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Aromatic imide/amide-based organic small-
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Organic electroluminescent materials play an important role in improving the optoelectronic
performance of organic light-emitting diodes (OLEDs). Aromatic imide/amide-based organic small-
molecule emitters have caught increasing attention due to their unique properties, such as strong
electron-withdrawing characteristics, rigid structures and high-fluorescence quantum yields. In recent
years, aromatic imide/amide semiconductors have been developed rapidly, but few reviews have been
specially reported on their application in OLEDs. This study classified aromatic imides/amides into
maleimide (MAI), phthalimide (PHI), naphthalimide (NAI), perylenediimide (PDI), and other imide/amide
units according to their chemical structure to summarize the advances of imide/amide-based organic
small-molecule emitters from the perspectives of device performance and molecular design rules over
the past 20 years. The luminescence mechanism was also explored. The findings of this study might
provide a constructive guide towards future exploration and promote the further development of
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innovative imide/amide-based emitters.

1. Introduction

Organic light-emitting diodes (OLEDs) have made significant
progress since Ching Wan Tang and Steven Van Slyke used
tris(8-quinolinolato)aluminium (Alqs) as an emitter to prepare
OLEDs with a brightness of up to 1000 cd m~2 in 1987." OLEDs
are favoured for their high efficiency, lightweight, flexible
bending, fast response, high contrast and bright colours in
display applications.>™ To realize the commercialization of
OLEDs, designing organic electroluminescent materials plays
an important role besides changing the device structure and
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manufacturing process. By tuning their organic molecular
structures, their properties, such as their energy gap, solubility,
electron affinity and stability, can be adjusted to obtain better
device performances.®

n-Conjugated small molecules for organic luminescent
materials are widely used in OLEDs because of their simple
synthesis, well-defined chemical structures, fine-tuning of
energy levels, excellent reproducibility and alternative solution-
based film-forming process.” Notably, aromatic imide/amide-
based molecules as a class of important n-conjugated organic
semiconductors show excellent photothermal and chemical
stability, high-fluorescence quantum yields, rigid structures
and good electron transmission characteristics, and are
thus usually applied in optoelectronics including OLEDs,®
organic field-effect transistors (OFETs),” " and organic solar
cells (OSCs).””'*'® In particular, the OLEDs using aromatic
imide/amide-based as emitters exhibited remarkable
improvement in device performances, which attracts increasing
attention.

So far, reviews have been scarcely reported on the applica-
tion of aromatic imide/amide-based organic small-molecule
emitters in OLED devices. Therefore, the present study aimed
to summarize the luminous characteristics, device perfor-
mances and molecular design rules of imide/amide-based
organic small-molecule emitters. Specifically, they were clas-
sified into five types according to their chemical structure,
including maleimide (MAI), phthalimide (PHI), naphthali-
mide (NAI), perylenediimide (PDI) and other imide/amide
units, to explore the progress of their applications in OLEDs
in detail. The findings of this study might be helpful in
providing some suggestions for the future development of
aromatic imide/amide-based emitters in OLEDs. All the emit-
ters enumerated in this study have already been applied to
fabricate OLED devices.
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2. Luminescence mechanism of
aromatic imide/amide derivatives

The molecular structure and properties determine the lumines-
cence mechanism, and the excited state is a key determinant in
the luminescence process. In general, excited states can be
divided into two types according to the positions of hole and
electron orbitals before and after transition. If the distributions
of electrons and holes before and after the transition are
roughly the same, this is called the locally excited (LE) state.
In contrast, if the electrons and holes are distributed on
different fragments or different molecules before and after
the transition, this is called the charge-transfer (CT) excited
state. Molecules dominated by the LE state generally have the
advantages of high radiative transition rates and photolumi-
nescence efficiency and the unfavourable factor of low exciton
utilization efficiency due to the difficulty of intersystem
crossing.'” In contrast, the CT state makes the electron transi-
tion lack effective orbital coupling and thus the transition
moment is usually small, restricting the photoluminescence
efficiency. However, the exciton binding energy is relatively
weak because the distance between electrons and holes is
relatively large, increasing the possibility of intersystem crossing
to enhance the exciton utilization.

As a particularly important performance parameter of an
OLED device, external quantum efficiency (EQE) is not only
affected by the photoluminescence efficiency in the solid state,
but also affected by the efficiency of production of radiative
transition excitons, charge balance factor and light out-
coupling efficiency. The fluorescence quantum efficiency
of the emitter can reach 100%, and the charge balance factor
may also get close to unity by constructing an appropriate
multilayer device architecture. However, theoretically only 25%
internal quantum efficiency (IQE) can be obtained according to
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the probability of production of singlet excited states in conven-
tional fluorescent materials, so the maximum EQE (EQE,,,) may
reach about 5.5% taking the out-coupling efficiency to be 0.22.”
To break the theoretical upper limit of quantum efficiency, an
effective strategy is to improve the exciton utilization efficiency,
namely, to use triplet excitons as much as possible. The current
commonly used tactics for fluorescent materials are thermally
activated delayed fluorescence (TADF), triplet-triplet annihila-
tion (TTA) and hybridized local and charge-transfer (HLCT).">™"”

The amide and imide are functional groups consisting,
respectively, of one and two acyl groups as the acceptor bound
to nitrogen as the donor. The whole aromatic imide/amide
exhibits strong electron-withdrawing properties because of the
presence of the acyl group. At present, the main core structures
of aromatic imides commonly used in OLEDs are shown in
Fig. 1. The density functional theory (DFT) calculations revealed
that the electron and hole distributions of the representative
aromatic imide/amide are roughly the same before and after
the transition. That is, they are mainly locally excited. MAI
mainly exhibits n-n* transition, but PHI, NAI and PDI begin to
exhibit n-n* transitions as the conjugated length increases. The
reason is that the energy level of the LE (n-n*) state with greater
oscillator strength can be reduced when the conjugated length
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Fig. 1 Chemical structures, optimized frontier orbitals and orbital ener-
gies (eV vs. vacuum) of typical aromatic imides commonly used in OLEDs
by DFT at the B3LYP/6-31G** level.
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increases from MAI to PDI, or can be even lower than that of the
LE (n-n*) state with small oscillator strength, thus increasing
the fluorescence quantum yield.*® Thus, extending the conju-
gated backbone of aromatic imides/amides is an efficient way
to enhance luminescence efficiency.

