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Organic light-emitting diodes (OLEDs) have transformed the display and lighting industries with their
high electroluminescence, flexibility, and tunable colors. After fluorescent and phosphorescent materials,
thermally activated delayed fluorescence (TADF) materials have emerged as low-cost emitters to
enhance OLED performances efficiently by harvesting both singlet and triplet excitons and converting
them into light emission. Among the developed conventional TADF materials, there has been intense
research with different classes, such as D-A, D-A-D, and D-n—A. However, recently, a new class states
that Acceptor—Donor—Acceptor (ADA) molecules, known for their efficient charge-transfer nature, have
exhibited significant potential as prominent TADF emitters for high electroluminescent OLEDs. However,
there is no clear understanding of their structural insights for ADA-based TADF materials. So there needs
to be a comprehensive understanding of the aspect of the molecular design and structure—property
relationship. To fill this gap, we presented a comprehensive, in-depth review of ADA-based TADF
materials, encompassing their molecular design principles, photo-physical mechanisms, device
architectures, and current challenges faced in this era. Finally, the future perspective of this class of
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1. Introduction

Organic light-emitting diode (OLED) technology has been
extensively applied in high-end solid-state lighting and flat-
panel displays due to its superior advantages of low driving
voltage, flexibility, fast response, and wide viewing angle.'”
According to the spin-statistics rules, electro generated excitons
have a ratio of 1:3 with 25% singlet and 75% triplet excitons.
Conventional fluorescent materials (first generation) with high
photoluminescence quantum yields (PLQYs) can only utilize
singlet excitons, while the energies of triplet excitons have
deviated via nonradiative transition processes.®” To realize full
exciton utilization, phosphorescence and thermally activated
delayed fluorescence (TADF) emitters have been proposed as
second and third-generation OLED materials.®" All the three
generations with an emission/exciton mechanism and basic
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materials in forthcoming highly efficient OLED displays is also discussed.

OLED device architecture are illustrated in Fig. 1. Phosphores-
cence emitters can utilize 100% triplet excitons due to the
strong spin-orbit coupling (SOC) induced by metal atoms
(e.g., platinum (Pt) and iridium (Ir)), which can help to enhance
the triplet radiation rate with the help of intersystem crossing
(1SC).>"** Although phosphorescence-based OLEDs are now the
leading commercial OLED technologies, they have several
obvious drawbacks, such as high costs and toxicity due to metal
atoms.>"

TADF-based OLEDs are an alternative tool with potential
100% internal quantum efficiencies (IQEs) utilizing 100%
singlet excitons and have attracted considerable attention from
the past decade.”**"2® Furthermore, they are not so expensive to
make, which is keen for future OLED applications. The key to
obtain efficient TADF materials is to achieve a small singlet and
triplet excited state gap (AEsy).'®”*>® Based on the exchange energy,
it is understood that the small AEsy can be achieved by spatially
separated highly occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) distributions.'”*”:>%73?
Suppose if AEgr is small for the designed molecule, then the
reverse intersystem crossing (RISC) also will be effective and
can show prominent TADF characteristics.*>* Initially, Donor-
Acceptor (D-A) based TADF materials were designed for high
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Fig. 1 Exciton pathways for (a) fluorescence, (b) phosphorescence, and (c) thermally activated delayed fluorescence; (d) basic organic light emitting

diode architecture; (e) main TADF materials revolutionary pathways.

electroluminescence OLED performances. These materials
were mostly manifested by the well separated HOMO and
LUMO on D and A moieties."”*®**~*® Usually when the mole-
cule excites, D can transfer the electron to A, resulting in the
formation of a charge transfer (CT) excited state for TADF to be
active. Based on D-A based designs, the TADF materials
showed a high external quantum efficiency (EQE) of over 30%
without utilizing any sensitizers in the OLED fabrication.>*~*°
The state of the art materials among them are TDBA-DI for
blue,*" DACT-II for green,® and PQ3 for red,*” respectively.
Later on, to extend the TADF materials, several types were
developed enormously, such as D-n-A,** D-A-D,** and D-A-
A,* respectively.** Among the developed TADF materials, some
of the most commonly used acceptors are triazine, pyridine,
pyrimidine, and naphthalimide, and donors are carbazole,
acridine, phenoxazine, phenothiazine, indolocarbazole, and
spiro based donors.*” On the other hand, boron-based acceptor
inserted materials were also developed mainly for blue
OLEDs.*** Even though there have been many developments
with the abovementioned types, they showed limited horizontal
dipole orientation for light emission in OLEDs.”*>® Usually,
elongating molecular conjugation along the direction of the
transition dipole moment and expanding the molecular plane
where the transition dipole moment lies are the main two
strategies to improve the horizontal dipole orientation values.
This will help to improve the outcoupling efficiency of the
devices, and promote the device external quantum efficiencies.

770 | Mater. Chem. Front., 2024, 8, 769-784

So later on, Acceptor-Donor-Acceptor (A-D-A) based TADF
materials were developed to surpass the dipole orientation
ratios for OLEDs.””

