and Me-
FOBN, the UV/Vis absorption, photoluminescence (PL) and
phosphorescence (Ph) spectra were measured. As shown in
Figure 3a and Table 1, the absorption spectra of H-FOBN and
Me-FOBN in toluene show narrow absorption bands with peaks
at 437 and 436 nm, respectively, which belong to the intramolecu-
lar charge transfer of MR effect. The optical Egs of H-FOBN and
Me-FOBN were calculated to be 2.74 and 2.75 eV, respectively,
and the slightly higher Eg of Me-FOBN is consistent with its blue-
shifted emission. Remarkably, the PL spectra of H-FOBN and
Me-FOBN in toluene present deep-blue narrowband emission
with peaks at 455 and 454 nm, respectively. The Stokes shift
of H-FOBN and Me-FOBN were as small as 18 nm, which
should be ascribed to the suppressed molecular structural re-
laxation. Therefore, ultra-pure blue emissions with FWHM of
21 and 20 nm were obtained for H-FOBN and Me-FOBN, re-
spectively. From the onsets of PL and Ph spectra at 77 K, the
S1/T1 energy levels of H-FOBN and Me-FOBN can be obtained
as 2.78 eV/2.62 eV and 2.79 eV/2.65 eV, respectively, resulting in
smallΔEST of 0.16 eV and 0.14 eV. The smallerΔEST of Me-FOBN
will be able to lead to more efficient RISC process. Furthermore,
as shown in Figure S4 and Table S1 (Supporting Information),
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Figure 3. a) UV–visible absorption, photoluminescence spectra and phosphorescence spectra of H-FOBN and Me-FOBN in toluene (1×10−5 m)
b) UV–visible absorption and c) fluorescence spectra (measured at 300 K) in various solutions (n-hexane, toluene, THF and DCM). d) Transient photo-
luminescence decay curves of 1 wt% of H-FOBN and Me-FOBN in 26DCzPPy under vacuum condition (inset: prompt decay curves).

the PL spectra of H-FOBN and Me-FOBN in doping films (from 1
wt% to 20 wt% in 26DCzPPy) were also tested. With the increase
of the doping concentration from 1 to 20 wt%, the PL spectra
of H-FOBN and Me-FOBN display small bathochromic shift of
13 and 10 nm, and the spectra broadening is only around 3 nm
compared to that in solution, confirming the suppressed inter-
molecular aggregation from the highly twisted 9-position sub-
stituted fluorene structure. In addition, the PL spectra of Me-
FOBN presents less-sensitive to the doping concentration ow-
ing to the additional two methyl substitutes which will enhance
steric hindrance and further decrease intermolecular interac-
tion. Simultaneously, in order to elucidate solvatochromism of
H-FOBN and Me-FOBN, the absorption and PL spectra in vari-
ous solvents (n-hexane, toluene, tetrahydrogen furan (THF) and
dichloromethane (DCM)) were measured. As shown in Figure 3b
and Table S2 (Supporting Information), almost no changes in the
absorption bands of H-FOBN and Me-FOBN from n-hexane to
DCM were observed. From Figure 3c, with the increase of the
polarity, the PL spectra of H-FOBN and Me-FOBN exhibit very
small bathochromic shift of 17 and 15 nm, and also very small
spectra broadening, indicating negligible solvatochromic effect.
These results, in combination with theoretical calculations, in-

dicate that the dual-MR-core molecular structure with 9-position
substituted fluorene linkage in H-FOBN and Me-FOBN emitter
remain the SRCT character.