When constructing a D-A conjugated molecular system with
an aromatic imide/amide as the acceptor, the CT state often
appears. The weak binding energy of CT excitons may cause a
small energy gap (AEsr) between the singlet (S;) and triplet (T,)
excited states. Therefore, low-energy triplet excitons can upcon-
vert to the singlet level by a reverse intersystem crossing (RISC)
process and become fluorescence emission, which can harvest
both singlet and triplet excitons to achieve 100% IQE
theoretically.**°"** Molecules with these properties are called
TADF emitters.>* Furthermore, the weak binding energy of CT
excitons can also lead to small AEgyr in high-lying CT, states.
Meanwhile, LE states exhibit an efficient radiation behaviour
and a large AEsy value. This HLCT emission process can also
theoretically realize 100% exciton utilization, emitting highly
efficient electroluminescence (EL) in OLEDs.>***

Introducing different functional groups into molecular
systems is an effective strategy to tune their molecular electronic
structures so as to improve the luminescence performances of
aromatic imide/amide-based emitters. The structural modifica-
tion can be usually carried out at the nitrogen atom (R,) or the
aromatic core (R,) as shown in Fig. 2. First, nitrogen atoms
reduce the coupling between the aromatic backbone of the imide
and the N-substituent (R;), making the introduction of the
substituent group (R;) have little effect on the electronic proper-
ties of the molecule. The introduction of N-substituents has two
advantages: (1) it alleviates the poor solubility caused by the large
degree of conjugation and (2) it affects the molecular aggregation
behaviour in the solid. Thus, N-substituents (R;) commonly have
large steric hindrance, such as alkyl chains. Second, the intro-
duction of substituents on the aromatic core (R,) affects its
optical and electrical properties. In particular, by increasing fused
aromatic rings and substituting at adjacent positions, such as
1,6,7,12-substituted PDI, the molecular structure is distorted due
to the steric hindrance effect, greatly affecting the conjugation
of molecules to change their electronic structures. Commonly,
conjugated n-systems with a D-n-A or D-A backbone architecture

R, : Large sterically hindered groups

R, : Aromatic hydrocarbon
: Donor
PDI : Linker - Donor

Fig. 2 Typical chemical structure modification of aromatic imide/amide-based emitters.
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are constructed to improve charge balance and device efficiency
by introducing different electron-donating groups into the
aromatic core and using the strong electron-withdrawing charac-
teristics of imides/amides. The conjugated D-n-A or D-A system
was found to tune the bandgap and enhance charge carrier
mobility, and even obtain TADF properties through structural
regulation to enhance the quantum efficiency.

To date, aromatic imides/amides have been extensively used
as the acceptor units of OLED emitters, which is attributed
mainly to (but not limited to) the following important factors.
(a) Strong electron-withdrawing properties are beneficial to the
strong interchain interaction and thus enhance intramolecular
charge transport. (b) The rigid planar structure of an imide/
amide as the electron-withdrawing part in push-pull scaffolds
facilitates the charge separation between the highest-occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). (c) The strong electron-withdrawing power of
the imide/amide group enables molecules to have lower LUMO
levels to facilitate electron injection and stabilize them.
(d) Aromatic imides/amides have excellent photochemical stability
and high-fluorescence quantum yields. (e) Aromatic imides/
amides are well accessible to be modified by associating with
electron-withdrawing or electron-donating substituents to show a
hypsochromic and bathochromic shift, achieving panchromatic
spectra.

3. Application of aromatic imide/
amide emitters in OLEDs
3.1 MAI-based emitters

MAI is the smallest aromatic imide unit with a conjugated
structure as the emitter in OLEDs. Different aryl substituents
can be introduced at C(3) and C(4) to form a series of MAI
derivatives (Fig. 3). In 2003, Chiu et al. prepared MAI-1a, MAI-1b,
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Fig. 3 Chemical structures of MAI-based emitters for OLEDs.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

<) g ,
07Ny 0 CeHis

View Article Online

Materials Chemistry Frontiers

MAI-lc and MAI-1d by incorporating two indole groups.”’
The formation of amorphous phases with high glass-transition
temperatures causes an emission of red light from such com-
pounds in solids, proving that bisindolylmaleimide derivatives
can be used as effective red emitters in OLEDs. Typical devices
configured as ITO/NPB/dye/TPBi/Mg:Ag showed turn-on voltages
(Von) of 2-4 V, maximum luminances (Lpqy) of 1800-2400 cd m >
at about 13 V and EQEs of 0.3-0.5%. The Commission Inter-
nationale de I’Eclairage (CIE) colour coordinates are located
within a range of (0.61-0.63, 0.36-0.38), which is very close to
that of pure red.

Afterwards, Lee and co-workers synthesized six kinds of
asymmetric indolylmaleimide derivatives with different aryl
substituents at the 3,4-positions, namely, MAI-2a, MAI-2b,
MAI-2¢c, MAI-2d, MAI-2e and MAI-2f.?® The spectroscopic pro-
perties of the asymmetric MAI derivatives are consistent with
those of the symmetric ones, and the red emission is a CT from
the indole-maleimide chromophore. The devices based on
MAI-2f performed the best, which exhibited an optimal 1.1%
EQE, along with an L, close to 10 000 cd m 2.

