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Nondoped organic light-emitting diodes (OLEDs) have drawn immense attention due to their merits of
process simplicity, reduced fabrication cost, etc. To realize high-performance nondoped OLEDs, all
electrogenerated excitons should be fully utilized. The thermally activated delayed fluorescence (TADF)
mechanism can theoretically realize 100% internal quantum efficiency (IQE) through an effective
upconversion process from nonradiative triplet excitons to radiative singlet ones. Nevertheless, exciton
quenching, especially related to triplet excitons, is generally very serious in TADF-based nondoped
OLEDs, significantly hindering the pace of development. Enormous efforts have been devoted to
alleviating the annoying exciton quenching process, and a number of TADF materials for highly efficient

nondoped devices have been reported. In this review, we mainly discuss the mechanism, exciton leaking
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Accepted 21st February 2022 channels, and reported molecular design strategies of TADF emitters for nondoped devices. We further

classify their molecular structures depending on the functional A groups and offer an outlook on their
future prospects. It is anticipated that this review can entice researchers to recognize the importance of
TADF-based nondoped OLEDs and provide a possible guide for their future development.
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TADF-based OLEDs are an alternative approach with potential
100% internal quantum efficiencies (IQEs) and have attracted
considerable attention within the last decade.**®

1. Introduction

Organic light-emitting diode (OLED) technology has been
extensively applied in high-end solid-state lighting and flat-
panel displays owing to its superior advantages of autolumi-
nescence, low driving voltage, flexibility, fast response, and so
on.' According to the spin statistics, electrogenerated singlet
and triplet excitons have a ratio of 1 : 3. Traditional fluorescent
materials with high photoluminescence quantum yields
(PLQYs) can only utilize singlet excitons, while the energies of
triplet excitons are depleted via nonradiative transition
processes. To realize full exciton utilization, phosphorescence
and thermally activated delayed fluorescence (TADF) emitters
have been proposed.>®* Phosphorescence emitters can utilize
triplet excitons due to the strong spin-orbit coupling (SOC)
induced by heavy atoms (e.g, platinum and iridium), which can
help to enhance the triplet radiation (i.e., phosphorescence) -
rate. Although phosphorescence-based OLEDs are now the :
main commercial OLED technologies, they have several obvious ;
drawbacks, such as high costs and toxicity due to heavy atoms GS S
and the absence of stable blue phosphorescence emitters. '
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Fig. 1 Illustration of the exciton utilization channels of the TADF
mechanism upon electrical excitation. GS and ES are ground and
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excited states, respectively; S and T are the electrogenerated singlet
and triplet excitons; ISC and RISC are the intersystem crossing and
reverse intersystem crossing processes; nr° and nr' are the non-
radiative transition processes of the singlet and triplet excitons; PF and
DF are the prompt and delayed fluorescence.
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Fig. 1 illustrates a schematic illustration of exciton energy
transfer and utilization in a TADF emitter upon electrical exci-
tation. Singlet excitons have three possible energy decay routes:
fluorescence radiation, nonradiative transition to the ground
state (So) and intersystem crossing (ISC) from the lowest singlet
excited state (S;) to the lowest triplet excited state (T;), while
triplet excitons can either be upconverted into singlets via
reverse intersystem crossing (RISC) or suffer nonradiative decay
(assuming that the phosphorescence process can be ignored in
conventional pure organic systems). RISC and fluorescence
radiation are the key steps for triplet and singlet exciton har-
vesting, respectively. To realize a competitive RISC rate (kgisc) to
that of the corresponding triplet nonradiative process (k..), a
small S;-T; energy splitting (AEsy) is required. To date, several
design strategies have been proposed, such as highly twisted
D-A molecular structures,”™ exciplex systems,"*” and the
recently developed multiple resonance (MR) effect-induced
TADF."?° A common characteristic of these molecular
designs is that they can all restrain the overlaps between the
highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs), which is essential for
small AEgrs. Singlet-triplet spin-orbit coupling (SOC) is
another factor that significantly affects the RISC process. It can
be efficiently enhanced via either internal/external heavy atom
effects®>* or excited states with a different nature.”*?* Fluo-
rescence radiation is the ultimate pathway for not only the
initial singlet exciton harvest (prompt fluorescence, PF) but also
the triplet exciton harvest via delayed fluorescence (DF). Thus,
enhancing its rate (k;) is also required to sufficiently surpass the
singlet nonradiative decay rate (k5,). While unlike small AEg;s,
which require the separation of frontier molecular orbitals
(FMOs), a high k. requires a sufficient integral between the
HOMO and LUMO wavefunctions. Thus, how to strike a balance
between small AEsrs and fast k. becomes key to obtaining
optimized performances. PLQY is a parameter that contains
both a prompt component that is directly related to the fluo-
rescence process and a delayed component that is related to
both the RISC and fluorescence processes. Thus, the PLQY
reflects the overall exciton utilization and is typically positively
correlated with the corresponding electroluminescent (EL)
properties. A high PLQY is a prerequisite for a TADF emitter to
realize high performances in OLEDs.

After the rapid development of the past dozen years,
considerable progress has been made in developing high-
performance TADF-OLEDs, and the reported maximum
external quantum efficiencies (EQEs) have been beyond
30%.%°* In these OLEDs, emitting layers (EMLs) are all ob-
tained by adopting optimized host-dopant configurations. This
is mainly to suppress the annoying concentration quenching,
especially arising from the long-lived triplet excitons. On the
other hand, introducing host matrixes not only complicates
device fabrication but also increases the cost of production.*
For mass production, OLEDs with nondoped EMLs would be
simpler and more attractive.