The TADF characters of H-FOBN and Me-FOBN were fur-
ther investigated. As shown in Figure S5 (Supporting Informa-
tion), the PL spectra of H-FOBN and Me-FOBN in toluene un-
der N2 show much stronger fluorescence intensity than that un-
der O2, which is typical for TADF emitters. The photolumines-
cence quantum yields (PLQYs) of H-FOBN and Me-FOBN in 1
wt% doping films under vacuum were measured as 82% and
86%, respectively. Due to the quenched triplet excitons by O2,
the PLQYs measured under air were decreased to be 70% and
72%, respectively, indicating the typical TADF characters of H-
FOBN and Me-FOBN. Remarkably, Me-FOBN displays slightly
higher PLQY due to the slight stronger suppressed intermolec-
ular aggregation and more efficient RISC process compared to
that of H-FOBN. Furthermore, the time-resolved photolumines-
cence (TRPL) spectra of H-FOBN and Me-FOBN in 1 wt% doping
films were also measured. As shown in Figure 3d, the biexpo-
nential decay curves were observed with two components com-
posed of prompt and delayed emission. The prompt lifetimes of
H-FOBN and Me-FOBN are obtained to be 4.5 ns and 2.3 ns while

Table 1. Summary of photophysical data of H-FOBN and Me-FOBN.

Emitter 𝜆abs [nm] 𝜆PL [nm] Stoke shift [nm] ES1/ET1 [eV] ΔEST [eV] PLQY [%] FWHM [nm] 𝜏p[ns]/𝜏d[μs] kRISC [×104 s−1]

H-FOBN 437 455 18 2.78/2.62 0.16 82 21 4.5/75.6 6.4

Me-FOBN 436 454 18 2.79/2.65 0.14 86 20 2.3/67.2 7.5

Adv. Optical Mater. 2024, 12, 2401505 © 2024 Wiley-VCH GmbH2401505 (4 of 7)
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Figure 4. The device structure of a) vacuum and b) solution- processible.

the delayed lifetimes are 75.6 and 67.2 μs, respectively. Signifi-
cantly, the decreased delayed components of two emitters under
air atmosphere further illustrate their TADF characters (Figure
S6, Supporting Information). In addition, the H-FOBN and Me-
FOBN show promising kRISC of 6.4 × 104 s−1 and 7.5 × 104 s−1,
respectively, acquired from efficient utilization of triplet excitons
by dual-core molecular structure. Remarkably, the slightly higher
kRISC of Me-FOBN originates from its smaller ΔEST, implying
smaller efficiency roll-off in OLEDs. As a result, the dual-MR-core
molecular structure of H-FOBN and Me-FOBN with 9-position
substituted fluorene linkages present the significant TADF effect,
which are promising to generate ultrapure blue OLEDs with high
efficiency.

To examine the electroluminescent performance of H-
FOBN and Me-FOBN emitters, vacuum-deposited and solution-
processed OLED devices were fabricated, and the device struc-
ture and the chemical structure of each layer were shown in
Figure 4. The device performances based on H-FOBN and Me-
FOBN emitters are summarized in Table 2 and Tables S3 and S4
(Supporting Information). Figure 5a,b shows the L-EQE curves
and EL spectra of vacuum-deposited OLEDs. It can see that both

H-FOBN and Me-FOBN devices exhibit pure blue narrowband
emission benefiting from their inherent MR effect. At the dop-
ing concentration of 1 wt%, the pure blue EL emission peaks
of H-FOBN and Me-FOBN devices are at 456 nm and 456 nm
with small FWHM of 30 nm and 28 nm, respectively, and their
corresponding CIE coordinates are (0.14,0.08) and (0.14,0.08).
When the doping concentration is increased from 1 to 10 wt%,
the EL spectra of H-FOBN and Me-FOBN devices exhibit very
little bathochromic shifting and spectra broadening, originating
from the negligible intermolecular aggregation. The different
emission bands between doped film and vacuum-deposited de-
vice may be caused by the different energy transfer mechanisms
under photoexcitation and electroexcitation conditions H-FOBN
device exhibit the best EQE of 22.1% at 1 wt% doping concen-
tration with the current efficiency (CE) and brightness of 22.0 cd
A−1 and 3370 cd m−2, respectively. Meanwhile, Me-FOBN device
gave the best EQE of 25.1% with the CE and brightness of 28.7 cd
A−1 and 3560 cd m−2, respectively, which is consistent with its
high PLQY. Especially, at various doping concentrations, Me-
FOBN-based OLEDs exhibit better performances than that of H-
FOBN, which is attributed to the enhanced kRISC and suppressed

Table 2. Summary of OLED device performance of H-FOBN and Me-FOBN.

