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delayed fluorescence emitters

Liang Wan, Zhuang Cheng, Futong Liu and Ping Lu {2 *

The intense interest in organic boron-containing light-emitting materials stems from their attractive
potential electron-deficient characteristics and excellent fluorescence efficiency. Delicate molecular
design of organic boron-containing emitters and comprehensive studies of the relationship between
their chemical structures and photophysical properties are of great significance for developing high-
performance emitters. In this review, an overview of the recent studies on organoboron-based emitters
for applications in organic light-emitting devices (OLEDs) is presented. First, we give a brief introduction
to the basic properties of organoboron materials. And then, the recent research progress of thermally
activated delayed fluorescence (TADF) materials containing triaryl/diarylboron, 10H-phenoxaborin, 5,9-
dioxa-13b-boranaphthol3,2,1-delanthracene (DBNA), and 5,9-diphenyl-5,9-dihydroquinoxalino(3,2,1-
delphenazine (DABAN) is reviewed systematically with a focus on the molecular design, photophysical
properties and performance of the corresponding OLEDs. Finally, the future challenges of organoboron-

rsc.li/frontiers-materials based materials are discussed.

1. Introduction

Boron (B) is the fifth element in the periodic table with an
atomic mass of 10.81. It is a non-metallic element with the
most electronegativity among elements of Group III. Boron is
abundant in nature, mainly distributed in borax (Na,B,O-
10H,0), priceite (Ca,B¢0;1-5H,0) and magnesite (Mg,B,0s),
among which borax was used as medicine in ancient times."
Boron chemistry has a long history. In 1702, French chemist
Holmberg first heated borax and ferrous sulfate together to
prepare boric acid.> In 1808, pure elemental boron was first
isolated independently and simultaneously by H. Davy in
England, who observed that electric current sent through a
solution of borates produced a brown precipitate on one of the
electrodes, and J. Gay-Lussac and L. Thenard in France obtained
boron by reducing boric acid with iron at high temperature.?
Organoboron chemistry has a profound influence on chemical
research and industry, including synthetic chemistry, biochemis-
try, pharmaceutical chemistry, materials science, etc. In the past
decades, it also has witnessed the rapid development of organic
optoelectronic functional molecules.* The electron structure
of boron is 1s*2s*2p" with four valence orbitals and three
valence electrons. Thus, sp® hybridized three-coordinate boron
compounds can be formed with electron-deficient properties.
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They show high potential in nonlinear optics, chemical sensing,
biological imaging, and especially, in the field of organic
electroluminescence.>®

In 1987, Tang and VanSlyke first reported the preparation of
organic light-emitting diodes (OLEDs).” Since then, OLEDs
have been actively studied owing to their advantages of low
power consumption, high brightness, color purity, lightweight,
large viewing angle and flexibility and have been commercially
applied in some flat-panel display applications such as mobile
phones and televisions.®® According to spin statics, 25% singlet
excitons (S;) and 75% triplet excitons (T,) are generated after
hole and electron injection in OLEDs. Thermally activated delayed
fluorescence (TADF) emitters emerged as new-generation lumi-
nescent materials to fabricate highly efficient OLEDs by enabling
100% IQE through reverse intersystem crossing (RISC) based on a
tiny energy gap (AEsr) between singlet and triplet states.® To
achieve a small AEgy, the most common way to design TADF
molecules is to sufficiently separate the frontier molecular orbitals
by appropriate selection of donor (D) and acceptor (A) units with
different electron-donating and electron-accepting abilities.""
Organoboron-based groups with an empty p-orbital and intrinsic
electron-deficient nature can serve as suitable n-electron acceptors
to construct TADF emitters with D-A and D-m-A structures.
In such molecules, in order to protect the empty p-orbital from
being attacked by nucleophiles and enhance the stability of the
compound under ambient conditions, the boron atom is commonly
linked with sterically bulky aryl groups, such as 2,4,6-trimethylphenyl
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and 2,4,6-triisopropylphenyl.">™*> In 2016, Hatakeyama and
co-workers proposed a fascinating design strategy for TADF
materials based on a polycyclic B/N framework with the multi-
ple resonance (MR) effect.'® On one hand, this heteroaromatic
skeleton provides adequate protection for boron atoms; on the
other hand, the opposite resonance effect of boron and nitrogen
atoms realizes the staggered separation of the HOMO and
LUMO, which endows the resulting materials with TADF char-
acteristics. Benefiting from the rigid conjugated framework and
short-range intramolecular charge transfer (ICT) characteristics,
these materials commonly exhibit emission spectra with narrow
full-width at half-maximum (FWHM), high photoluminescence
quantum yields (PLQYs) and the maximum external quantum
efficiency (EQEnay) of over 20% in OLEDs.