In this review, we first summarize the recent progress in the
field of TADF emitters toward high-performance nondoped
OLEDs, especially the important progress within the last two
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years. Then, we categorize the TADF emitters according to their
different electron-withdrawing units and devote particular
emphasis to molecular design strategies, which has not been
done in previous reviews. In addition, their physical properties,
as well as nondoped device performances, are also summarized.
We further discuss the present pros and cons of TADF-based
nondoped OLEDs and provide an outlook on their prospects.

2. Molecular design strategies of
TADF emitters for nondoped OLEDs

To exploit novel TADF materials toward high-performance
nondoped OLEDs, the abovementioned keys of general TADF
molecular designs are still essential. In addition, energy loss
channels in nondoped EMLs are more complicated than ideal
host-guest EMLs and should be carefully blocked. In earlier
studies, researchers have recognized that methods of rigidifying
organic luminogens through viscous or solid environments or
forming J-aggregates can give rise to emission enhancement.*>**
In 2001, Tang et al. accidentally discovered enhanced emission
upon aggregation for hexaphenylsilole (HPS) and named the
phenomenon “aggregation-induced emission (AIE)”.**** Since
then, AIE has been widely applied in the fields of optical
devices, luminescent sensors, bioimaging, phototherapy, etc.
Both theoretical simulation and experimental results suggest
that in their aggregate states, molecular vibrations and rota-
tions are evidently suppressed, resulting in decreased K5, and
thus enhanced emission. In particular, some emitters exhibit
aggregation-induced delayed fluorescence (AIDF) behaviors (as
shown in Fig. 2a).*> Emitters with such AIE/AIDF behaviors are
promising candidates for high-efficiency nondoped OLEDs.
Many AIE-TADF/AIDF emitters have been reported to show
decent performances in nondoped OLEDs.

In nondoped OLEDs, intermolecular exciton quenching
plays a vital role in causing exciton loss. Many studies have
suggested that suppressing the annihilation process associated
with long-lived triplet states is key to determining nondoped
device performance. The rate constant of triplet-related
quenching (kcq) can be expressed as follows:

kcg(R) = krisc exp{i—fﬁ (1 - }%) } (1)

where R, is the critical intermolecular distance at which
concentration quenching and RISC occurred with the same
probability, and Lgr is the effective electron tunneling distance,
which quantifies the intermolecular electron-exchange interac-
tions. According to eqn (1), kcq exhibits an exponential depen-
dence on the average intermolecular distance (R) in the thin
films, which agrees well with the Dexter energy-transfer model,
and thus, short-range electron-exchange interactions should be
well blocked. Therefore, isolating triplet excitons in amorphous
neat films is key to suppressing their related quenching and
realizing high-performance nondoped OLED performances.
Introducing steric hindrance of TADF emitters is one of the most
feasible methods to enlarge the intermolecular distance. Fig. 2b
displays a typical intermolecular interaction of such molecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular design strategies of TADF emitters for nondoped OLEDs. (a) The AIE/AIDF mechanism. Reproduced from ref. 45 with
permission. Copyright 2020 Wiley-VCH. (b) The mechanism of introducing steric hindrance. Reproduced from ref. 46 with permission. Copyright
2017 Wiley-VCH. (c) Self-host mechanism. Reproduced from ref. 47 with permission. Copyright 2019 the Royal Society of Chemistry. (d) The
“self-doping” mechanism. Reproduced from ref. 49 with permission. Copyright 2021 Wiley-VCH. (e) Intermolecular hydrogen bonding mech-
anism. Reproduced from ref. 50 with permission. Copyright 2019 the Royal Society of Chemistry. (f) D—spacer—A mechanism. Reproduced from

ref. 51 with permission. Copyright 2018 Wiley-VCH.

Theoretical calculations indicate that triplet spin-density distri-
butions (SDDs) are centralized on the main body of the TADF
emitters, while the phenyl moieties act as steric hindrances to
realize loosely aligned molecules.*® Distances between triplet
excitons can be evidently enhanced in such molecular packings,
and thus, it is expected that triplet exciton collision-induced
concentration quenching can be well restrained.

In addition to introducing extra steric groups, integrating
the host matrix and guest TADF emitters into new “self-host”
materials is also a wise molecular design method for nondoped
OLEDs. As displayed in Fig. 2c, introducing carbazoles as steric
shields can not only keep the intrinsic TADF feature unchanged
but also effectively suppress the exciton quenching caused by
intermolecular interactions. Moreover, such “emission-core
and host-encapsulation” molecular structures generally meet
the requirements of the solution process and are thus usually
applied in solution-processed nondoped OLEDs.*"*#

It was recently recognized that some organic emitters actu-
ally have dual stable conformations. TADF is associated with the
highly twisted conformation, which is also known as the “quasi-
equatorial (QE)” conformation. On the other hand, the other
mildly twisted form, referred to as the “quasi-axial (QA)”

© 2022 The Author(s). Published by the Royal Society of Chemistry

conformation, often shows only conventional fluorescence with
higher energy instead of TADF. As displayed in Fig. 2d, by using
the different characteristics of these conformers, our group
proposed a new concept of “self-doping” for realizing high-
efficiency nondoped OLEDs.* Interestingly, this “composi-
tionally” pure film actually behaves as a film with a dopant (QE
form) in a matrix (QA form). The concentration-induced
quenching that may seriously occur at high concentrations is
thus expected to be effectively relieved.