Emitter 𝜆EL
c) [nm] FWHMd) [nm] Von

e) [eV] Lmax
f) [cd m−2] CEg) [cd A−1] EQEh) [%] CIEi)

H-FOBNa) 456 30 5.0 3370 22.0 22.1 (0.14,0.08)

Me-FOBNa) 456 28 4.7 3560 28.7 25.1 (0.14,0.08)

H-FOBNb) 460 32 5.0 415 8.1 9.2 (0.14,0.10)

Me-FOBNb) 458 32 5.0 312 9.3 11.3 (0.14,0.09)
a)

Vacuum-deposited OLED at doping ratio of 1 wt%;
b)

Solution-processed OLED at doping ratio of 1 wt%;
c)

Electroluminescence peak wavelength;
d)

Full width at half
maximum;

e)
Turn-on voltage at 1 cd m−2;

f)
Maximum luminance;

g)
Max current efficiency;

h)
Maximum external quantum efficiency;

i)
Commission Internationale de

l’Eclairage coordinate.
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Figure 5. a) EQE-luminance and b) electroluminescence spectra at 1–10 wt% doping concentration of vacuum-deposited OLEDs. c) EQE–luminance
and d) electroluminescence spectra at 1–10 wt% doping concentration of solution-processed OLEDs.

intermolecular aggregation of Me-FOBN emitter. The outstand-
ing device performances of pure blue OLEDs based on H-FOBN
and Me-FOBN emitters further confirm that the dual-MR-core
molecular design strategy is highly effective in developing high
efficient MR-TADF emitters.

The L-EQE and EL curves of solution-processed OLEDs of H-
FOBN and Me-FOBN emitter at 1 wt% doping concentration
were shown in Figure 5c,d. The EL spectra of H-FOBN and Me-
FOBN devices have narrowband emission with peaks of 460 nm
and 458 nm and small FWHM of 32 nm, respectively, still show-
ing the pure blue emissions with CIE coordinates of (0.14,0.10)
and (0.14,0.09). Meanwhile, bathochromic shifting and spectra
broadening were also almost negligible as observed at differ-
ent doping concentrations. The solution-processed OLED devices
based on H-FOBN and Me-FOBN emitters provided the display
promising EQEs of 9.2% and 11.3%, respectively. Similar, the de-
vices based on Me-FOBN emitter show obvious higher EQE than
that of H-FOBN-based devices at all doping concentration, indi-
cating the important role of methyl groups to suppress the inter-
molecular aggregation. These results may also highlight a new
route to achieving the high efficient solution-processable OLEDs
in the view of the molecular design of MR-TADF emitter.

3. Conclusion

In conclusion, two novel deep-blue MR-TADF emitters H-FOBN
and Me-FOBN were designed and synthesized by employing non-
conjugated 9-position substituted fluorene linkages to connect
two parent deep-blue N-B-O-skeletons, in which the two emitters
possess highly twisted molecular structure and dual-MR-core-

emission character. OLEDs based on H-FOBN and Me-FOBN
emitters exhibit highly device performance while maintaining
the ultrapure deep-blue emission. The vacuum-deposited OLEDs
based on Me-FOBN show the excellent EQE of up to 25.1%
with small FWHM of 28 nm and CIE of (0.14,0.08), whereas
the solution-processed OLEDs based on Me-FOBN also gave a
EQE of up to 11.3% with CIE of (0.14,0.09). These promising de-
vice performances indicate that the dual-core-strategy provides a
feasible method to construct the ultrapure deep-blue MR-TADF
emitters with high efficiency.
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the author.
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