For the functionalization of MAI, a D-n-A structure is
usually formed by introducing electron-donating groups such
as arylamine. In the beginning, Chen’s research group synthe-
sized a non-doped glassy-red emitter (MAI-3) by introducing
two naphthylphenylamino groups.”” A simple trilayer OLED
device with an ITO/MAI-3/BCP/TPBi/Mg:Ag structure was fabri-
cated with CIE colour coordinates of (0.66, 0.32) comparable
with the standard red colour. The device achieved an L, close
to 8000 cd m ™2 and an EQE, of 2.4%. This is the first red non-
doped OLED based on red-emissive molecular materials with
respectable efficiency and brightness. This research group then
conducted an in-depth investigation of the performance of the
non-doped red device.?® In the presence of the hole-blocking
layer BCP, the device emits pure red EL and it is essentially
voltage-independent. The red non-doped device was fabricated
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with an ITO/NPB (5 nm)/MAI-3 (30 nm)/BCP (20 nm)/Alq;
(40 nm)/Mg:Ag structure, showing a high EQE of 1.6%.

In 2015, Jang et al. reported an emitter (MAI-4) in which an
MAI acceptor was connected to a 9,9-dimethylacridan (DMAC)
donor through a diphenyl bridge.>® The absolute photolumi-
nescence quantum yields (PLQYs) of 6 wt% MAI-4:CBP films
were determined to be 42% + 1%. The device structure was
ITO/0-NPD (35 nm)/mCBP (5 nm)/6 wt% MAI-4:mCBP (20 nm)/
TPBi (65 nm)/LiF (0.8 nm)/Al (100 nm), exhibiting an EL
emission at 581 nm and an EQE,,, of 1.4%.

Similarly, in 2016, Sharma et al. reported a highly fluores-
cent material (MAI-5) containing a carbazole donor.>* MAI-5
had a high PLQY of 0.84 in solution, while the PLQY in the film
form decreased obviously because of the strong concentration
quenching of fluorescence in the solid state. A multilayer device
configured as ITO/NPD (40 nm)/10 wt% MAI-5:CBP (15 nm)/
TPBi (40 nm)/LiF (1 nm)/Al was fabricated, which achieved an
EQE of 2.5% with an emission peak at 550 nm in the yellow
region of the visible spectrum. MAI-5 was stable at high current
density and had minimum efficiency roll-off.

In 2018, on the basis of MAI-5, Venkatramaiah et al. replaced
the diphenyl bridge with a phenyl bridge to prepare MAI-6.>"
In comparison with emission spectra in solution, MAI-5
showed red-shifted emission (~ 32 nm) in the solid state, while
MAI-6 exhibited blue-shifted emission (~35 nm and 71 nm).
Meanwhile, MAI-6 showed a unique aggregation-induced
blue-shifted emission due to the restricted intramolecular
rotation process, along with aggregation-induced emission
(AIE) enhancement. The device structure was ITO/NPB
(40 nm)/10 wt% MAI-5 or MAI-6:CBP (15 nm)/TPBi (40 nm)/
LiF (0.7 nm)/Al (100 nm), displaying EQEs of 3.7 and 4.1 with a
maximum current efficiency (CEpa. = 13.8 cd A™") for MAI-5
and MAI-6, respectively. MAI-6 displayed a very low roll-off
efficiency and an Ly, of 73915 cd m>.

Although some MAI-based emitters can display high quantum
efficiency in solution, their device performances are universally
not ideal, especially due to their low EQE. This is mainly due to
their small n-extended imide structural system.

3.2 PHI-based emitters

PHI is the benzene ring fusion on the MAI backbone to increase
the degree of conjugation and realize the regulation of lumi-
nescence properties. Recently published studies®**** showed
that emitters based on PHI were mainly constructed according
to the D-A structure endowed with TADF properties. The
structural design can be tuned by the introduction of substi-
tuents on the nitrogen atom and the benzene ring.

For the decoration on the benzene ring, the 3,4-disubstituted
derivatives were mainly designed (Fig. 4). Similar to the MAI-
based molecule MAI-6, PHI-1 was prepared by introducing a
n-bridged carbazole donor into the benzene ring.*® Using the
same device structure as MAI-6, the device based on PHI-1
showed an L., of 39568 cd m ™2, a CE. of 6.4 cd A~ and an
EQE of 2.6% with bright sky-blue light. The EL performance
of PHI-1 was lower than that of MAI-6, which might be mainly
due to the higher electron injection barrier. In addition, the

1558 | Mater. Chem. Front., 2020, 4,1554-1568
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incomplete separation of electron densities between the HOMO
and LUMO for PHI-1 did not allow it to have a TADF behaviour
because of small torsional angles at both carbazole units and the
PHI moiety.

On the one hand, it is feasible to adjust the donor structure
to obtain TADF properties. By replacing the carbazole donor
with the DMAC donor on the basis of the same D-n-A system
as PHI-1, PHI-2 exhibited obvious green TADF emission.>
Compared with MAI-4 with different acceptors, PHI-2 still
showed a much smaller AEgr of 0.01 eV and a higher PLQY
(50% =+ 1%) in a 6 wt%-PHI-2:mCBP film. The device structure
based on the PHI-2 film was the same as MAI-4, displaying an
EL emission at 530 nm and a respectable EQE of 11.5%.