In the light of their unique electronic structure, boron-
containing derivatives have aroused wide attention and interest
of scientists. By reasonably adjusting the structure, number,
and linking fashion of donor and acceptor groups, OLEDs
prepared with organic boron-containing functional molecules
as the active layers have basically realized the full-visible
emission from the blue to red region. We mainly divide the
reported boron compounds into three parts, including triaryl/
diarylboron-based TADF emitters, boron/oxygen (B/O)-based
TADF emitters and boron/nitrogen (B/N)-based TADF emitters.
In this paper, the recent research progress and prospect of
organoboron-based TADF materials are reviewed systematically
with emphasis on the molecular design, photophysical properties
and properties of the corresponding OLEDs.

2. Highly efficient TADF emitters based
on three-coordinate organoboron
compounds

2.1 Triaryl/diarylboron-based TADF emitters

In 2000, Shirota and coworkers reported the first D-A type
three-coordinate organoboron compounds, 1 and 2, using
diarylboron as the acceptor. In tetrahydrofuran (THF) solution,
the emission peaks of 1 and 2 were at 515 nm and 537 nm,
respectively. The OLEDs using 1 and 2 as emitters realized blue-
green and green emission, respectively, but with a low EQE of
only 0.8% and 1.0%. Thermally activated delayed fluorescence
(TADF) materials have become the rising star of OLEDs by
furnishing electroluminescence (EL) performance comparable
with phosphorescent materials, which was initially reported by
Adachi et al in 2011." Since then, many highly efficient
triarylboron-based TADF molecules have been synthesized
and their device performances are also significantly improved.

In 2015, Kaji and coworkers successfully prepared TADF
emitters 3-5 applying the trimesitylboron (Mes;B) unit as a
weak acceptor, and phenoxazine (PXZ), bis(diphenylamino)-
carbazole (2DAC), and diphenylaminocarbazole (DAC) as respec-
tive donors. They displayed sky-blue to green emission, high
PLQYs of 87-100% in host matrices, and small AEgy values of
0.058-0.071 eV, respectively. OLEDs using these emitters as
dopants also exhibited EQE,,,x of 14.0-22.8%, 1respective1y.18
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Later, they further reported triarylboron-based TADF emitter 6
by deliberate modulation of the RISC process. 6 possessed a
relatively small AEgr of 0.01 eV and large kgsc of 1.947 x 10°s™ .
The solution-processed OLED with 6 as the emitter achieved an
EQEax of 13.9% with an EL peak at 510 nm and CIE coordinates
of (0.23, 0.54). The EQE remained at 11.7% at a luminance of
1000 cd m~? with a slight efficiency roll-off of 16%."