As an initial approach for A-D-A TADF emitters, pyrimidine
as an acceptor and indolocarbazole as a donor in A-D-A based
TADF materials were developed. They were showing sky blue
emissions with a limited EQE of ~12%.°” Later, there have
been vast developments reported recently utilizing the triazine
and boron based acceptor moieties. On the other hand, there is
a sub-class of TADF materials named multi-resonance TADF
(MR-TADF), also developed for pure color enhancements.*®
These materials manifested narrowband emission with a full
width at half maximum (FWHM) of <40 nm due to the
suppressed vibronic transitions and advantageous short-range
charge transfer (SRCT) characteristics.”®®*®' Recently, based
on the boron acceptors in A-D-A based design, Kwon et al.
achieved the highly stable red TADF-OLEDs with a horizontal
dipole orientation of over 0.74 and a maximum EQE of 30.3%
with extremely low roll-off characteristics.®> Later, several A-D-A
based TADF materials were developed for wide color gamut
regions with excellent EQEs over 30% with good TADF properties,
high PLQYs, and high molecular orientations. Still, achieving a
high color purity and horizontal dipole orientation remains chal-
lenging. To the best of our knowledge, no review emphasizes A-D-
A based TADF materials. So in this review, we describe the recent
advancements in A-D-A based TADF emitters (including MR-
TADF) based on their molecular design strategy, photophysical

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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characterization, and detailed electroluminescence performances.
We divided the sections based on the donor types such as
carbazole, indolocarbazole, phenazine, and spiro based donors
in A-D-A based TADF materials. Furthermore, this review explains
the advantages and disadvantages of conventional A-D-A TADF
emitters. Finally, the future perspectives of this class of materials
in forthcoming OLED displays are also discussed.

2. Results and discussion

2.1. Carbazole and indolocarbazole based donors in A-D-A
type TADF Materials

Initially, Adachi et al. successfully demonstrated two efficient
blue-green thermally activated delayed fluorescence (TADF)
compounds by incorporating a dimeric phenyl carbazole back-
bone with four cyano substituents on the phenyl rings (Fig. 2).
The researchers compared the properties of the 2,6-dicyano-
substituted derivative (26IPNDCz) with the 3,5-dicyano-
substituted derivative (35IPNDCz), which acts as an acceptor
(A) with 3,3'-bicarbazolyl as the donor (D).** By varying the
position of the cyano groups on the phenyl rings, the twisting
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angle between the donor and acceptor moieties could be
adjusted. The authors observed that ortho-substitution resulted
in a larger twisting angle due to steric hindrance, leading to a
more efficient separation of the HOMO and LUMO. Both
compounds exhibited the TADF phenomenon. However, the
one with the larger twisting angle (26IPNDCz) showed a smaller
AEgsr and shorter TADF lifetime (Table 1). The fabricated
OLEDs based on 26IPNDCz achieved an EQE of 10% with
reduced efficiency roll-off, making it a promising candidate
for efficient TADF-based OLEDs (Table 2). These findings shed
light on the importance of A-D-A based molecular design and
structural modifications to enhance the TADF properties and
OLED performance of such bipolar compounds. This study
embarks valuable insights into developing efficient blue-green
TADF emitters. It provides a basis for optimizing the perfor-
mance of TADF-based OLEDs through careful structural adjust-
ments and design strategies.

Colman et al. introduced a groundbreaking difunctionalized
indolocarbazole-based emitter, ICZTRZ, representing a signifi-
cant milestone in OLED technology.®* The design is based on
utilizing the two diphenyl triazine-based acceptors with indo-
locarbazole as the donor. One remarkable characteristic of this
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Fig. 2 Chemical structures of A-D—-A type TADF materials based on carbazole and indolocarbazole based donors.
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Table 1 Detailed photophysical properties of A—-D—A based TADF materials
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Emitter PLyax (nm) PLQY [%] HOMO [eV] LUMO [eV] S, [eV] Ty [eV] AEsr[eV] 1, (ns) tq (us) RISC (x10°s') Ref.
35IPNDCz 470 50 — — — — 0.14 24 145  — 83
26IPNDCz 488 72 — — — — 0.06 28 9.2 —
ICZTRZ 462 56 —5.66 -3.17 2.94 262 032 9 2292 — 84
ICZTRZ (5 wt% mCBP) 479 59 — — 2.85 262 023 8.7 1211 —
ICZTRZ (10 wt% PMMA) 470 28 — — 2.75 264  0.11 1.5 2528 —
1TICz 495 90 ~5.56 -2.76 278 261  0.17 11 989 1.1 85
1BOICz 534 90 ~5.89 ~3.26 2.65  2.60  0.05 20 968  11.2
2BOICz 528 89 —6.02 —3.38 2.69  2.63  0.06 16 884  11.8
DHPZ-2BI 537 68 ~5.30 -2.85 — — 0.19 4 50 — 87
DHPZ-2BN 541 35 —5.34 —3.02 — — 0.10 7 7 —
DHPZ-2BTZ 577 33 —5.30 —2.92 — — ~0 12 1 —
DHPZ-2TRZ 598 7 -5.28 -3.18 — — — 6 0.1 —
PzTDBA (5%) 599 100 —4.94 -2.71 221 215 0.06 446 2.6 11.9 82
PZTDBA (10%) — 82 — — — — — 388 2.1 9.5
PzTDBA (20%) — 77 — — — — — 422 1.9 8.4
PzDBA (5%) 610 85 ~4.98 ~2.80 216 211 0.05 326 2.0 8.4
PzDBA (10%) — 68 — — — — — 423 1.8 9.5
PzDBA (20%) — 41 — — — — — 40.6 406 1.9
QxPz 598 62 ~5.29 —2.89 — — — 203 1.2 0.11 88
DMQxPz 576 85 -5.28 —2.82 — — — 19.6 1.2 0.12
DPQxPz 613 66 —5.29 -2.98 — — — 152 2.2 0.08
2BNCz-PZ 586 96 —4.70 ~2.50 230 226  0.04 329 1.5 18 90
2BNtCz-PZ 586 93 —4.60 —2.50 2.45 243 0.02 32.8 14 23
2PXZ-2TRZ 509 94 -5.31 ~3.02 2.68  2.67  0.01 108 5.3 6.0 91
DBA-SAB 472 87 —5.60 -2.5 — — 0.07 451 1 19.0 17
TRZ-SBA-NAI 577 87 —5.42 -3.24 2.45 229  0.16 167 398  — 93
TPA-2PPI 437 85 — — — — — — — — 94
PPI-2BI 440 82 —5.54 —2.60 — — — — — — 95
2CzOXD 449 9 —5.65 -2.30 3.09 270  0.39 — — — 96
4CzOXD 443 6 -5.51 -2.25 311 297  0.14 — — —
4CzDOXD 581 92 —5.66 —2.96 2.54 252 0.02 232 14 0.19
4tCzDOXD 603 71 -5.53 -2.72 2.58  2.56  0.02 189 1.0 0.29
DIDOBNA-N (s0l) 426 73 —5.49 —~1.51 3.08  2.86  0.22 3.07  — — 97
DIDOBNA-N (film) 444 81 312 2.89 023 6.83 137  0.31
MesB-DIDOBNA-N (sol) 399 33 ~5.60 ~1.46 317 293 0.4 263 — —
MesB-DIDOBNA-N (film) 402 75 318 294  0.24 509 959  0.09
TPA-QX 535 44 -5.25 —3.00 — — 0.38 302 — — 98
PXZ-QX 573 32 -5.11 -3.01 — — 0.24 623 — —
DPXZ-QX 582 74 ~5.10 -2.95 — — 0.09 91.0 269 1.86
DPXZ-DFQX 595 71 -5.11 -3.02 — — 0.01 1441 6.8 4.33
DPXZ-2QX 594 87 ~5.09 ~2.92 — — 0.02 151.8 8.7 8.21
DPXZ-2DFQX 599 91 -5.13 —3.02 — — -0.05 155.9 4.9 4.64