On the other hand, modifying n-bridged linking could also
fine-tune the molecular electronic structure. For example, the
molecular frameworks of PHI-3a and 3b were constructed by
removing the benzyl linker from PHI-1 and connecting two
carbazole groups directly to the benzene ring of PHI to increase
the torsional angle of the donor substituent.> The effective
separation of HOMO-LUMO electron densities led to small
AEgrs of 0.06 and 0.03 eV for PHI-3a and PHI-3b, respectively,
and a small overlap of the HOMO-LUMO electron densities led
to high PLQYs of 38% and 28% for neat films of PHI-3a and
PHI-3b, respectively. As expected, they displayed good TADF
properties. The fluorescence quantum yields in co-doped films
increased to 72% and 67% for PHI-3a and PHI-3b, respectively.
Multilayer OLEDs with ITO/HAT-CN (10 nm)/TAPC (30 nm)/
mCBP (10 nm)/PHI-3a (8 + 1 wt%) or PHI-3b (5 + 1 wt%):mCBP
(25 nm)/TmPyPB (45 nm)/LiF (0.9 nm)/Al (90 nm) structures
were fabricated. The devices achieved CE,,,, and maximum
power efficiency (PE ) of up to 66.2 cd A~ and 56.2 Im W™ *
for PHI-3a and up to 66.8 cd A~! and 51.2 Im W™ for PHI-3b,
respectively. These two devices based on PHI-3a and PHI-3b
emitted yellow-green EL and exhibited high EQE values of up to
23.3% and 21.1% with CIE colour coordinates of (0.32, 0.55)
and (0.37, 0.56), respectively.

Adopting a similar D-A structure, the additional chiral
group 1,2-diaminocyclohexane was continuously introduced
to prepare PHI-4R and PHI-4S on the basis of PHI-3a in 2018,
endowed with circularly polarized luminescence (CPL) proper-
ties. These materials were the first CP-OLED emitters based on
TADF characteristics.®® The enantiomers were found to have up
to 98% PLQY in co-doped films and a small AEg value of
0.06 eV. Moreover, the TADF enantiomers showed mirror-image
circular dichroism (CD) and CPL activities and opposite
circularly polarized electroluminescence signals with the dis-
symmetry factor (gg;) values of —1.7 x 10 ® and 2.3 x 107,
respectively. The CP-OLED devices had ITO/HAT-CN (10 nm)/
TAPC (25 nm)/TCTA (10 nm)/mCBP (10 nm)/PHI-4R or PHI-4S
(15 wt%):mCBP (20 nm)/TmPyPB (45 nm)/Liq (1 nm)/Al (90 nm)
structures, which achieved high EQE values of up to 19.7% and
19.8% for the two enantiomers, respectively.

Recently, given the donor substitution on the nitrogen atom,
TADF and AIE were integrated to design the compound PHI-5
using carbazole as the donor and PHI as the acceptor.** The
PLQY value of PHI-5 in solids was significantly higher than 20%.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 4 Chemical structures of PHI-based emitters for OLEDs.

The main reason was that the distance between the carbon atom
of the carbonyl group and the nitrogen atom of the carbazole in
PHI-5 was short (3.227 A), resulting in efficient CT through space
caused by n — ©* interaction between the unoccupied orbital of
the carbon atom and the free electron pair of the nitrogen atom.
From the spectra of the films of PHI-5 in mCP, the AEg; was
estimated to be 0.03 eV for PHI-5. The OLED configured as ITO/
MoO; (1 nm)/NPB (20 nm)/TCTA (20 nm)/mCP (10 nm)/PHI-5
(10%, 30 nm)/TSPO1 (10 nm)/TPBi (40 nm)/LiF (0.5 nm)/Al
showed an EQE . of 2.4%, a CEpay Of 6.6 cd A" and a PE,,
of 4.0 Im W .

In addition, Chapran et al. reported five exciplex-forming
materials based on PHI (PHI-6a, PHI-6b, PHI-6¢, PHI-6d and
PHI-6e, Fig. 4), taking advantage of its powerful electron-
withdrawing properties and also by substituting on the nitrogen
atom.>® These PHI-based molecules as electron acceptors were
coupled with mCP, CBP, PVK and TCTA as electron donors to
develop a series of different exciplex systems endowed with
TADF properties, emitting sky-blue, green and red lights.
All PHI derivatives showed high triplet levels around 3.1 eV.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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PHI-3a PHI-3b

PHI-5 PHI-6a

PHI-6d PHI-6e

A para-substituted PHI-benzophenone (PHI-6e) showed the best
exciplex-forming properties in a mixture with mCP, emitting
sky-blue light with a PLQY of 26% and a singlet-triplet energy
splitting of 0.06 £ 0.03 eV. The device structure was ITO/NPB
(20 nm)/TCTA (10 nm)/mCP (5 nm)/mCP:PHI-6e (20 nm)/
TmPyPB (50 nm)/LiF (1 nm)/Al (100 nm), showing an EQE,y
of 2.9% and a brightness of 2500 cd m~> at 12 V.

According to the results of some recent studies, PHI showed
higher EL efficiency than MAI, which could be attributed to the
following: (1) PHI has a higher conjugation degree compared with
MAI and (2) its more rigid structure makes it easier to design TADF
materials by the fine adjustment of its molecular structure.

3.3 NAI-based emitters

1,8-NAI possesses a more m-extended conjugation structure
containing a naphthalene ring, displaying excellent lumines-
cence properties. NAI derivatives are good film-forming lumi-
nophores as EL materials. NAI derivatives are one of the most
commonly reported types of aromatic imide/amide building
blocks so far used as emitters in OLEDs (Fig. 5).
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Fig. 5 Chemical structures of NAl-based emitters for OLEDs.