Lee and coworkers reported a synthetic approach to highly
efficient D-A type TADF compounds PXZoB (7), DPAoB (8) and
CzoB (9), wherein the acceptor was based on triarylboron and
the donor was phenoxazine, diphenylamine, or carbazole.
Combined with the ortho D-A connectivity, the bulky nature
of the triarylboron endowed the D-A dyads with inherent steric
“locking” for a highly twisted arrangement, leading to a small
AEgyr and thus exhibiting very efficient TADF with microsecond-
range lifetimes. In particular, the pure blue OLEDs based on 9
with a carbazole donor showed a high EQE .« of 22.6% with
CIE color coordinates of (0.139, 0.150), well illustrating the
validity of the proposed approach. Upon optical optimization,
the EQE .« Was further improved to 24.1%.%° In 2017, Lu and
coworkers also reported two ortho-D-A arranged blue TADF
compounds 10 and 11. The significant intramolecular D-A
interactions induced a combined charge transfer pathway and
thus achieved small AEgr and high efficiencies. The blue non-
doped OLEDs based on 10 prepared from the solution process
achieved the EL emission peaking at 463 nm with an EQE,x of
19.1% and CIE coordinates of (0.15, 0.17).>" Next, Lee et al.
further developed a series of ortho-carbazole-appended triaryl-
boron compounds by introducing ter¢-Bu, Me, and OMe to the
carbazole donor and/or to the dimesitylphenylboron (PhBMes;)
acceptor. Depending on the various substituents on the donor
and/or acceptor moieties, the emission color was finely tuned
over the entire blue region from sky blue to ultradeep blue.
Retention of a twisted D-A structure enabled by the ortho
connectivity and bulky triarylboron led to small AEgr. Among
these, OLEDs using 12 as the emitter showed a high EQE of
32.8% with CIE coordinates of (0.135, 0.266). This high device
efficiency was caused by a synergistic effect between the high
PLQY (93%) and the high horizontal transition dipole ratio of
0.76. Deep blue OLEDs using 13 as the emitter showed an
EQE oy Of 14.9% with CIE coordinates of (0.151, 0.058).>>

Lu and coworkers synthesized three D-A-D borylated com-
pounds with functional acridan derivatives as donors and
dimesitylborane as the acceptor in 2018. A small AEsy and fast
intramolecular charge transfer were caused by this crowded
structure, which enabled adjacent electron donor and acceptor
to form a nearly orthogonal configuration. As the ability of
donors increased, the emission spectrum shifted from green to
yellow region. The green device based on 14 achieved an
EQEnax of 19.3% with CIE coordinates of (0.250, 0.527) and
dropped to 18.2% at luminance levels of 1000 cd m™ 2>

In 2019, two TADF emitters 15 and 16 by introducing the
cyano group into triarylboron/phenoxazine hybrids were pre-
pared by Yang et al; 15 and 16 acquired PLQYs of 67% and
75%, AEgr of 0.144 eV and 0.077 eV, respectively. The OLEDs
based on 15 and 16 achieved the EQE,.x of 9.7% and 11.4%,
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respectively, with EQEs up to 8.9% and 10.2% at 2000 cd m ™.
The small device efficiency roll-offs of 15 and 16 were owing to
the short delayed fluorescence lifetimes of 1.6 ps and 1.4 ps,
respectively.**

In the same year, a series of D-A-A TADF compounds 17 and
18 were obtained by Wang et al, in which (Mes),B was
combined with triazine and sulfonyl units to construct tandem
acceptors. These compounds possessed tiny AEgr values con-
tributed by the largely expanded LUMO distributions caused by
the conjugation between the boron empty p-orbital and the p*-
orbital of the other parts of the tandem acceptors. OLEDs based
on 18 showed an EQE,,x of 24.8% and efficiency roll-off only of
5.6% at a practical luminance of 1000 cd m™2.2°

In 2020, Chi et al. designed methoxy-substituted carbazoles,
and the corresponding directly N-borylated emitters were pre-
pared with the aim of improving the TADF characteristics of the
carbazole-based (Mes),B emitters. Emitters 19 and 20 showed
significantly delayed fluorescence, confirming the potential of
methoxy substituents in improving TADF characteristics to
harness the electron-donating strength and special orthogon-
ality. Doped devices using 19 and 20 as emitters exhibited
EQEpax Of 12.5% and 13.3%, respectively.”®

A series of ortho-carbazole-appended triarylboron com-
pounds, in which perfluoroalkyl (CF; and C;F) or perfluoroaryl
(4-CF3CF,) groups were attached as secondary acceptors, were
prepared and characterized by Lee et al. in 2020. In toluene,
these compounds revealed emission spectra of light greenish to
yellow with high PLQYs up to 100%. The optimized OLEDs
based on CF;-substituted emitter 21 realized a high EQE of
29.9% and a low turn-on voltage of 2.35 V.’