Hydrogen bonds, especially intermolecular bonds, have been
widely used to construct rigid intermolecular frameworks to
relieve molecular vibrational and rotational motions. Enormous
highly efficient chromophores have been exploited based on
hydrogen bonds. On this basis, we further proposed that in neat
films of TADF emitters with suitable intermolecular hydrogen
bonds, continuous and oriented interactions could be achieved.
More importantly, in delicate supramolecular frameworks, not
only can unimolecular nonradiative transitions be suppressed,
but the annoying intermolecular quenching can also be relieved
with distanced electron-rich segments (shown in Fig. 2e).”®

Intermolecular exciton quenching in OLEDs is dominated by
electron-exchange interactions of triplet excitons and is

Chem. Sci., 2022, 13, 3625-3651 | 3627
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generally serious between TADF emitters based on intra-
molecular charge-transfer (CT) transitions, while there is
another type of TADF emitter based on intermolecular CT
transitions, which is an exciplex. Intermolecular mutual colli-
sions in the exciplex favor the recombination of excitons rather
than exciton annihilation. In a neat film containing a single
material with molecular configurations such as D-spacer-A
structures (shown in Fig. 2f), a space-enough and conjugation-
forbidden diphenyl ether linkage can effectively suppress the
intramolecular charge-transfer (CT) transition while forming an
exciplex-type emitter via the intermolecular CT transition.>

3. TADF emitters for nondoped
OLEDs

3.1. Cyano-substituted aromatics as acceptors

Cyano (CN)-substituted aromatics have been widely used to
construct TADF emitters due to their strong electron-
withdrawing abilities and high chemical stabilities. The
molecular structures of CN-based TADF emitters are shown in
Fig. 3, and the corresponding key parameters of their nondoped
devices are summarized in Table 1. Grazulevicius et al.>*
designed five benzonitrile (BN)-based TADF emitters 1-5 with
symmetrical donor-acceptor-donor (D-A-D) and asymmetrical
donor-acceptor-donor* (D-A-D*) molecular structures to
carefully study the influence of different substitution patterns
on device performance. Charge transport tests show that
molecular structures significantly affect the charge carrier
mobilities, which can be ascribed to the different molecular
packings in amorphous states. However, their nondoped
devices all show poor results with maximum external quantum
efficiencies (EQEs) below 5.0% because their electron-
withdrawing core BN moiety is unprotected.

Yang et al.>® reported a series of sky-blue TADF emitters 6-8
by linking di-tert-butylcarbazole (tBuCz) and difluor-
ocyanobenzene (CNDF) groups on the phenyl bridge simulta-
neously with mutual ortho-positions. The large steric tBuCz
groups not only effectively protect the electron-withdrawing
core CNDF moieties but also favor the coexistence of through-
space CT and through-bond CT. Compared with the large
AEgyvalues of 0.24 eV and 0.21 eV for 6 and 7, the highly twisted
multi-(D/A) molecular structure of 8 can not only effectively
lower its AEsr (0.03 eV) but also suppress the intermolecular
close -7 packing. As a result, the 8 amorphous neat film gives
a high PLQY of 0.76. Therefore, the 8-based solution-processed
nondoped device realizes sky-blue emission with a peak at
484 nm and a maximum EQE of 21.0%.

Wang et al.>* also proposed a facile and efficient molecular
design strategy for shielding the BN moiety with carbazole
derivatives (Cz and tBuCz). In their newly designed compounds
9 and 10, 9,9-diphenylacridan (DPAc) and BN were the D and A
groups, respectively. Introduction of Cz and ¢tBuCz groups as the
protective units can not only effectively isolate the triplet excited
states but also enhance the rigidity of the molecular skeletons
and decrease molecular vibrations/rotations. Thus,
doped OLEDs, 9 and 10 achieved high performance with

in non-

3628 | Chem. Sci., 2022, 13, 3625-3651

View Article Online

Review
o3 §of| 218,
Qo 03 Qo 0l ' oo
50 @ I ,
a8 }ﬁ& - “ ase
o0 e

XQ‘

\\“:@

”“ jeta

O.Q
'O O;cﬁm

CN oN

)
QOO

Q0D e
QO GO /@) &
’ @ \©\ iq
Bef B8 PR
O @?@ : &

‘O

Fig. 3 Molecular structures of cyano-based TADF emitters for non-
doped OLEDs.

maximum EQEs of 10.1% and 20.0% and CIE coordinates of
(0.16, 0.19) and (0.16, 0.26), respectively. In particular, the
inferior performance of the 9-based device can be reasonably
attributed to its poorer carrier mobilities. Based on the results,
we can notice that a more delicate balance between the
protection functions and carrier mobilities is needed. By further
replacing the DPAc unit with a more electron-rich phenoxazine
(PXZ) unit, two novel TADF emitters 11 and 12 were also
synthesized.>® Nevertheless, due to the unprotected rigid and
planar PXZ unit, which is prone to close intermolecular

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photoluminescence (PL) and electroluminescence (EL) properties of cyano-based TADF emitters in nondoped films

PL EL
CE/PE/EQE [cd A™/Im W /%]
@10°
PLQY 7p [ns] 74 [ps] Peak [nm] Von” [V] Maximum cd m2 Roll-off” [%)] CIE (x,y) Ref.

1 0.42 — — ~477 3.6 5.3/3.6/2.5 — — (0.19, 0.29) 52
2 0.26 — — ~525 3.4 16.3/12.2/5.0 — — (0.31, 0.57)

3 0.11 — — ~540 4.4 5.2/3.5/1.6 — — (0.35, 0.52)

4 0.39 — — ~477 4.5 8.4/4.9/4.1 — — (0.18, 0.27)

5 0.18 — — ~534 3.6 7.7/6.0/2.4 — — (0.34, 0.55)

6 0.42 17.0 — 466 10.1 3.6/1.4/2.6 — — (0.16, 0.18) 53
7 0.19 14.1 — 466 5.7 5.0/2.2/3.7 — — (0.16, 0.17)

8 0.76 21.3 — 484 6.3 46.4/20.8/21.0 — — (0.19, 0.35)