Their molecular structure design was based mainly on the
architecture of the D-A system because of its more refined
adjustment for molecular electronic characteristics. Among
them, substitution on the nitrogen atom is seldom adopted.
Like NAI-1, similar to PHI-5, the D-n-A structure was formed
by introducing an N-substituted n-bridged carbazole.**
However, the PLQY value of the NAI-1 solid sample was
negligible, much lower than that of PHI-5. This might be
ascribed to inefficient CT through space and a low localized
triplet level.
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Also, Ding et al. synthesized NAI-2a, NAI-2b and NAI-2c by
introducing benzyl-bridged benzothiazole or benzimidazole as the
electron-transporting unit considering the substitution at the N
end.*® The optimal non-doped device structure was ITO/NPB (75 nm)/
NAI-2a (65 nm)/Mg:Ag/Ag (100 nm), emitting green-yellow and green
ELwith an L., 0f 4500 cd m ™2 and a CE,,,, 0f 0.65 cd A", The results
confirmed that the introduction of large sterically hindered groups
on the N atom did not change the molecular conjugation degree and
the emission colour of the original chromophore, but favoured the
formation of a stable amorphous state.
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Even though most studies indicated that N-terminal sub-
stituents exerted little influence on the molecular electronic
structure, Wu et al. recently reported that the introduction of
N-substituents resulted in emission with AIE and TADF proper-
ties. The two D-n-A architecture emitters NAI-3a and 3b were
synthesized with 10-H-phenothiazine or DMAC as the electron
donor, 2,6-dimethylphenyl as the n-bridge, and NAI as the
electron acceptor.’” Due to the steric hindrance of the
n-bridge, NAI-3a and 3b both exhibited a twisted structure to
limit the intermolecular motions in the solid state. Therefore,
they all displayed typical AIE characteristics and red emissions
with high solid-state PLQYs (55% and 39%). In addition, the
twisted structures effectively separated their HOMO-LUMO
electron distributions, thereby achieving smaller AEg; values
(0.05 and 0.13 eV) to realize TADF properties. The device
structure was ITO/PEDOT:PSS (40 nm)/mCP (20 nm)/CBP:
NAI-3a or 3b (15 nm, 12% doping)/TPBi (40 nm)/LiF (1 nm)/Al
(120 nm). The NAI-3b-based device exhibited an orange EL peak
at 570 nm, while the NAI-3a-based device exhibited a red EL
emission at around 635 nm. The EQE,,,s of NAI-3a and 3b
reached 7.13 and 5.38%, respectively. The results demonstrated
that the modification of the nitrogen atom could adjust the
luminescence color and luminescence properties by constructing
a twisted D-m-A structure.

Decorating the naphthalene ring with different donor sub-
stituents may be a general and efficient way to construct a D-A
or D-n-A structure to obtain high luminous efficiency. Com-
monly, only mono-substitution happens at the 4-position due
to the simplicity of the synthesis. Using the D-n-A system,
Xiao et al. reported a starburst orange-red emitter, NAI-4,
that contained triphenylamine as the electron-donating core,
acetylenes as the bridges and NAI electron acceptors as the
pendant branches.?® Devices with a high doping concentration
of PVK were prepared with ITO/PVK:NAI-4 (20 wt%) (70 nm)/
BCP (x nm)/Alg; (30 nm)/LiF (0.5 nm)/Al (100 nm) structures.
They showed Ly, CEmax and CIE coordinates of 6600 cd m™2,
4.57 cd A" and (0.59, 0.40), respectively.

In 2015, Luo et al. prepared standard-red EL materials, NAI-
5a, 5b and 5c¢, using an aromatic amine as the donor, ethylene-
1,2-dicyl as the n-bridge and NAI as the acceptor.*® Introducing
large groups on the N atom can inhibit intermolecular inter-
actions, and large electron-donating groups in the aromatic
region can promote redshift. NAI-5a and 5b showed PLQYs of
0.51 and 0.50 with maximum emission at 669 nm and 672 nm
in dichloromethane, respectively, and NAI-5¢ showed a PLQY of
0.45 with maximum emission at 680 nm in chloroform. The
authors adopted CzPhONI as the host material that could
produce an effective energy transfer process with NAI-5a, 5b
and 5c due to their well-matched energy levels. Guest-host
composite device structures were ITO/MoO; (1 nm)/TCTA
(40 nm)/CzPhONI:NAI-5a, 5b and 5c¢ (x wt%) (20 nm)/TPBi
(45 nm)/LiF (1 nm)/Al (80 nm). With NAI-5c as the guest dopant
(4 wt%), the standard-red OLED device was obtained with CIE
coordinates of (0.67, 0.32), exhibiting EQE,.x and CE,.x of
1.8% and 0.7 cd A", respectively. This report described the first
standard-red OLED device based on NAI derivatives.
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In a D-A system, all molecules are derived from 4-amino NAI
to form amino conjugation, which can result in a redshift of the
spectra. Initially, Gan et al. prepared an NAI derivative (NAI-6)
by introducing the 9-anthryl substituted Schiff base moiety into
the 4-amino group of NAI, emitting orange-red light.”® The
device structure based on NAI-6 as a non-doped emissive layer
was ITO/CuPc (12 nm)/NPB (30 nm)/NAI-6/sodium stearate
(2 nm)/Al (100 nm). The device had an EL peak at 620 nm with
an L. of 15.5 cd A™' and a maximum current density of
2.9 mA cm?®, avoiding the concentration quenching effect of
fluorescence.