Yang et al. constructed TADF materials 22 and 23 with the
centrosymmetric 3D-A structures by connecting 9,9-diphenyl-9,
10-dihydroacridine-9 (DPAc) and 10H-spiro[acridine-9,9-fluorene]
(SpiroAc) with triarylboron groups in 2021. These molecules
possessed large dihedral angles between the triarylboron unit
and the acridine plane. Because of their large volume and rigid
structure, 22 and 23 showed PLQYs of 71.6% and 84.3%, respec-
tively. Solution-processed OLEDs using 22 and 23 as emitters
realized EQEay of 12.8% and 17.3% with EL peaks of 472 nm and
490 nm, respectively.”®

In 2021, by combining a weak spiro-donor and a weak spiro-
acceptor through a sterically bulky p-spacer, linear D-n-A type
TADF molecules with higher molecular rigidity and non-
conjugated spiral fragments at both ends of the molecule were
constructed by Wang et al. Two deep-blue emitters 24 and 25
were achieved for resolving the lack of highly efficient deep-
blue OLEDs matching the display requirements. The weak D
and A groups endowed the compounds with deep-blue emis-
sion and the helical structure suppressed the concentration
quenching simultaneously. These emitters showed high PLQYs
(>90%) in toluene. Both doped and non-doped deep-blue
OLEDs based on 24 achieved an EQE of over 22% and CIE,
coordinates less than 0.1.>°

In 2021, Lee and coworkers reported a set of D-A-type blue
TADF compounds comprising triply bridged triarylboryl accep-
tors, the so-called B-heterotriangulenes. Compound 26 exhibited
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a fast RISC (kgisc & 10° s™') with short delayed fluorescence
(ta = 2 ps), which was found to be promoted by the strong spin-
orbit coupling between the local triplet excited state (°LE, T,) and
the singlet (S,) state. Devices based on 26 achieved an EQE,,,, of
28.2% and maintained an EQE of 21.2% at 1000 cd m™2.%°

In 2022, two TADF emitters with a D;—A structure, 27 and 28,
by the combination of acridine/phenoxazine donors and triar-
ylboron acceptors were obtained by Liu et al. Because of the
high steric hindrance and strong intramolecular charge transfer
state between the D/A groups, these emitters exhibited well-
separated frontier molecular orbitals distributions and obvious
TADF characteristics. The high-rigidity “star-shaped” configu-
ration of 27 and 28 endowed both emitters with high PLQYs of
up to 94% and 89%, and high ratios of horizontal dipole orienta-
tion of 86% and 80%, respectively. Doped OLEDs based on 27 and
28 realized an EQEy,, of 38.8% and 29.4%, respectively.*!

Triarylboron or diarylboron moieties are the simplest forms
of boron acceptors that are generally used in the material
design of D-A TADF emitters. The intrinsically reactive boron
center is generally embraced by sterically bulky aryl groups to
provide enough protection and chemical stability under ambient
conditions. Three-coordinate organoboron acceptors are modified
with various donors in diversified configurations to achieve small
AEsr and induce delayed fluorescence. This approach is also
advantageous for tuning emission wavelength, PLQY in the solid
state, and EQE in OLEDs. In this part, we summarize representa-
tive TADF emitters using three-coordinate boron derivatives as
acceptors including synthetic strategies, photophysical properties
and device performance. Blue to green TADF emitters have been
illustrated based on a molecular platform employing three-
coordinate boron-containing acceptors, and a high EQE,,x over
30% in blue and green OLEDs has been realized. However, they
suffer from a relatively broad emission spectrum because of the
CT nature of S;. Fig. 1 shows the chemical structures of various
three-coordinate boron derivatives and the photophysical proper-
ties, and device performances for TADF materials discussed above
are summarized in Table 1.