material is its nearly complete horizontal orientation when
incorporated into three different host matrices. This unique
feature dramatically enhances the light out-coupling efficiency
in OLEDs, making it a highly desirable choice for optoelectro-
nic applications. The emitter’s exceptional orientation behavior
can be attributed to its elongated, stick-like structure. Addi-
tionally, the emitter ICZTRZ exhibits a high PLQY, further
contributing to its outstanding performance in OLED devices.
However, achieving maximum EQE in OLEDs also relies on
enhancing light out-coupling efficiency. As a result, The ICZTRZ
manifested sky-blue electroluminescence with an emission
wavelength (/g) of 483 nm and CIE coordinates of 0.17 and
0.32. The fabricated OLED device obtained an impressive
EQE. of 22.1% with a maximum luminance of 7800 cd
m 2. Such high values are due to the high horizontal dipole
orientation factor (~91%) of the A-D-A type TADF scaffold.
This pioneering work opens up new possibilities for designing
efficient and high-performance OLEDs based on stable accep-
tors in A-D-A type TADF designs, pushing the boundaries of
display and lighting technologies.

772 | Mater. Chem. Front., 2024, 8, 769-784

Very recently, Duan et al. have recently extended the A-D-A
type TADF materials, similar to ICZTRZ. They developed new
materials by utilizing the CFz;-embedded fully fused oxygen
bridged acceptors, 5,9-dioxa-13b-boranaphtho[3,2,1-de]anthra-
cene (DOBNA) and the same indolocarbazole (ICz) as a donor
(Fig. 3).®> Owing to its slight MR-type character,’* DOBNA
exhibits an elongated rigid structure with high TADF properties
when it is attached to a sterically uncrowded indolocarbazole
(ICz) donor. They manifested hybrid electronic excitations
characterized by a main donor-to-acceptor long-range (LR)
and an auxiliary bridge-phenyl short-range (SR) charge transfer.
Such excitations allow us to get the small AEgr and a large
oscillator strength (f). Moreover, due to the dual CT states, the
developed emitter (2BOICz) doubled the fvalue without affect-
ing the AEgr compared to a simple D-A based TADF emitter
(1BOICz). Furthermore, the 2BOICz showed a high radiative
decay rate, even higher than the ISC rate. On the other hand,
due to the short exciton delayed lifetime of ~0.88 s, the RISC
rate value is >10° s~". Furthermore, as the key point, 2BOICz
has tremendously manifested a high horizontal emitting dipole

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Table 2 Detailed Electroluminescence performances of the A—-D—-A based TADF-OLEDs

Emitter Host 0, CE (cd/A) EQE (%) ELmax [nm] FWHM [nm] CIE (x,y) Ref.
35IPNDCz DPEPO — — 9.2 487 — — 83
26IPNDCz DPEPO — — 9.6 501 — —

ICZTRZ mCBP 0.91 — 22.10 483 — (0.17; 0.32) 84
1TICz mCPBC 0.84 — 26.10 504 100 (0.25; 0.50) 85
1BOICz mCPBC 0.85 — 34.60 534 101 (0.38; 0.57)

2BOICz mCPBC 0.91 — 40.40 528 91 (0.38; 0.55)
DHPZ-2BI mCBP — — 12 542 — — 87
DHPZ-2BN mCBP — — 6 546 — —

DHPZ-2BTZ mCBP — — 5 601 — —

DHPZ-2TRZ mCBP — — 1 617 — —

PZIDBA (5 wt%) Mixed host 0.79 68.70 30.30 576 — (0.49; 0.50) 82
PzTDBA (10 wt%) Mixed host — 60.60 28.80 581 — (0.51; 0.48)

PzTDBA (20 wt%) Mixed host — 50.80 26.60 588 — (0.53; 0.46)

PzDBA (5 wt%) Mixed host 0.74 35.70 21.80 595 — (0.55; 0.45)

PzDBA (10 wt%) Mixed host — 25.90 18.80 604 — (0.57; 0.43)

PzDBA (20 wt%) Mixed host — 15.60 13.40 613 — (0.60; 0.40)

QxPz CBP — 26.80 13.40 598 — (0.48; 0.50) 88
DMQxPz CBP — 54.00 19.90 576 — (0.54; 0.45)