In 2018, in the same way, Zeng and his colleagues reported
two orange-red TADF emitters, NAI-7a and NAI-7b, by modi-
fying the naphthalene ring to form a D-A structure.® The two
compounds exhibited similar LUMO levels of ~—3.0 eV, while
the HOMO level of NDI-7b (—5.52 eV) was lower than that of
NAI-7a (—5.41 eV) because the quasi-planar structure of acri-
dine was bent by the highly steric hindrance of the diphenyl
groups. The AEgr values of NAI-7a and NAI-7b were calculated
to be 0.09 eV and 0.17 eV, respectively, which was conducive to
an effective RISC process. In addition, their effects on emitting
dipole orientations were studied, and both exhibited preferen-
tially horizontal emitting dipole orientations in the host to
boost the optical outcoupling efficiencies and consequently
the EQEs of the devices. Notably, NAI-7b was less subject to
concentration quenching and maintained similar PLQYs of
71.8-78.9% with doping concentrations of 1.5 wt% to 24 wt%,
which were much better than those of NAI-7a. Multilayer
OLEDs with ITO/MoO; (2 nm)/TAPC (70 nm)/mCP (10 nm)/
mCPCN:x wt% TADF dopants (20 nm)/3TPYMB (70 nm)/LiF
(0.5 nm)/Al structures were fabricated at an optimal doping
concentration of 1.5 wt% for NAI-7a and 6 wt% for NAI-7b,
respectively. Both devices exhibited a low V,,, of 3.0V, and an
orange-red EL peaking around 597 nm and 584 nm for NAI-7a
and NAI-7b, respectively. The CEpax, PEmax and EQE;.x
based on NAI-7a and NAI-7b were 50.7 cd A™* and 76.2 cd A,
53.1lm W™ " and 79.7 Im W™, and 23.4% and 29.2%, respectively.
The NAI-7b emitter exhibited the state-of-the-art device perfor-
mance for orange-red TADF OLEDs without using any optical
outcoupling technology.

Likewise, in 2019, the same research group prepared NAI-8a
and NAI-8b by incorporating benzofuran and benzothiophene
into the donor unit of NAI-7a and realized the adjustment
of the emission colour from orange-red to pure red.*' NAI-8a
and NAI-8b had almost the same LUMO levels as the model
compound NAI-7a, but they had different HOMO levels, namely
—5.38 eV for NAI-8a, —5.46 eV for NAI-8b and —5.41 eV for
NAI-7a, which might be due to the inductive effect of the
electronegative oxygen atom and the electron-donating effect
of the benzothiophene unit. The AEgy values of NAI-8a and
NAI-8b were 0.07 eV and 0.16 eV, respectively, which facilitated
an efficient RISC process. The device structures of NAI-8a and
NAI-8b were consistent with that of NAI-7a. The maxima of the
EL spectra for the two devices were 641 nm (red) and 590 nm
(orange) with CIE coordinates of (0.62, 0.38) and (0.54, 0.45),
respectively. When using the optimal doping concentration
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(1.5 wt%), the NAI-8a-based device achieved an EQE,ax of 9.2%,
which was much lower than that (20.3%) of the NAI-8b-based
device. The poor device performance of NAI-8a could be
ascribed to its much lower PLQY compared with NAI-8b,
because the sulphur atom as a heavy atom compared with the
oxygen atom might increase the intersystem crossing. Compared
with NAI-7a, NAI-8a and NAI-8b exhibited a less-efficient RISC
process, which might be attributed to the influence of their fused
heterocycle groups. Inspiringly, the introduction of fused hetero-
cycles could regulate the electron-donating ability of donors and
promote the redshift of the emission wavelength, which was
important for the preparation of red and deep-red emitters.
Besides this, both devices suffered from severe efficiency
roll-off because of the dominant triplet-triplet or singlet-triplet
annihilation. Meanwhile, the EQEs of these devices gradually
decreased with the increase in the doping concentration, which
might be because of concentration quenching.

Introducing the AIE effect into a molecular system is one of
the most efficient methods to suppress concentration quenching
and exciton annihilation. For example, two D-A type emitters
NAI-9a and NAI-9b with simultaneous TADF and AIE features were
designed, employing a central NAI acceptor core and arylamine
donor units.** Different from the D-A structure of NAI-9a, NAI-9b
formed a D-m-A structure by inserting the phenyl linker, leading
to a spatially twisted structure and better separation of HOMO
and LUMO electron densities. Thus, the AEg; value of NAI-6b
(0.12 eV) was smaller than that of NAI-9a (0.15 eV). The absolute
PLQY values for the neat films were 26% and 55% for NAI-9a and
NAI-9b, respectively, and both NAI-9a and NAI-9b showed typical
AIE activity. Multilayered OLEDs were fabricated with ITO/HAT-
CN (15 nm)/TAPC (40 nm)/TCTA (5 nm)/x wt%-emitter:CBP
(20 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm) configurations.
The non-doped OLED device based on NAI-9a displayed red
emission with a peak at 628 nm and CIE coordinates of (0.64,
0.35), which were close to the National Television Standards
Committee’s standard red (0.67, 0.33). The doped OLEDs with a
doping concentration of 5 wt% offered EQE s of 4.80% and
7.59% for NAI-9a and NAI-9b, respectively. Notably, NAI-9b
showed lower efficiency roll-off compared with NAI-9a because
of its enhanced RISC process. In particular, in non-doped devices,
the EQE roll-off of NAI-9b was nearly zero.