9 0.57 21.4 5.5 476 3.2 41.4/35.4/20.0 — — (0.16, 0.26) 54
10 0.55 15.8 7.1 460 5.4 10.1/7.1/10.1 — — (0.16, 0.19)

11 0.48 18.0 0.8 568 2.4 38.1/42.6/13.6 —/—/12.8 5.9 (0.46, 0.52) 55
12 0.50 21.6 1.1 — 3.7 21.1/14.7/6.6 —/—/3.9 41.0 (0.36, 0.56)

13 0.63 15.0 3.3 — 2.8 45.2/35.5/22.6 —/—/18.9 16.4 0.16, 0.29) 58
14 0.40 15.0 2.5 — — — — — —

15 0.66 15.7 9.8 470 2.7 31.1/—/21.6 18.9/—/10.8 50.0 (0.17, 0.25) 59
16 0.45 17.4 5.1 480 6.7 8.5/—/3.9 7.1/—/3.3 15.4 (0.20, 0.33)

17 039 — — 496 3.7 18.4/11.6/5.9 12.1/—/— — (0.22, 0.39) 60
18 0.61 — — 484 3.5 24.9/19.5/8.0 14.3/—/— — (0.18, 0.31)

19 0.52 — — 510 3.1 49.7/45.9/17.1 46.8/—/— — (0.26, 0.52) 63
20 0.56 6.9 2.4 523 2.8 40.2/31.5/13.8 32.6/—/— — (0.37, 0.58) 64
21 0.77 6.3 4.2 541 3.2 56.2/45.2/17 .4 48.6/—/— — (0.40, 0.57)

22 0.59 8.7 3.6 516 3.0 41.7/34.5/14.4 39.9/—/— — (0.25, 0.55)

23 0.80 5.5 4.5 515 3.6 63.0/48.7/20.4 43.5/—/— — (0.25, 0.52)

24 0.38 38 3.1 — 3.4 21.9/17.2/7.3 — — (0.28, 0.54) 65
25 0.46 56 3.8 — 3.2 40.7/31.9/13.9 — — (0.27, 0.54)

26 0.70 77 4.5 508 3.1 58.7/46.2/20.1 — — (0.27, 0.53)

27 0.60 24.2 6.1 524 3.6 22.3/17.5/7.5 — — (0.31, 0.52) 66
28 0.89 25.2 6.9 524 4.2 40.8/28.5/13.4 — — (0.33, 0.54)

29 0.84 8.6 — 520 2.6 11.8/10.3/3.5 —/—/2.7 22.8 (0.20, 0.33) 67
30 1.00 9.1 — 520 2.8 15.7/12.0/4.9 —/—/3.7 24.5 (0.29, 0.61)

31 0.46 13.9 — 520 3.0 26.6/22.4/8.3 —/—/6.5 21.7 (0.30, 0.58)

32 0.08 22.0 1.4 552 4.4 1.4/0.9/0.5 — — (0.46, 0.52) 69
33 0.90 16.0 1.0 548 2.7 44.5/46.6/16.5 30.5/19.1/11.3 31.5 0.42, 0.55)

34 0.81 8.9 6.1 562 3.5 47.8/34.6/14.0 46.6/—/13.6 2.8 — 70
35 0.78 9.8 8.3 560 3.6 23.0/16.8/6.6 18.4/—/5.4 18.2 — 71

“ Turn-on voltage at a luminance of 1 cd m ™2, b’ EQEotn.ott = (EQEmax — EQE1000)/EQEmax-

packing, the 11- and 12-based nondoped OLEDs show poor
performance with maximum EQEs of 6.6% and 13.6%, respec-
tively, which are much lower than those of DPAc-based emitters.
These results further demonstrate that both D and A moieties
should be well protected to shield potential intermolecular
charge exchange.

Since the pioneering work of Adachi et al.® in 2012, carbazolyl
dicyanobenzene (CDCB) derivatives have been carefully studied.
As a member of the CDCB family, 2,3,5,6-tetra(9H-carbazol-9-yl)
benzonitrile (4CzBN) and its derivatives have been widely used
to construct high-performance blue TADF emitters.***” By using
the self-host molecular design strategy, Sun et al.*® reported two
4CzBN-based TADF emitters 13 and 14 for fully solution-
processed blue nondoped devices. Both emitters possess iden-
tical emissive cores but different bulky shielding groups. As
displayed in Fig. 4, unlike the formation of the 14-based elec-
tromer state during electroexcitation, the rigid phenylcarbazole

© 2022 The Author(s). Published by the Royal Society of Chemistry

(PCz) unit in 13 can efficiently block such energy leakage. As
a result, the 13-based fully solution-processed blue OLED real-
izes a maximum EQE of 22.6%, which is almost 20 times higher
than that of the 14-based OLED. With the same emission core,
Tang et al.>® also reported two 4CzBN-based blue TADF emitters
15 and 16 by introducing steric groups. Both emitters exhibit
blue emission at 464 nm with a CIE, < 0.2 and an EQE over 20%
in doped devices. Meanwhile, compared with the steric tert-
butyl (tBu) group in 15, the terminal phenyl group in 16 can
effectively weaken the intermolecular -7 packing in the solid-
state film and significantly enhance the PLQY. Therefore, the
16-based nondoped device achieves a maximum EQE of 21.6%
with an extremely low turn-on voltage (V) of 2.7 V. Sun et al.®
also synthesized two 4CzBN-based blue TADF emitters 17 and
18 with the host-c-guest molecular configuration for solution-
processed nondoped OLEDs. The oxygen bridge-linked host

Chem. Sci., 2022, 13, 3625-3651 | 3629
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Fig. 4 Device structure of the fully solution-processed devices and normalized EL spectra at different voltages. Reproduced from ref. 58 with

permission. Copyright 2019 American Chemical Society.

can not only suppress triplet exciton quenching between guest
units but also improve the carrier transport ability.