2.2 Boron/oxygen (B/O)-based TADF emitters

When the boron acceptor structure is modified by oxygen atoms,
the acceptor strength will be weakened by the nonbonding
electrons of oxygen. These boron/oxygen-based acceptors are
suitable for the construction of blue TADF OLEDs. One type is
a partially bridged B/O acceptor (10H-phenoxyaborin) by insert-
ing an oxygen atom into the para position of the boron in the
acceptor. Another type is the full bridged B/O acceptor (DBNA)
consists of two oxygen atoms and one boron atom embedding in
three benzene rings.

2.2.1 10H-Phenoxaborin-based TADF emitters. In 2015,
Adachi et al. reported highly efficient blue TADF molecules,
29-31. 10H-Phenoxaborin, as a new acceptor composed of a
boron atom and an oxygen atom, was embedded in the aro-
matic backbone. Boron atoms were connected with the larger
2,4,6-triisopropyl phenyl (TIPP) groups to avoid the influence of
oxygen and water. The distorted structure of the donor and the
acceptor could effectively separate the HOMO and the LUMO;
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Fig. 1 Molecular structures of the TADF materials containing triaryl/diarylboron units.

thus, these emitters all possessed small AEgr. The devices
based on 30 and 31 exhibited the same CIE coordinates of
(0.14, 0.16) and an EQE,,, of 19.0% and 20.1%, respectively.
Oi et al. designed and synthesized a series of TADF com-
pounds using the 10H-phenoxaboryl group as the electron
acceptor, and carbazole/9,9-dimethylacridine/phenoxazine as
the electron donor. Among these, compounds 32 and 33 exhib-
ited high PLQYs of 98% and 99%, and obvious TADF properties
because the HOMO and the LUMO were well separated. The
devices using 32 and 33 as emitters realized light blue and green
emission, with an EQE ., of 15.1% and 22.1%, respectively.*

A new family of TADF molecules (34-37) with a dibenzohe-
teraborin unit as the acceptor were developed by Yasuda et al. in
2018. By introducing heteroatoms S and N into the 10H-
phenoxyaboryl group to obtain dibenzoaborins, all the resulting
emitters exhibited PLQY of nearly 100% and narrowband emission.
According to the TDDFT calculation, the large spatial repulsive
force between the hydrogen atoms around the D and A units
limited the structural deformation between the ground and excited
states and reduced the recombination energy during the emission
process, resulting in narrowband emission in the TADF molecules.
The up-conversion process was greatly accelerated owing to the
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Table 1 Summary of the performances of TADF emitters containing
triaryl/diarylboron units

PLQY’ Jpi” g’ AEst® EQEma’

Compound [%] [nm] [nm] [eV] [%] CIF [x,y]  Ref.

3 92 509 502 0.071 22.8 0.22, 0.55 18
4 100 495 492 0.058 21.6 0.18, 0.43 18
5 87 477 488 0.062 14.0 0.17, 0.30 18
6 65 509 510 0.01 13.9 0.23, 0.54 19
7 49 585 — 0.01 16.3 0.460, 0.505 20
8 80 498 — 0.20 21.4 0.172, 0.488 20
9 84 463 — 0.15 22.6 0.139, 0.150 20
10 61 465 463 0.06 8.0 0.15, 0.17 21
11 94 476 474 0.05 19.1 0.15, 0.26 21
12 93 478 479 0.092 32.8 0.135, 0.266 22
13 63 445 451 0.14 17.3 0.150, 0.086 22
14 46.8 505 507 0.03 19.3 0.250, 0.527 23
15 67 533 533 0.144 9.7 — 24
16 75 517 530 0.077 11.4 — 24
17 65 546 557 0.037 18.6 0.43, 0.54 25
18 84 533 535 0.013 24.8 0.37, 0.55 25
19 57 501 468 0.096 12.5 0.18, 0.24 26
20 100 452 467 0.149 13.3 0.18, 0.19 26
21 97 513 521 0.02 29.9 0.330, 0.598 27
22 71.6 474 472 0.12 12.8 0.15, 0.20 28
23 84.3 484 490 0.07 17.3 0.17, 0.40 28
24 95 453 444 0.0005 25.4 0.151, 0.058 29
25 94 448 437 0.0006 16.2 0.166, 0.066 29
26 90 462 478 0 28.2 0.136, 0.246 30
27 94 495 508 0.03 38.8 0.22, 0.52 31
28 89 553 560 0.03 29.4 0.45, 0.53 31