Introducing chiral groups into the molecular backbone of a
highly efficient emitter is one of the most efficient strategies to
achieve CPL, such as PHI-10R and PHI-10S. Based on the
previously reported NAI-7a with high luminescence performance,
Wang et al. prepared a pair of enantiomers (NAI-10R and NAI-10S)
by linking a chiral group, 1,2-diaminocyclohexane.*® Enantiomers
with a small AEsr of 0.07 eV showed their excellent TADF proper-
ties and stable chiroptical properties. The luminescence dissym-
metry factor (|gium|) was calculated to be 9.2 x 10~*. Moreover,
doped OLEDs based on enantiomers as the emitters were fabri-
cated with optimized device configurations of ITO/HAT-CN
(10 nm)/TAPC (30 nm)/TCTA (5 nm)/CBP (5 nm)/PHI-10R or 10S
(6 Wt%):CBP (25 nm)/TmPyPB (50 nm)/LiF (0.9 nm)/Al (90 nm),
which exhibited an orange-red emission with high EQE;axS
of 12.4% and 12.3% for the two enantiomers, respectively.
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As described earlier, NAI, as a planar rigid acceptor unit,
may be favourable to the separation of the electron densities
between the HOMO and LUMO in the push-pull molecular
system, and has a good triple-state yield.** Therefore, NAI
is extensively used in TADF emitters as an acceptor unit.
In addition, the emission bands of NAI derivatives can be
fine-tuned from blue to red by substitution in the naphthalene
ring or nitrogen atom with diverse electron-withdrawing or
electron-donating groups, indicating that NAI can be used to
realize full-colour emission. In particular, for long-wavelength
emitters, functionalized naphthalimide has been shown to be a
promising orange or red EL material.

3.4 PDI-based emitters

PDI contains two imide units fused with the perylene ring,
which is the most n-extended conjugation structure among the
series of aromatic imide emitters. Therefore, for modification
on the aromatic ring, four substituted positions exist in the bay
area of perylene (1,6,7,12-positions, Fig. 6). PDI shows a very
high-fluorescence quantum yield in solution, which is almost
close to 1, but the solid-state luminescence is not ideal**"*°
mainly because of the severe aggregation-caused quenching
(ACQ) effect of PDI. Research studies based on PDI derivatives
focused mainly on the inhibition of the ACQ effect.*”*®

The common way to limit ACQ is to append large sterically
hindered groups to 1- or 1,7-positions of the perylene core. For
example, Kozma et al. prepared PDI-1a and PDI-1b by introdu-
cing aromatic naphthalene and acenaphthene substituents at
the 1,7-positions, respectively.”” The substituents limited the
intermolecular n-rn interactions in the solid state due to their
highly sterically hindered effects while preserving an extended
conjugation between the substituents and the PDI core, which
reduced the ACQ phenomenon to provide red emission with
high PLQYs of 38% and 23% in the films of PDI-1a and PDI-1b,
respectively. The device structure of PDI-1b with the more
planar acenaphthene substituent was ITO/PEDOT:PSS/PVKc/
PDI-1b/PF-PEG/Ba/Al, which achieved emission in the deep-
red region and an EQE of 0.638%. This method has achieved
the best efficiency of deep-red emission for devices based on
PDI derivatives to date.

In 2018, Zong et al. tried to integrate the AIE effect to hinder
the ACQ phenomenon, but the result was not ideal. They
prepared six PDI derivatives PDI-2a, 2b, 2c, 2d, 2e and 2f by
introducing three different twisted aromatic substituents at the
1- and 1,7-positions, respectively, which realized the adjust-
ment from ACQ to AIE.*® PDI-2e and 2f were AlE-active due to
the introduction of a 4-(2,2-diphenyl-vinyl)-phenyl group. Mean-
while, the six emitters showed red, even deep-red, emission in
their EL spectra. The optimal solution-processed OLED structure
was ITO/PEDOT:PSS (40 nm)/CBP:1 wt% PDI-2 (40 nm)/TmPyPB
(40 nm)/Liq (1 nm)/Al (100 nm). Notably, the EL performance of
AlEgens PDI-2e and 2f was inferior to that of ACQgens PDI-2a, 2b,
2¢ and 2d. This could be ascribed to the highly twisted substi-
tuents in PDI-2e and 2f that might affect the carrier mobility,
resulting in an inferior device performance. The PDI-2c-based
device exhibited the best performance, with an EQE,,.x of 4.93%
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Fig. 6 Chemical structures of PDI-based emitters for OLEDs.

that approached the theoretical limit of 5.0%. It was one of the
best solution-processed among the fluorescent red OLEDs.

Furthermore, heteroatom bay-annulated PDI on the 6,7-
positions is expected to enhance molecular luminescence effi-
ciency. Its unsymmetrical structure may not only improve
molecular solubility but also fine-tune electronic properties.
In 2015, Li et al. designed and synthesized the first BN-fused
polycyclic aromatic hydrocarbons with a highly electron-
deficient aromatic diimide (PDI-3).>" OLEDs configured as
ITO/M0O; (2 nm)/TCTA (80 nm)/CBP:x wt% PDI-3 (20 nm)/TPBi
(40 nm)/LiF (1 nm)/Al (200 nm) were fabricated. When the
doping proportion of PDI-3 in the CBP host was 1%, 5%, 10%,
15% and 100%, the maximum EQE was 1.57%, 1.19%, 1.01%,
0.91% and 0.05%, respectively, and the emission peak was 616,
630, 636, 646, and 682 nm, respectively.

Later on, Gupta et al. synthesized a series of bay-annulated
perylene ester imides PDI-4a, PDI-4b and PDI-4c, only con-
sisting of one imide unit and N, S, Se-fused heterocycles,
respectively.’® The fluorescence quantum yields of these three
PDI derivatives in solution were 0.89, 0.7 and 0.06, respectively.
Using PVK as the host, the devices were found to exhibit dual
emission from both PVK and PDI-4 by partial Forster resonance
energy transfer from PVK to the emissive dopant. Interestingly,
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adopting different electron-transport layers (ETLs) resulted in
various electron injection barriers, thus making it possible to
fine-tune the emission contribution from PVK. Eventually, the
PVK doped PDI-4b and PDI-4c with TPBi as an ETL presented
near-white light emission, which provided a way to achieve
white light emission.