As another representative member of the CDCB family,
2,3,4,5,6-penta(9H-carbazol-9-yl)benzonitrile (5CzBN) is an
excellent precursor to exploit TADF emitters for efficient sky-
blue nondoped devices.®~** By applying a self-host molecular
design strategy, Sun et al.®®* conveniently constructed TADF
emitter 19 for solution-processed nondoped OLEDs. The alkyl
chain-linked Cz units can sufficiently encapsulate the 5CzBN
emission core and effectively suppress intermolecular
interaction-induced exciton quenching. Therefore, compared
with the low PLQY of 0.21 for precursor 5CzBN, the 19 amor-
phous neat film exhibits a higher PLQY of 0.52. By further
applying 19 as the pure EML, the corresponding solution-
processed nondoped device achieves a low V,, of 3.1 V and
a high maximum EQE of 17.1%. To enhance device perfor-
mance, they further decorated precursor 5CzBN with different
peripheral functional groups (20-23).** Sufficient Cz decoration
can effectively encapsulate the central chromophore and thus
prevent these units from being redissolved by isopropanol.
Therefore, they can be used in fully solution-processed devices
with a device structure of ITO/PEDOT:PSS (40 nm)/EML (40
nm)/PO-T2T (30 nm)/Cs,CO;3 (2 nm)/Al (100 nm). Compared
with their monosubstituted counterparts (20 and 22), the
disubstituted compounds (21 and 23) show superior device
performances, which can be ascribed to the well-protected
TADF emission core. Tang et al.®* also tried to decorate the
5CzBN core with different numbers of alkyl chain-linked spi-
robifluorene (SPF) groups (24-26). All these emitters show
obvious AIDF characteristics. Moreover, with increasing flexible
dendron numbers, intermolecular interactions can be well
restricted. Thus, the 26 pristine film shows better resistance to
isopropyl alcohol than the others, benefiting the solution
fabrication process. The corresponding fully solution-processed
nondoped device achieves a maximum EQE of 20.1%. All these
results suggest that sufficiently peripheral decorations act as
a feasible method to construct TADF emitters for fully solution-
processed devices.

To further broaden the luminescence range of CN-based
TADF materials, adjusting the numbers and positions of the
CN groups is a feasible method. 4,5-di(9H-carbazol-9-yl)
phthalonitrile (2CzPN) is a well-known blue TADF emitter;
however, due to its poor solubility, it is rarely used in solution-
processed devices. To exploit 2CzPN-based materials for
solution-processed OLEDs, Choi et al.*® reported a novel AIE and

3630 | Chem. Sci,, 2022, 13, 3625-3651

TADF-active triad 28 and a control compound, 4,5-bis(3-phenyl-
9H-carbazol-9-yl)phthalonitrile (27). Compared with the parent
molecule (27), introducing PCz and nonconjugated cyclohexane
units as the host and bridge moieties in 28, respectively, can
effectively enlarge the intermolecular distance without affecting
the electroluminescence (EL) spectrum. In solution-processed
nondoped OLEDs, they exhibit nearly identical green EL emis-
sions with peaks at 524 nm, while the maximum EQE of 28
(13.4%) is significantly better than that of 27 (7.5%).

Wang et al.*” also applied the isophthalonitrile moiety, in
which two cyano groups are at the meta-positions, to design D-m—-
A-type TADF materials 29-31. The nondoped device using Cz-
decorated 31 as the EML shows a superior device performance
to the others, which can be reasonably ascribed to the following
reasons: (1) relatively high hole mobility of the TPA group; (2) the
rigid and twisted molecular conformation, which can effectively
suppress the aggregation-caused quenching (ACQ) effect. Like-
wise, 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN) is
also decorated for nondoped devices due to its excellent device
performance. Nevertheless, it shows a high concentration sensi-
tivity and poor nondoped device efficiency due to the tendency of
forming Cz-based dimers.®® To achieve 4CzIPN-based high-
performance nondoped devices, Jiang et al® connected the
emission core 4CzIPN with the host matrix via flexible alkyl
chains by applying a self-host molecular design strategy. In
particular, the peripherally decorated 1,3-di(9H-carbazol-9-yl)
benzene/tris(4-(9H-carbazol-9-yl)phenyl)amine (mCP/TCTA)
moiety can form a high triplet level interfacial exciplex with the
electron-transporting layer (ETL). Due to the extra intramolecular
exciplex under electrical stress, the 33-based nondoped device
exhibits a much lower device performance than 32.

Circularly polarized luminescence (CPL) has great applica-
tions in optical data storage, quantum computing, bio-
responsive imaging, liquid crystal displays, and backlights in
3D displays. Pan et al.”®”* developed a series of chiral TADF
emitters 34 and 35 by merging chiral (R/S)-octahydro-
binaphthyl ((R/S)-OBN) moieties with effective CN-based TADF
skeletons. Similar to the abovementioned TPA/Cz-based
compounds,®” the rigid and twisted molecular conformation
of 34 effectively suppresses triplet exciton quenching.