“ photoluminescence quantum yield. ” PL emission maximum. ¢ EL
emission maximum. ¢ Singlet-triplet energy gap. ¢ Maximum external
EL quantum efficiency./ Maximum external quantum efficiency.

heavy atomic effect of the S atom, improving the RISC rate of over
10° s~ . Both doped and nondoped TADF OLEDs achieved a high
EQE of over 20% and negligible efficiency roll-off at actual high
luminance.*

Kwon and Lee et al. prepared PXB-DI (38) and PXB-mIC (39)
containing oxygen-bridged, symmetric and rigid boron accep-
tor moieties in 2019. 38 and 39 exhibited deep-blue emission
and a small singlet-triplet energy gap of 0.06 eV and 0.11 eV,
respectively, in toluene. In addition, they also reported a new
high triplet energy and hole transport-type host material, 5-(5-
(2,4,6-triiso-propylphenyl)pyridin-2-yl)-5 H-benzo[d]benzo[4,5]imi-
dazo[1,2-a)imidazole (PPBI). A device with 39 in the PPBI host
exhibited the EQE,,. of 12.5% with the CIE coordinates of (0.15,
0.08). The doped device based on 38 using 2,8-bis(diphenyl-
phosphine oxide)dibenzofuran (DBFPO) as the host achieved an
EQEax Of 37.4%, and maintained EQE over 30% at 1000 cd m ™2
with a small efficiency roll-off.>®

As a continuation of the previous article, Yasuda et al
further also developed a series of blue TADF emitters (40-43) by
incorporating phenazasiline, phenazagermine, and tetramethyl-
carbazole as weak D units and phenothiaborin as a weak A unit.
The emitters all had narrow bands and allowed systematic
modulation of TADF properties by changing the electron strength
and rigidity of the donor. In particular, phenazasiline and
phenazagermine-based emitters 40 and 42 exhibited blue emis-
sions (464-483 nm), high PLQYs (~100%), extremely fast spin-
converting reverse intersystem crossing rates (>10" s '), and
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suppressed concentration quenching. The doped and non-
doped OLEDs based on 40 and 42 demonstrated an EQE,.x of
27.6% and 20.9% with CIE coordinates of (0.14, 0.26) and (0.14,
0.20), respectively, and suppressed efficiency roll-offs at practically
high luminance.® Later, they also reported excellent blue TADF
emitters featuring m-extended ladder-roxaborin and thiaborin
acceptors. Steady-state and time-resolved photophysical measure-
ments revealed the advantages of the ladder-oxaborin emitter,
including a tiny AEgr of 10 meV, an ideal PLQY of 100%, and an
ultrashort TADF lifetime of 780 ns. 44 and 45 achieved an EQE,x
of up to 20.1% and 25.9% with the EL emission at 473 nm and
484 nm, respectively. As the luminance increased to 100 and
1000 cd m™ 2% the EQE of 44 was still maintained at 19.9%
and 17.6%, respectively, corresponding to a 1% and 12% roll-off.*”

On account of the good electron-deficient ability of the
triarylboron acceptor, the boron-based acceptor structure has
been modified in various ways. Introduction of oxygen atoms
into the boron-based acceptor structure is a promising way to
construct an effective acceptor of 10H-phenoxaborin with the
closed ring system inserted by the boron atom. By incorporating
boron-based heteroaromatics into the D-A structure, many
10H-phenoxaborin-based compounds have been demonstrated
to be effective TADF materials in OLEDs. They mostly exhibit
emission in the blue region because of the relatively weak
acceptor strength of 10H-phenoxaborin. They also can be applied
in combination with other electron-donating heteroatoms, such
as oxygen (E = O), nitrogen (N), sulfur (S), and selenium (Se) and
offer high PLQY and high RISC rates. However, the device
lifetimes of this class have not been covered, and broad spectra
issues should also be resolved. The chemical structures of
10H-phenoxaborin-based derivatives are shown in Fig. 2, and
the photophysical performances and device performances are
summarized in Table 2.