DPQxPz CBP — 25.60 15.40 612 — (0.56; 0.43)
2BNCz-PZ mCBP 0.85 56.3 29.0 600 — (0.55, 0.44) 90
2BNtCz-PZ mCBP 0.91 61.6 31.0 602 — (0.56, 0.43)
2PXZ-2TRZ PPF — 65.0 27.1 508 — (0.26, 0.54) 91
DBA-SAB DPEPO 0.89 43.80 25.70 472 — (0.14; 0.21) 17
TRZ-SBA-NAI mCPCN 0.88 71.00 31.70 593 — (0.55; 0.45) 93
TPA-2PPI — — 4.76 4.91 452 — (0.15; 0.11) 94
TPA-PPI — — 5.66 5.02 434 — (0.15; 0.11)

PPI-2BI (M) CBP — 4.98 4.63 452 — (0.165 0.12) 95
PPI-2BI (B) CBP — 4.42 3.81 444 — (0.16;5 0.12)

PPI-2BI (D) CBP — 1.78 4.12 432 — (0.15; 0.05)
4CzDOXD CBP — 62.30 19.40 520 — (0.30; 0.57) 96
4tCzDOXD CBP — 68.60 20.80 530 — (0.33; 0.57)
4CzDOXD 0-CzOXD — 62.60 20.30 — — (0.29; 0.55)
4tCzDOXD 0-CzOXD — 74.50 22.60 — — (0.34; 0.57)
DIDOBNA-N TSPO1 — — 15.20 — 70 (0.15; 0.07) 97
MesB-DIDOBNA-N TSPO1 — — 9.30 — 22 (0.16; 0.04)
MesB-DIDOBNA-N CzSi:TSPO1 — — 16.20 — 21 (0.17; 0.05)
DPXZ-QX (3 wt%) mCBP — 48.02 19.40 594 — (0.48; 0.43) 98
DPXZ-QX (6 Wt%) mCBP — 48.60 20.56 597 — (0.52; 0.44)
DPXZ-QX (12 wt%) mCBP — 37.56 18.86 599 — (0.56; 0.43)
DPXZ-2QX (3 wt%) mCBP — 37.75 19.95 605 — (0.56; 0.42)
DPXZ-2QX (6 wt%) mCBP — 38.59 23.16 609 — (0.59; 0.41)
DPXZ-2QX (12 wt%) mCBP — 30.88 21.14 616 — (0.60; 0.39)
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Fig. 3 Merits of the rigid acceptors in A—-D—A type TADF designs.

orientation of 91.6% compared to 1BOICz (85.5%). This hor-
izontal emitting dipole orientation value is the sound record for
all the developed A-D-A based TADF materials due to the large
quasi-planar structural motifs. Furthermore, this sizeable
molecular planarity should render the molecular orientation

CF
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v' High Horizontal dipole orientations (~92%)
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perfectly parallel to the base plane during evaporation. Then
the fabricated OLEDs based on 2BOICz with mCPBC as a host
exhibited a high EQE of 40.4% with alleviated EQE roll-off
characteristics and extended operational lifetimes in the green
region. Such high EQE values are highly attributed due to the
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high planarity of the molecules in A-D-A combinations. Con-
sidering the heavy atoms such as sulfur and selenium in this A-
D-A based design, RISC can be further boosted with the
support of enhanced SOC values and dual CT characteristics.

2.2. Phenazine as a donor in A-D-A based TADF materials

Even though carbazole-based A-D-A based TADF materials
showed a high EQE of over 30% in OLEDs, they are limited in
blue and green regions only due to their weak donating ability.
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So, to enhance and elaborate the wide color gamut regions
further, the 5,10-dihydrophenazine as donor based materials
were also developed for A-D-A based TADF based molecular
designs. In 2015, Adachi et al. developed a series of TADF
materials by utilizing the 5,10-dihydrophenazine as an electron
donor and various electron acceptor scaffolds. The developed
materials based on the A-D-A type are named DHPZ-2BI,
DHPZ-2BN, DHPZ-2BTZ, and DHPZ-2TRZ, respectively, by vary-
ing the acceptor units (Fig. 4).*” These materials manifested
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Fig. 4 Chemical structures discussed with phenazine as a donor in A-D-A type TADF materials.
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small AEsy ranging from approximately 0 to 0.19 eV, with an
emission color from green to orange regions. The excitons
delayed fluorescence lifetimes of these materials are varied
from 0.1 to 50 us. Among the developed materials, DHPZ-2BI
showed an improved PLQY of around 67% compared to others.
These high PLQY values are attributed to delivering enhanced
device performances. The fabricated OLEDs manifested a high
EQE of 12% for the DHPZ-2BI material, which is better com-
pared to simple conventional fluorescent molecules. Even
though the color point of view, the advantageous orange region
achieved, which is a better sign compared to carbazole-based
A-D-A type TADF motifs, the EQE is limited in this design.
However, the phenazine based donor can advance the A-D-A
type TADF materials with suitable acceptor motifs.