3.2. Carbonyl-substituted aromatics as acceptors

Aromatic units containing strong electron-withdrawing

carbonyl groups in the center, such as benzophenone (BP)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and its derivatives, have been widely used as the A unit for
designing TADF emitters. The molecular structures of BP-based
TADF emitters are shown in Fig. 5, and the corresponding key
parameters of the nondoped devices are summarized in Table 2.
Adachi et al.”® reported the first D-A-D type BP-based TADF
emitter 36 for high-performance nondoped OLEDs. A rigid and
steric 9,9-dimethyl-9,10-dihydroacridine (DMAC) moiety can
effectively restrain long-lived triplet exciton quenching, and its
amorphous neat film thus displays a high PLQY of 0.85 and
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Fig. 5 Molecular structures of carbonyl-based TADF emitters for
nondoped OLEDs.
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a short delayed lifetime (tq) of 2.7 ps, guaranteeing efficient
nondoped devices. As summarized in Table 2, the 36-based
nondoped OLED exhibits a superior performance with
a maximum EQE of 18.9% with mild efficiency roll-off at high
luminance. Yang et al.”® further modified precursor 36 by
encapsulating the DMAC moiety with tBuCz and 3,6-bis-(3,6-di-
tert-butylcarbazol-9-yl)-carbazole (tBuCz2) groups and devel-
oped two novel TADF dendrimers 37 and 38 for solution-
processed nondoped devices. Both dendrimers exhibit good
thermal and morphological stabilities, guaranteeing homoge-
neous and stable amorphous thin films via solution-processed
fabrication. Owing to the significantly decreased carrier trans-
port arising from the large steric hindrance of the tBuCz2 unit,
the 37-based device exhibits a much lower driving voltage of
4.8 V at a luminance of 10 cd m 2 than that of 38 (7.7 V).
Moreover, the nondoped device using 37 as the EML shows
a maximum EQE of 12.0%, three times larger than that of the
38-based device. Cheng et al.”* also reported a series of TADF
polymers 39 by using conjugated Cz/acridine moieties as the
backbone and BP as the pendant A moiety. The solution-
processed nondoped device achieves a high device perfor-
mance with a very mild efficiency roll-off.

By replacing the DMAC moiety with a soluble tBuCz2 moiety,
Sun et al.”® synthesized a novel dendronized TADF emitter (40)
for solution-processed nondoped green OLEDs. Although the
40-based neat film exhibits a high PLQY (0.65) and a small AEgy
(0.08 eV), its solution-processed device shows a poor perfor-
mance with a maximum EQE of 4.3%, which may be ascribed to
the decreased bipolar carrier transport.** Fujita et al.”® also
designed a series of BP-based AIDF dendrimers (41 and 42) for
solution-processed nondoped devices. By further modulating
the terminal groups (43),”” they found that the terminal groups
can dramatically alter the photophysical properties of dendritic
TADF emitters. The introduction of ¢tBu and phenyl groups
favors the AIE character, while the introduction of a methoxy
group results in emission quenching. Thus, it is important to
choose suitable terminal functional groups for designing TADF
emitters for solution-processed nondoped devices.

Triazatruxene (TAT), a planar conjugated system with three
fused carbazole fragments that share a benzene ring, acted as
a powerful D group to construct TADF emitters. Wang et al.”®
first characterized two TAT-based TADF emitters 44 and 45 for
solution-processed devices. Compared with the long alkyl-
decorated TAT unit in 45, the four peripheral phenyl substitu-
ents in 44 can effectively enlarge the distance of adjacent triplet
excitons. Therefore, although both emitters realize identical
device performances with maximum EQEs of approximately
6.0%, the 45-based device displays a more serious efficiency roll-
off at high luminance. To further improve the device perfor-
mance, they also synthesized two asymmetrical D-A-type AIDF
emitters 46 and 47 by using phenyl-substituted TAT and BP as
the D and A groups, respectively.” The 47-based solution-
processed nondoped device exhibits a higher device efficiency
than 46, possibly due to the balanced carrier transport caused
by the introduction of one more BP unit.

Compared with D-A-D-type symmetric molecular structures,
BP-based TADF materials with unsymmetrical structures have