2.2.2 DBNA-based TADF emitters. A one-step borylation of
1,3-diaryloxybenzenes, yielding novel boron-containing polycyc-
lic aromatic compounds 46-49, was performed by Hatakeyama
et al. in 2015. These compounds possessed high singlet-triplet
excitation energies as a result of localized frontier molecular
orbitals induced by boron and oxygen, high PLQYs of 57-92%,
small AEgr of 0.06-0.31 eV and blue emission wavelength
ranging from 418 nm to 477 nm. Using 47 and 48 as host
materials, PHOLEDs with higher EQEs (20.1% and 20.6%) and
significantly longer lifetimes (1000 and 383 h) than those
containing CBP were obtained.*®

Wang and coworkers reported three isomeric boron-
containing sky-blue TADF emitters 50-52, which were constructed
by incorporating an electron-donor acridine (AC) moiety into
meta-, para-, or meta'-positions of an electron-accepting boron-
embedded rigid framework in 2019. The experimental results
showed that the para-substituted compound 51 exhibited higher
decomposition temperature, higher PLQY of 96%, smaller AEg of
0.009 eV, shorter delayed fluorescence lifetime as well as a fast
RISC rate of over 10° s, compared to the meta-isomers 50 and
52. Bright OLEDs with EQEs up to 20.5% and 14.1% were
achieved by employing 51 as doped and non-doped emitters in
sky-blue OLEDs, respectively.*®
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Fig. 2 Molecular structures of the TADF materials containing 10H-phenoxaborin units.

In 2019, Kwon et al. prepared two highly efficient deep-blue
TADF emitters, 53 and 54, containing oxygen-bridged, sym-
metric and rigid boron acceptor moieties. The 20 wt%-doped
films of 53 and 54 in the DBFPO host showed a high dipole
moment and high PLQYs close to 100%. The fabricated 53-
based devices using PPBI and DBFPO as hosts exhibited high
EQE of 32.23 4+ 0.24% and 38.15 £ 0.42%, with CIE coordinates
of (0.14, 0.15) and (0.15, 0.28), respectively. The 54-based
devices using PPBI as a host realized an EQE;,,, of 21.50 +
0.22% with CIE coordinates of (0.15, 0.06) and FWHM of
48 nm.*° To satisfy both high efficiency and long lifetime, the
Kwon group further designed and synthesized an efficient and
stable blue TADF emitter 55, which exhibited a short-delayed
exciton lifetime of 1.25 ps, high PLQY of 95.3%, a small AEgr of
0.03 eV, high kgisc of 6.21 x 10° s™' and good electrochemical
stability. At the initial luminance of 1000 cd m™~?, the fabricated
OLEDs displayed a high EQE of 28.1% and a long device
lifetime of 329 h. The optimized OLEDs with mixed host
exhibited an EQE,, of 26.4% and a two-folded longer lifetime
of 540 h than the single host device.*!