Karthik et al. introduced two novel orange-red TADF materi-
als, PZTDBA and PzDBA, to extend this A-D-A type design. The
PZTDBA contains two tert-butyl substituted DOBNA acceptors
(TDBA), whereas PzDBA has two DOBNA moieties with the
same dihydrophenazine as the donor.*> Both materials showed
extremely small AEgy of less than 0.06 eV, indicating the
superiority of TADF characteristics. Furthermore, the exciton
delayed lifetime manifested less than 2.63 ps in 5 wt% doped
films. Due to the high molecular rigid acceptor units, both
materials showed high PLQY of near unity (100%). With the
support of a short delayed lifetime and small AEgy values, both
materials manifested high RISC rate constant values in the
order of 10° s, Initially, the TADF-OLEDs were fabricated with
the help of a CBP host in a variation of different doping
concentrations. Among all devices, the 5 wt% based TADF
emitters achieved high EQE of 30.3% (PzTDBA) and 21.8%
(PzDBA), respectively. The EQE is still maintained at 28.4%
for PZTDBA and 20.1% for PzDBA even at 3000 cd m 2.
Consequently, the PZTDBA showed orange-red emission with
EL,ax Of 576 nm, whereas PzDBA manifested red emission at
595 nm with alleviated efficient roll-off characteristics. This
A-D-A type design indicates that the highly rigid moieties can
enhance the stability of the TADF materials. Moreover, it was
confirmed that such ultra-roll-off features are obtained due to
the suppression of exciton annihilation quenching with the
support of a high RISC rate and short exciton delayed lifetime.
Furthermore, both materials showed high horizontal dipole
orientations due to the extended A-D-A molecular designs.
Ultimately, the TADF-OLEDs manifested a long operational life
of 159/193 hours for PzZTDBA/PzDBA at 1000 cd m > Even
though EQE is higher for PZTDBA, the lifetime is shorter than
PzDBA due to the weak bond dissociation energy (BDE) of the
TDBA acceptor in the PZTDBA molecule. This design indicates
the high superiority of the A-D-A type TADF molecules for
developing highly efficient OLEDs in red-shifted regions,
thereby advancing the growing optoelectronic fields.

Recently, Can Zhong Lu et al. developed three A-D-A based
TADF materials: QxPz, DMQxPz, and DPQxPz based on the
quinoxaline-derived acceptors with the same 5,10-disubstituted
phenazine as the donor.®® Usually, the longer wavelength (over
the orange color) region TADF materials encounter significant
nonradiative decay issues based on the energy-gap law, leading

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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to relatively large AEsy and compromising efficient up-
conversion.’” But in this design, the developed materials
showed tiny AEgr due to the substantial CT character due to
their symmetrical A-D-A configuration and ladder rod-like
chemical structures, resulting in high PLQY values of up to
85% and the enhanced RISC process. Among the developed
materials, the DMQxPz manifested an immense RISC constant
value of 1.23 x 10° s~ * and a PLQY of 85% in a 3 wt%-doped CBP
film. Then the TADF emitters are embedded in doped OLEDs,
which showed high EQE values near almost 20% with moderate
EQE roll-off values in orange to red electroluminescence. Such
low roll-off properties are due to the short exciton lifetime and
fast RISC rate values. Furthermore, the OLEDs showed an
impressive luminance value of 31240 cd m™?, indicating mole-
cular rigidity with steric hindrance based A-D-A type designs.
These findings demonstrate the potential of 5,10-disubstituted
phenazine electron donors in constructing highly efficient red
TADF emitters based on A-D-A type designs. This study also
provides an effective strategy for rationalizing excited states
through structural engineering, opening up exciting possible
molecular designs for future advancements in OLED displays.

Very recently, Tang et al. unveiled the same A-D-A design
similar to PZIDBA materials reported by Karthik et al.®** But
here, authors utilized Pure MR-TADF rigid B, N-type core in
place of acceptor and developed two orange-red TADF emitters,
namely, 2BNCz-PZ and 2BNtCz-PZ, by bearing the same dihy-
drophenazine donor.”® These materials showed hybrid LR/SR
CT characters, which allow them to manifest the small AEgr,
immense oscillator strength (f), high PLQY, short exciton
delayed lifetime, and high RISC rate over 10° s~'. The rod-
like A-D-A configuration and disk-like segments will efficiently
enhance the horizontal dipole orientation (@) values for
improved light extraction. A tiny AEgy of 0.04 and 0.02 eV, a
short microsecond-scale 74 of 1.5 and 1.4 ps, a high ®p;, of 96%
and 93%, and a high @ of 86% and 91% were accomplished,
respectively. These values indicate that both materials can
manifest high TADF properties. Furthermore, the obtained
horizontal emitting dipole orientation factor is over 90%, which
is very high among the developed A-D-A type TADF materials.
Such high values are due to the enhanced transition dipole
moment and rod-like A-D-A-based designs. Then the fabri-
cated OLEDs based on 2BNtCz-PZ revealed a high EQE of 31%
with a slight EQE roll-off at 22.2% in 1000 cd m™>. Further-
more, the devices showed an emission maximum of over
600 nm with bright red electroluminescence properties. Then
due to the use of orange-red dopants with an intense charge-
transfer absorption band, the white OLEDs based on a single
emitting layer achieved high maximum EQE of 30.6%, indicating
the superiority of molecular designs. This work reveals the
potential of utilizing the rod-like A-D-A design configuration
to construct high-performance orange-red TADF emitters with
ultra-roll-off EQE characteristics. The detailed structure—property
with the effect of donor and acceptors in boron based A-D-A
type TADF emitters are depicted in Fig. 5.

On the other hand, the same group developed a rigid emitter
(2PXZ-2TRZ) with a three-dimensional dislocated sandwich
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Fig. 5 Comparison of the effect of donor and acceptors in boron based A-D-A type TADF emitters.

A-D-A configuration by linking bi-phenazine (2PXZ) donor and
2,4,6-triphenyl-1,3,5-triazine (TRZ) acceptor through the twin-
locking of two spiro-fluorene bridges.”* This twin-locking
strategy enables them to show through space CT characteristics
and effectively inhibit the intramolecular twisting and stretch-
ing vibrations, facilitating the suppressed non-radiative decay
and fast RISC process. The 2PXZ-2TRZ was successfully synthe-
sized by a sequential one-pot method of nucleophilic addition
and acid-catalyzed cyclization. Consequently, the emitter shows
green emission with a small AEgy value of 0.01 eV, a short
delayed exciton lifetime of 5.3 ps, and a high RISC rate of 6.0 x
10° s~ . These properties indicate that the 2PXZ-2TRZ can show
efficient TADF characteristics. Furthermore, this molecule
showed AIE behavior also. Fabricated OLEDs revealed EQE,.,
of 27.1% with alleviated roll-off characteristics at high lumi-
nance values. There is no information related to the horizontal

dipole orientation values. This work indicates the crucial role of
utilizing the bi-phenazine-type donor, which can show the AIE
and TADF properties together.