Chem. Sci., 2022, 13, 3625-3651 | 3631
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Table 2 PL and EL properties of carbonyl-based TADF emitters in nondoped films
PL EL
CE/PE/EQE [cd A™/Im W /%]
@10°
PLQY 7p [ns] 74 [ps] Peak [nm] Von” [V] Maximum cd m2 Roll-off” [%)] CIE (x,y) Ref.
36 0.85 — 2.7 510 2.6 —/—/18.9 —/—/18.0 4.8 (0.26, 0.55) 72
37 0.77 — — 546 — —/—/12.0 —/—/11.9 0.8 (0.38, 0.56) 73
38 0.75 — — 522 — —/—/5.2 —/—/4.1 21.1 (0.32, 0.51)
39 0.77 22.0 1.3 ~550 2.6 60.5/61.2/18.1 59.4/50.4/17.8 1.6 (0.40, 0.56) 74
40 0.65 0.45 0.6 506 4.5 9.2/—/4.3 — — (0.26, 0.46) 75
a1 0.33 10.4 2.7 500 3.4 14.0/11.5/5.7 — — (0.26, 0.48) 76
42 0.21 20.8 3.4 516 3.7 7.7/5.7/2.9 — — (0.31, 0.50)
43 0.74 11.9 2.2 ~504 2.7 46.6/40.7/17.0 —/—/13.8 18.8 (0.27, 0.52) 77
44 0.24 40.8 0.9 ~541 2.7 18.9/19.2/6.0 18.0/16.1/5.8 3.3 (0.38, 0.55) 78
45 0.22 53.5 0.9 ~551 2.6 17.8/20.0/5.9 12.0/10.2/4.8 18.6 0.41, 0.54)
46 0.51 46.7 0.8 ~530 2.5 20.9/21.8/6.4 18.5/17.1/5.4 15.6 — 79
47 0.44 37.3 0.5 ~530 2.5 32.3/33.0/9.8 31.2/31.9/9.7 1.0 —
48 0.22 20.0 1.3 492 44 9.7/6.1/4.2 —/—/1.3 69.0 (0.19, 0.36) 80
49 0.37 20.4 1.0 508 4.4 24.0/15.6/8.5 —/—/4.5 47.0 (0.26, 0.50)
50 0.57 25.9 5.0 494 3.2 34.7/30.1/14.2 —/—/10.8 23.9 (0.20, 0.39)
51 0.72 29.8 1.9 512 3.2 56.4/43.5/18.7 —/—/17.9 4.3 (0.28, 0.53)
52 0.80 40.4 2.9 516 2.7 43.3/35.7/14.2 43.1/33.1/14.2 0.0 (0.26, 0.55) 81
53 0.38 38.3 1.8 557 2.9 26.6/27.9/9.2 19.6/11.3/6.8 26.1 (0.43, 0.54) 82
54 0.40 27.6 1.3 563 2.7 26.5/29.1/9.7 23.5/15.4/8.5 12.4 (0.45, 0.53)
55 — — — 586 5.4 37.6/14.8/16.7 26.9/10.8/11.8 29.3 — 83
56 0.69 — — 501 2.8 42.7/39.8/15.6 41.0/27.0/15.0 3.8 (0.25, 0.48) 84
57 0.37 — — 503 3.9 18.2/14.1/6.6 13.1/5.5/4.8 27.3 (0.26, 0.47)
58 0.45 30.2 1.4 ~560 2.7 39.9/39.0/13.3 37.4/24.0/12.5 6.0 (0.44, 0.54) 85
59 0.49 27.9 1.1 ~564 2.6 41.6/45.0/14.3 41.4/26.0/14.1 1.4 (0.46, 0.53)
60 0.46 27.5 1.1 ~562 2.5 36.8/37.9/12.3 36.7/28.8/12.2 0.8 (0.46, 0.53)
61 0.47 19.1 1.0 499 4.5 14.3/6.4/6.7 — — (0.28, 0.47) 86
62 0.67 7.2 1.4 532 4.2 35.4/15.9/11.4 — — (0.34, 0.51)
63 0.53 12.7 1.1 544 4.3 23.8/10.7/9.1 — — (0.39, 0.56)
64 0.33 13.5 0.9 545 4.8 12.4/4.3/4.8 — — (0.41, 0.55)
65 0.48 8.4 1.1 572 4.6 21.6/6.8/9.4 — — (0.47, 0.51)
66 0.45 19.1 5.7 502 2.7 41.6/37.9/15.0 41.5/32.6/14.9 0.7 (0.23, 0.49) 44
67 0.67 21.9 5.5 548 2.5 59.1/65.7/18.4 58.4/49.7/18.2 1.1 (0.40, 0.57)
68 0.58 23.5 2.1 554 2.5 46.1/55.7/15.3 38.4/30.2/12.7 17.0 (0.42, 0.55)
69 0.73 22.2 0.8 540 2.8 76.6/75.2/21.7 69.8/52.2/19.8 8.8 (0.38, 0.58) 22
70 0.70 22.2 0.7 537 2.6 72.5/53.5/20.4 68.5/43.1/19.4 4.9 (0.37, 0.59)
71 0.73 22.1 0.4 541 2.8 72.1/65.4/20.6 69.0/51.6/19.7 4.4 (0.39, 0.58)
72 0.69 22.4 2.6 548 2.5 72.9/81.8/22.6 —/—/22.0 2.6 (0.39, 0.57) 87
73 0.72 21.1 2.4 546 2.5 69.0/75.0/21.4 —/—/20.9 2.3 (0.39, 0.57)
74 0.66 23.7 2.3 542 2.5 72.3/79.0/22.1 —/—/22.1 0.0 (0.39, 0.57)
75 0.71 23.0 2.4 542 2.5 70.4/76.5/21.8 —/—/21.8 0.0 (0.38, 0.57)
76 0.88 22.3 2.1 540 2.6 62.2/63.7/19.0 60.7/47.5/18.5 2.6 (0.39, 0.57) 88
77 0.89 22.2 1.7 544 2.5 61.1/67.4/18.5 60.3/60.1/18.2 1.6 (0.38, 0.57)
78 0.40 18.9 0.9 548 2.7 10.8/8.6/3.3 10.7/8.1/3.2 3.0 (0.40, 0.56)
79 0.66 12.5 0.8 535 4.2 37.2/14.6/12.1 — — (0.38, 0.56) 89
80 0.31 17.5 0.4 592 4.8 10.7/4.8/4.9 7.2/2.2/3.2 34.7 (0.54, 0.45) 90
81 0.32 15.0 0.2 606 3.0 6.5/4.0/3.7 6.3/3.3/3.5 5.4 (0.57, 0.42)
82 0.31 23.0 1.4 577 3.0 —/—/7.6 —/—/~6.1 19.7 — 91
83 0.53 29.0 1.9 553 3.0 —/—/11.1 —/—/~4.2 62.2 —
84 0.50 33.3 1.2 488 3.9 —/—/5.2 —/—/2.2 57.7 — 46
85 0.82 23.0 2.0 497 3.6 —/—/12.6 —/—/9.5 24.6 —
86 0.92 35.0 2.2 488 3.5 —/—/11.2 —/—/5.9 47.3 —
87 0.84 22.7 5.3 488 3.8 —/—/14.1 —/—/10.5 25.5 —
88 0.96 43.3 1.4 526 2.9 74.0/67.0/21.0 74.0/61.0/21.0 0.0 (0.31, 0.61) 92
89 0.94 34.6 1.9 496 3.5 55.0/42.0/21.0 46.0/27.0/18.0 14.3 (0.22, 0.49)
90 — — 112 520 — 69.0/50.0/22.6 —/—/~4.0 82.3 — 93
91 0.76 10.0 1.7 549 2.4 50.5/60.0/17.1 42.7/26.5/13.8 19.3 (0.42, 0.55) 94
92 0.53 25.0 2.8 462 3.6 —/14.7/12.1 —/—/7.1 41.3 (0.15, 0.19) 95
93 0.71 33.0 2.8 478 3.3 —/25.7/15.0 —/—/11.1 26.0 (0.16, 0.29)
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Table 2 (Contd.)