Choi et al. reported three TADF emitters 56-58 utilizing
carbazole derivatives as donors and DBNA as the acceptor in 2020.
Compared with the solution state, the PL intensity of these emitters

was enhanced by a factor of 11-25 in the aggregated state,
confirming the AIE behavior. Non-doped solution-processed
OLEDs based on 56-58 exhibited EQE,,,, and CIE coordinates of
9.90% and (0.17, 0.07), 6.13% and (0.15, 0.08), and 6.04% and (0.18,
0.40), respectively.*

TADF emitters, 59 and 60, connecting boron acceptor with
the spiro-type spiro-biacridine (SAB) and spiro-acridine fluorene
(SAF), were developed in 2020 by Kim et al. Because of the deep
HOMO energy levels of the donors, they exhibited blue and deep-
blue emissions. Benefiting from the rigid donor and acceptor, 59
and 60 showed relatively narrow emission spectra with FWHM of
less than 65 nm. A high horizontal emitting dipole ratio of over
80% came from the long molecular structure along the transi-
tion dipole moment direction. The OLEDs using 59 and 60 as
emitters achieved EQE,,, of 25.7% and 28.2% and CIE coordi-
nates of (0.144, 0.212) and (0.142, 0.090), respectively.*’

Kwon group further reported two deep-blue TADF materials,
61 and 62, by introducing heteroatomic sulfur and oxygen into
the heavy rigid donor. As compared with 55 which possessed a
similar skeleton, both emitters showed deep-blue emission
below 450 nm owing to the enhancement of the optical band
gap over 2.8 eV through deeper HOMO level of heteroatom-
based donors. The OLEDs based on 61 and 62 demonstrated
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Table2 Summary of the performances of TADF emitters containing 10H-
phenoxaborin units

PLQY* Zp” Jm’ AEst? EQEma’

Compound [%] [nm] [nm] [eV] [%] CIF [x,y] Ref.

29 76 456 — 0.12 19.0 — 32
30 56 451 450 0.06 20.1 0.14, 0.16 32
31 86 443 — 0.12 13.3 0.14, 0.16 32
32 98 440 466  0.013 15.1 — 33
33 99 482 503  0.028 22.1 — 33
34 96 493 503  0.023 25.3 0.20, 0.51 34
35 100 477 489  0.024 249 0.16, 0.38 34
36 50 449 475 0.050 16.0 0.14, 0.23 34
37 91 487 500 0.030 16.4 0.19, 0.45 34
38 97 458 — 0.09 37.4 0.16, 0.34 35
39 63 438 — 0.19 12.5 0.15, 0.08 35
40 100 479 478  0.08 27.6 0.14, 0.26 36
41 100 483 484  0.06 23.9 0.14, 0.32 36
42 92 468 476 0.11 15.7 0.14, 0.22 36
43 92 476 478  0.11 21.6 0.14, 0.26 36
44 100 476 473  0.01 20.1 0.13, 0.20 37
45 93 483 484 0.17 25.9 0.14, 033 37

“ Photoluminescence quantum yield. ” PL emission maximum. ¢ EL
emission maximum. ¢ Singlet-triplet energy gap. ¢ Maximum external
EL quantum efficiency.” Maximum external quantum efficiency.

the EQE .« of 33.2% and 32.8%, respectively. Since they both
showed deep blue emissions and high efficiencies, HF-OLEDs
were fabricated using v-DABNA as a fluorescence dopant. 62 as
a TADF-sensitized host in HF-OLEDs revealed an outstanding
EQE of 38.8% along with narrow FWHM of 19 nm in the bottom
emission pure blue OLEDs.**

In 2021, Choi et al developed three solution-processable
A-m-2D-type deep-blue emitters 63-65 by connecting two carba-
zole analogs as donors and a boron-fused unit as an electron
acceptor to the benzene core. The luminescence mechanism of
the three emitters changed from fluorescence to TADF as the
donor unit was changed from carbazole to indenocarbazole, that
is, only 64 and 65 exhibited TADF characteristics. Non-doped
solution-processed OLEDs based on 65 showed an EQE;,, of
10.11% and CIE coordinates of (0.16, 0.08).*

Yang et al. reported two twisted D-A type TADF materials, 66
and 67, to solve the concentration quenching effects and
serious efficiency roll-off of blue TADF materials with high
horizontal dipole orientation. Significantly, 66 exhibited excellent
TADF properties with a short delayed fluorescence lifetime of only
684 ns and narrow FWHM of 44 nm in the solution state,