2.3. Spiro-biacridine based donors in A-D-A based TADF
materials

Like phenazine-based donors, several spiro-biacridine-based
donors also utilized A-D-A-based TADF designs. Initially, Kim
et al. reported blue TADF emitter DBA-SAB based on an A-D-A
type design (Fig. 6)."” The DBA-SAB is similar to PzDBA,** but the
donor is changed from Phenazine to spiro-biacridine, which
weakens the conjugation effect and deep HOMO energy level,
leading to blue-shifted emission compared to PzDBA. The DBA-
SAB contains two DOBNA moieties as acceptors and one spiro-
biacridine as a donor in the A-D-A configuration. Since the
rigid donor and acceptor motifs exist, the DBA-SAB manifested

DBA-SAB

TRZ-SBA-NAI

Fig. 6 Chemical structures discussed in the spiro-biacridine donor of A-D—A type TADF materials.
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narrowband emission spectra, which is keen for future displays
reaching towards the BT2020 standards.”*°> Then DBA-SAB also
reveals a small AEg value of 0.07 eV, a short delayed exciton
lifetime of 0.96 ps, and a high RISC rate of 1.9 x 10° s~ *. These
properties indicate that the DBA-SAB can show efficient TADF
characteristics. Moreover, the PLQY also reached nearly 90%,
which shows the A-D-A designs’ superiority. Similar to the
literature mentioned earlier, this DBA-SAB also showed a high
horizontal dipole orientation ratio of 89% due to the rod-like long
molecular structure along the transition dipole moment direction.
These combined effects led to the development of high-
performance blue OLEDs. The fabricated OLEDs based on DBA-
SAB manifested a high EQE of 25.7% with CIE coordinates of
(0.144, 0.212). Furthermore, the EQE is maintained at 23.6% even
at 1000 cd m 2, indicating the greatness of the molecular A-D-A
type designs. These EQE values emphasize that pure blue high-
performance OLEDs can be achieved by utilizing the weakened
donating ability.

Even though several studies have been reported to date, all
the materials contain similar acceptor moieties, making them
symmetrical TADF molecular skeletons. Recently, Chuluo Yang
et al. unveiled an unsymmetrical A-D-A’ design incorporating
2-phenyl-1H-benzo[de] isoquinoline-1,3(2H)-dione and 2,4,6-
triphenyl-1,3,5-triazine as acceptor moieties into a spirobisacri-
dine donor.”® This is the first report based on an unsymme-
trical A-D-A’ type TADF design. Due to the dual accepting
abilities, the TRZ-SBA-NAI manifested unique dual emission
properties with an orange-red emission and a sky-blue shoulder
emission peak in the solution state. Such behavior is likely due
to the double charge-transfer excited states from both different
acceptors. Furthermore, when doped into a host matrix, the
TRZ-SBA-NAI showed a high PLQY of 87% with an orange-red
emission. As an ongoing discussion related to linear rod-like
structures, this molecule also showed a high horizontal dipole
ratio of 88%, which is relatively high compared to the conven-
tional D-A based TADF emitters. The fabricated OLEDs
revealed excellent electroluminescence performances with a
maximum EQE of 31.7%, an EL peak at 593 nm, and intense
orange-red emission. The corresponding CIE coordinates are
(0.55, 0.45), near the red region of BT2020 standards. Due to the

Imidazole based A-D-A TADF cores

View Article Online
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enhanced orientation factor, the optical outcoupling efficiency
reached nearly 40%, indicating the superiority of the unsym-
metrical molecular A-D-A’ design. This finding expands the
diversity in TADF molecular design and unlocks the tremen-
dous potential of A-D-A’ type TADF emitters in achieving
exceptional device performance. The discovery of TRZ-SBA-
NAI highlights the enormous potential of A-D-A’ type TADF
emitters for advancing high-efficiency OLEDs. The researchers
continue their efforts to prepare versatile TADF emitters, paving
the way for further advancements in this exciting field of
research.

2.4. Imidazole based core in A-D-A based materials

In 2016, Yang et al. reported V-shaped molecules based on the
A-D-A designs. The developed molecule, TPA-2PPI have one
triphenylamine donor and two 1-phenyl-2-(4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenyl)-1H-phenanthro[9,10-d]imi-
dazole acted as acceptors (Fig. 7).”* This molecule manifests
hybrid local and charge-transfer (HLCT) excited state property
from low polar to high polar solvents. However, the TPA-2PPI
showed higher thermal stability than simple D-A-based material
(TPA-PPI). Even though it showed high stability, it does not
contain any TADF properties, suggesting its use as a fluorescent
A-D-A-based material. The non-doped OLED device based on
TPA-2PPI emitter exhibits a deep blue emission spectrum, peak-
ing at 452 nm with a narrow FWHM of only 50 nm and CIE
coordinates of (0.151, 0.108). The device performance is reason-
ably excellent for fluorescent devices, with a maximum EQE of
4.91% and maximum current efficiency (CE) of 4.76 cd A"
Importantly, the device also shows a very slow roll-off of EQE
(or CE) with values maintained at 4.89% (or 4.74 cd A™') and
4.56% (or 4.42 cd A™") within a practical luminance range of
100 to 1000 cd m 2. This slow roll-off of efficiency is beneficial for
enhancing the operative stability of OLED devices. This study not
only proposes a novel molecular design for high-efficiency deep-
blue OLED materials using the HLCT mechanism but also
provides a feasible method to enhance OLED device stability by
increasing the thermal stability of the materials. These molecular
designs can be further modified with donor and acceptor compo-
nents to boost the OLED performances further.