PL EL

CE/PE/EQE [cd A™*/Im W /%]
@10°

PLQY 7 [ns] 74 [ps] Peak [nm] Von” [V] Maximum cd m2 Roll-off” [%)] CIE (x,y) Ref.
94 0.78 24.0 3.8 478 3.0 —/31.5/16.2 —/—/12 25.9 (0.17, 0.29)
95 0.47 17.9 5.3 496 3.0 32.7/34.3/12.9 13.8/10.1/4.3 66.7 (0.21, 0.42) 96
96 0.93 24.4 2.5 504 3.1 63.7/54.1/22.8 61.4/49.9/22.4 1.8 (0.23, 0.50)
97 0.98 24.9 1.3 516 3.1 65.7/51.6/21.3 64/53.4/20.8 2.3 (0.27, 0.56)
98 0.96 37.2 3.1 508 2.9 —/59.7/24.9 —/46.0/21.7 12.8 (0.24, 0.49) 97
99 0.55 — — 517 3.6 17.6/13.9/5.9 — — (0.30, 0.51) 98

“ Turn-on voltage at a luminance of 1 cd m™2. ? EQE o106t = (EQEmax — EQE1000)/EQEmax-

drawn more attention due to the advantages of effective regu-
lation of molecular packing and bipolar carrier transport. Su
et al.* developed a series of BP-based D-A-type TADF materials
48-51. Compared with the parent BP moiety, the pyridine-
containing 3-benzoylpyridine group can significantly enhance
the molecular rigidity by forming an intramolecular hydrogen
bond. Therefore, pyridine-decorated 49 and 51 exhibit slightly
reduced AEsyrs and obviously improved PLQYs compared with
their BP-based counterparts (48 and 50). Moreover, the rigid
10H-spiro(acridine-9,9’-thioxanthene) (TXDMAc) group can
effectively shield the electron-rich acridine core and restrict
concentration quenching. As a result, the nondoped OLEDs
obtained by using TXDMAc-based TADF emitters 50 and 51 as
the EMLs show superior performances, with maximum EQEs of
14.2% and 18.7%, much higher than those of Cz-based OLEDs
(maximum EQEs of 4.2% and 8.5%, respectively, for 48 and 49).

Tang et al.** also developed a D-A-D'-type AIDF emitter 52 by
using DMAC and dibenzothiophene (DBT) moieties as the D
and D/, respectively. The DMAC-BP segment is anticipated to
form a twisted molecular conformation to realize AIE and TADF
properties, while planar DBT may help to increase the charge-
transporting ability. Therefore, the 52 neat film displays
a high PLQY of 0.80 and a smaller AEgy of 0.08 eV, benefiting the
utilization of electrogenerated excitons. By further replacing the
DMAC moiety with electron-rich PXZ and phenothiazine (PTZ)
moieties, two analog AIDF emitters 53 and 54 were also
synthesized.®” However, since unprotected PXZ/PTZ groups tend
to aggregate in solid-states and can induce severe triplet exciton
quenching, their nondoped device performance is much worse
than that of 52 (maximum EQEs of 14.2%, 9.2%, and 9.7% for
52, 53, and 54, respectively).

By introducing a diphenylphosphoryl (DPO) unit as the A/,
Chi et al. designed an unsymmetrical D-A-A’-type TADF emitter
55.% The corresponding nondoped device demonstrates orange
emission with a peak at 586 nm and a maximum EQE of 16.7%,
which is among the best performances of TADF-based non-
doped OLEDs in the orange-red region.

To enhance the rigidity of the BP skeleton, Lu et al.®*
prepared a novel triptycene-fused BP moiety, and a D-A-type
TADF emitter 56 was then designed. For comparison, D-A-

© 2022 The Author(s). Published by the Royal Society of Chemistry

type emitter 57 was also synthesized by using DMAC and BP
as the D and A moieties, respectively. Introducing a rigid and
steric triptycene scaffold can not only strengthen the molecular
rigidity but also effectively restrict intermolecular interactions
in aggregated states. Therefore, the nondoped device using 56
as the EML achieves a maximum EQE of 15.6%, much higher
than that of 57 (a maximum EQE of 4.8%).

Tang et al.* also used steric fluorene derivatives to decorate
the precursor BP-PXZ and developed three AIDF emitters 58-60
for nondoped OLEDs. The highly twisted conformation with
large sterically hindered fluorene groups can effectively
suppress the short-range Dexter energy transfer (DET) process
at high exciton concentrations, thus significantly relieving the
annihilation of triplet excitons. On this account, the corre-
sponding nondoped OLEDs all exhibit good device performance
with maximum EQEs over 12.3%.

Qi et al.*® demonstrated a class of efficient AIDF materials
61-65 bearing pyridine-decorated BP as the A moiety and tBuCz/
DMAC/PXZ as the D moieties. The presence of intramolecular
hydrogen bonding can effectively suppress nonradiative decay
and improve the luminescence efficiency of the aggregated
solid-state. Meanwhile, compared with the planar PXZ unit (64
and 65), the steric DMAC group in 61-63 can effectively restrict
the intermolecular - packing.

By replacing ¢(BuCz with a 9-phenyl-9H-carbazole (PCz)
moiety, three unsymmetrical AIDF emitters 66-68 were
synthesized by Tang et al.** As shown in Fig. 6, the PCz moiety
can effectively impede close molecular packing and weaken
intermolecular interactions. Therefore, con