0 Q.0 O

SO g @

TPA-2PPI

O
O PPI-2BI

Fig. 7 Chemical structures discussed in the imidazole based core of A-D—A type TADF materials.
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Tao et al. unveiled a triangular A-D-A molecular design and
developed an asymmetrically twisted deep-blue emitting mole-
cule PPI-2BL.°®> The PPI-2BI contains a phenanthroimidazole
(PI) donor unit with two electrophilic benzimidazole (BI) units
attached at the C2 and N1 positions. The PPI-2BI manifested
improved electron injecting and transporting abilities due to
the enhanced D-A electronic coupling in the core, which even
shows high PL and EL properties. However, similar to TPA-
2PPI, this material also does not offer any TADF properties. By
utilizing the PPI-2BI as an emitting layer, the multilayer OLEDs
revealed a high EQE of 4.63%, a current efficiency (CE) of
4.98 ¢d A", a power efficiency (PE) of 4.82 Im W', and CIE
coordinates of (0.158, 0.124)in the pure blue region (ELyay:
452 nm). Furthermore, when the doped device is fabricated, the
PPI-2BI manifested efficient near-ultraviolet EL with color
coordinates of (0.154, 0.047) and an EQE of 4.12%, which is
comparable to the best-reported near-UV emitting devices. The
corresponding CIE coordinates are almost reached the NTSC

5 BLE .o
RS

2CzOXD 4CzOXD

@t;";@%@
¢ O

DIDOBNA-N

View Article Online

Materials Chemistry Frontiers

and BT2020 requirements. These results showcase the success-
ful design of a novel molecular structure for bifunctional deep-
blue emitters and offer a new strategy for building such
emitters with enhanced efficiencies. The advancements in
PPI-2BI as a high-performance deep-blue fluorescent molecule
hold promising applications in optoelectronic devices and dis-
play technologies.

2.5. Other types of A-D-A based materials

Shi et al. have successfully developed and synthesized four
novel carbazole/oxadiazole hybrid molecules using a straight-
forward catalyst-free C-N coupling reaction. The rational mole-
cular design approach for all ortho-linked carbazole/oxadiazole
(Cz/OXD) hybrids, where they adjusted the numbers of donor/
acceptor units and electron-donating abilities to achieve tun-
able D-A interactions (Fig. 8).°° By utilizing the multidonors in
the A-D-A design (4CzDOXD and 4tCzDOXD), the TADF nature
has been improved due to their efficient FMO separation.

ﬁb

4CzDOXD: R=H; 4tCzDOXD: R= tBu

Sheeres
@I‘? I‘%

MesB-DIDOBNA-N

DPXZ-QX: R=H
DPXZ-DFQX: R=F

Fig. 8 Chemical structures discussed in other types of A—-D—-A type materials.
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Subsequently, they achieved a small AEgy close to 0 for A-D-A
based compounds. The D-A and D-A-D type compounds,
namely 2CzOXD and 4CzOXD, were also synthesized for com-
parison. However these materials did not show any TADF
behavior and resulted in PLQY of less than 10%. However,
the A-D-A based materials showed strong TADF properties with
high PLQYs ranging from 71% (4CzDOXD) to 92% (4tCzDOXD).
Such improved PLQY values are due to the insertion of tertbutyl
groups in the carbazole moiety. Due to the small AEgy values,
the RISC rate is also efficient compared to D-A/D-A-D type
materials (2CzOXD and 4CzOXD). Furthermore, the A-D-A type
compounds 4CzDOXD and 4tCzDOXD demonstrated a high
EQE ranging from 19.4% to 22.6% in OLEDs. The successful
outcome of these compounds highlights the potential for
designing highly efficient TADF materials for practical applica-
tions. To support their findings, the researchers also conducted
theoretical calculations, which provided valuable guidance for
designing future efficient A-D-A based TADF materials.

Recently, Colmon et al. utilized two DOBNA moieties
attached to the methyl-annulated aniline, making it an A-D-A
type TADF material DIDOBNA-N.?” Then the DIDOBNA-N was
further borylated to make it an efficient MR-TADF material
MesB-DIDOBNA-N. Due to the increasing accepting ability,
MesB-DIDOBNA-N showed near-UV emission compared to the
DIDOBNA-N, which revealed deep blue emission. The 1.5 wt%
of DIDOBNA-N manifested a high PLQY of 81% and t4 = 23 ms
in the TSPO1 host matrix. On the other hand, the MesB-
DIDOBNA-N showed narrowband near UV-emission (Ap, =
402 nm, FWHM = 19 nm) with relatively low PLQY of 75%
and t4 = 133 ps, indicating the near UV-MR-TADF material.
Then the fabricated OLEDs manifested EQE.. of 15.3%
(DIDOBNA-N) and 16.2% (MesB-DIDOBNA-N) in pure blue,
deep blue electroluminescence. There is no information on
the horizontal dipole orientation for both materials. Notably,
the CIE y coordinates have almost reached the BT2020 blue
standards. This indicates the superiority of structural transfor-
mation from DIDOBNA-N to MesB-DIDOBNA-N, involving the
installation of a bridging mesitylated borane unit, significantly
blue-shifts and narrows the emission. MesB-DIDOBNA-N repre-
sents a rare example of a non-triangulate type m-extended near-
UV MR-TADF emitter. The findings from this study hold great
promise not only for near-UV light sources but also for materi-
als design in high-performance near-UV emitters, which can
have applications in sensing, photochemistry, high-density
information storage, medicine, and sterilization. Developing
such efficient MR-TADF emitters opens up new possibilities for
various advancements.

Usually, minimizing the band gap, which leads to more
prolonged wavelength emission, is challenging to design with
through-space charge transfer (TSCT) properties. Recently, Kai
Li et al. unveiled the A-D-A design to build the TSCT excited
states with efficient TADF properties.”® The developed scaf-
folds, namely, DPXZ-QX, DPXZ-DFQX, DPXZ-2QX, and DPXZ-
2DFQX, contain planar dibenzo[a,c]phenazine (QX) and its
fluorinated derivative (DFQX) as the acceptors. Among them,
the DPXZ-2QX and DPXZ-2DFQX are combinations of A-D-A

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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type designs, whereas the rest are D-A combinations. Notably,
both materials (DPXZ-2QX and DPXZ-2DFQX) manifested the
red emission around 600 nm, AEg below 0.02, and high PLQY
over 87%. These characteristics indicate that they can show
high TADF properties. Such high TADF properties are due to
the sandwich-shaped A-D-A combinations in a cofacial man-
ner. Furthermore, the delayed fluorescence lifetimes are as
short as 4.9 ps in doped thin films, which confirms the TADF
characters again. Due to the strong intramolecular n-stacking
interactions with the presence of dual acceptors, it can con-
tribute to the TSCT-TADF emissions. Furthermore, the fabri-
cated OLEDs based on these new A-D-A emitters showcased
electroluminescence with maximum EQEs of up to 23.2% for
the red TSCT-TADF emitters. Notably, achieving an EQE of
18.9% at a brightness of 1000 cd m™? represents one of the
highest values for red TADF OLEDs. Such values are due to the
extremely small AEgr, high PLQY, and short exciton delayed
lifetime. Overall, mainly the molecular design of these A-D-A-
based emitters relies on confining rigid and (quasi)planar
donor-acceptor(s) in a face-to-face orientation, promoting
strong intramolecular =n-stacking interactions within the
donor-acceptor pair. This arrangement ensures a simultaneous
enhancement of radiative charge transfer transition and sup-
pression of non-radiative decay. Additionally, regulating the
RISC rate through multiple acceptors in an A-D-A emitter with a
sandwich configuration further contributes to high-performance
red OLEDs with a small efficiency roll-off. This study under-
scores the importance of controlling the conformation and
orientation of donor-acceptor pairs for designing high-
efficiency TSCT-TADF emitters. Incorporating intramolecular
cofacial n-stacking interactions offers a modular approach for
developing full-color, high-performance TADF emitters.

3. Summary and outlook

With the great advent of ~100% exciton utilization efficiency
for light emission without noble metals, significant efforts have
been devoted to developing TADF emitters for OLEDs. Growingly,
the EQE of the TADF emitters reached the level of phosphorescent
emitters and was considered a potential alternative to the existing
light-emitting technologies. Among the reported many TADF
emitters, A-D-A type TADF materials are superior due to the
rod-like structures and favorable dipole orientations for efficient
light harvesting. Usually, aggregation caused quenching (ACQ) is a
common problem in planar moieties embedded in A-D-A type
TADF materials, which leads to intermolecular interactions and
results in non-radiative decay pathways. This phenomenon can
significantly reduce the TADF efficiency and compromise the
performance of OLED devices. However, TSCT materials with
slightly twisted configurations can mitigate these ACQ issues
and manifest efficient OLED devices. However, there are only
limited reports on A-D-A-based designs. On the other hand,
stability under electrical stress is one of the critical parameters
which needs to be addressed. Usually, high current densities and
electrical stress lead to device degradation and reduce the
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operational lifetime of the OLEDs. Currently, there are vast
developments with the help of host matrices in A-D-A based
TADF materials using appreciative charge injection and transpor-
tation, which reduce the triplet-polaron quenching and enhance
device reliability. In recent days, the MR-TADF devices are mostly
showing EQE roll-off characteristics. However, without compro-
mising the color purity, designing A-D-A-based MR-TADF mate-
rial based on elongation strategies and weakening donating
strength can be an excellent MR-based candidate for the narrow-
band OLEDs. Currently, among the developed materials, the
2BOICz manifested a high EQE of 40.4% in the green region
due to the enhanced dipole orientation with dual CT character-
istics. Then TRZ-SBA-NAI, with an unsymmetrical pattern, showed
red emission with a high EQE of 31.7%, making another pathway
towards longer wavelength TADF materials. However, there are
limited materials in blue emission, so by considering the future
aspects, new molecular designs must be needed for efficient
TADF-OLED performances. However, by adopting the straightfor-
ward molecular strategy based on MR cores with very weak
donating abilities would result in elongated conjugation and
enhanced MR effect (showing narrowband), which can be a new
pathway to improve the horizontal dipole orientation in MR-TADF
skeletons mainly used in blue OLEDs.

On the other hand, the integration of machine learning and
computational technologies for new material design has shown
great potential in accelerating the discovery of novel TADF
emitters in recent days. With the limited examples of A-D-A
designs, Looking ahead, emerging trends in A-D-A-based TADF
materials, including advancements in blue-emitting materials,
would be a plus, as blue OLEDs are crucial for full-color
displays and lighting applications. Additionally, efforts to
achieve color-tunable emitters based on ADA structures offer
exciting prospects for adaptable and dynamic OLED displays.
Integrating ADA-based TADF materials with other cutting-edge
technologies, such as flexible substrates and wearable electro-
nics, opens up new avenues for diverse OLED applications in
smart devices and the Internet of Things (IoT). Furthermore,
ongoing research on large-area and solution-processed OLED
fabrication techniques may lead to more cost-effective and
scalable manufacturing processes for ADA-based TADF devices
with novel new molecules, further driving their commercial
viability. As the OLED industry advances, ADA-based TADF
materials are expected to play a vital role due to their high
horizontal dipole orientation factors in shaping the future of
displays, lighting, and various emerging applications, making
them a prominent contender in the next generation of OLED
technology.
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