Recently, a red-light emitter (PDI-5) based on an N-annulated
perylenediimide dimer has been proposed by Dayneko et al.>* The
OLED structure fabricated by all-solution processing was glass/
ITO/PEDOT:PSS/PFO:PDI-5/LiF/Ag. When the PFO:PDI-5 ratio
was 2:18, the solution-processed OLED device prepared by slot-
die coating exhibited the best performance with a V,,, of 2.6 V, an
LEmax Of 0.05 cd A~ a PE of 0.03 Im W' and an EQE of 0.06%.
The emission wavelength was 635 nm. In addition, the feasibility
of manufacturing OLEDs on a large scale was proved by roll-roll
compatible coating.

To sum up, three common methods are available to enhance
luminescence performance. The first is to introduce conjugated
groups with large steric hindrance on the imide/amide core.
The second is to couple with the AIE effect. The third is to
incorporate heteroatoms into the extended PDI backbone,
such as boron, nitrogen, and sulphur. Additionally, PDI-based
OLEDs can display pure red EL, and PDI with multisubstituted
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Fig. 7 Chemical structures of other imide/amide-based emitters for OLEDs.

positions can be rendered soluble in a range of both polar and
non-polar solvents. Thus, the PDI chromophore is an excellent
and promising building block to construct new emitters for
solution-processed red OLEDs. However, PDI derivatives nearly
show relatively low OLED device performance, mainly due to
their large conjugated structures, which are inclined to induce
an ACQ process.

3.5 Other aromatic imide/amide-based emitters

Besides the aforementioned series of aromatic imide emitters
for OLEDs, a lot of other types of aromatic imides or amides are
widely applied in other optoelectronic devices. These aromatic
imides or amides may have great potential as building blocks of
emitters in OLEDs. For example, devices based on a class of
amide compounds, diketopyrrolopyrrole (DPP) derivatives, as
acceptors, exhibited excellent performances in OFETs>* and
0SCs.>>*° Data et al. first reported DPP derivatives (OthI-1a, 1b
and 1c, Fig. 7) as emitters applied in OLED devices.®” Three
DPP derivatives achieved high quantum yields in the range of
0.69-0.79. The devices were fabricated with ITO/NPB (40 nm)/
x% OthI-1:TAPC or CBP (30 nm)/TPBi (20 nm)/BCP (20 nm)/LiF
(1 nm)/Al (100 nm) structures. The device efficiency was
improved by ‘“diluting” the DPP compounds in the TAPC or
CBP hosts, and the EQEs could be further increased by manu-
facturing exciplex-enhanced OLED devices, with EQEs higher
than 12% for OthlI-1b, but only 0.2% for pure compounds.
Another amide compound, 7H-benzimidazo[2,1-a]benzo-
[delisoquinolin-7-one, derived from 1,8-NAI, possesses a more
extended conjugated system. Based on this skeleton, Wang
et al. designed one red D-n-A emitter, OthI-2 (Fig. 7), exhibiting
an AIE effect.”® In addition, NAI derivative 4CZTNA was con-
structed as a new host material for the OthI-2 emitter. The
device had an ITO/NPB (30 nm)/CBP (2 nm)/4CzTNA:OthI-2
(6 wt%) (20 nm)/Bphen (40 nm)/Mg:Ag (200 nm) structure, with
an Liax of 6250 cd m™2 and a CE,ay of 3.13 cd A™". The device
efficiency was higher than that of Alq; as the host material,
because of the much better energy transfer efficiency between
4CzTNA and OthI-2. After that, Zhou et al. made adjustments
on the basis of 4CzTNA and prepared another NAI derivative,
CzPhONI, as the host material blended with OthI-2.>° The *nn*
state was low-lying than the *CT state of the host material,
indicating that it had triplet-fusion DF (TFDF) properties.
An orange-red doped device was fabricated with an ITO/MoO;
(10 nm)/NPB (35 nm)/TCTA (10 nm)/OthI-2:CzPhONI (6 wt%,
30 nm)/TPBi (40 nm)/LiF (0.8 nm)/Al structure. The EQEnax
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value was up to 3.59%, which was much higher than its
theoretically limited 25% singlet production (EQEqayx: 2.50%).
Therefore, more highly efficient OLEDs could be achieved
through the molecular design strategy of host materials
coupled with the harvesting method of triplet excitons.
Recently, Huang et al. synthesized the D-A-A compound
OthI-3 with 1,1’-biphenyl-2,2’-dicarboximide (BPI) as the accep-
tor unit and DMAC as the donor unit (Fig. 7).°° BPI, a novel
heptagonal imide acceptor, had a balanced rigidity and rotat-
ability, which restricted the excessive intramolecular rotation to
enhance the radiative transition rate and inhibited intermole-
cular n-n stacking to reduce the aggregation-caused exciton
quenching. The emitter exhibited aggregation-induced delayed
fluorescence (AIDF) characteristics and a high PLQY (95.8%)
of a neat film. The non-doped OLED configured as ITO/TAPC
(25 nm)/TCTA (8 nm)/OthI-3 (35 nm)/TmPyPb (55 nm)/LiF/Al
achieved a further improved EQE,ax Of 24.7%. It is the non-
doped OLED device with the best performance at present.

4. Conclusions

With increased attention, functionalized imide/amide-based
OLEDs have achieved encouraging device performances (Table 1).
Recent studies on aromatic imide/amide-based emitters of
organic small molecules have shown that they exhibited great
potential in OLEDs, specifically manifesting in four main
aspects. First, the diversity of substitution on an aromatic
imide or amide skeleton enabled its structure to be variable,
which could be used to fine-tune its molecular interactions,
electronic properties and film-forming morphology. The most
universal and feasible strategy was to construct a D-A/D-n-A
system by appending the donor to the aryl ring and attaching
the large steric group to the nitrogen atom. Second, aromatic
imides/amides with a moderate conjugation core, such as NAI,
BPI and PHI, could display excellent luminescence charac-
teristics. A small conjugation core, such as MAI, could decrease
the radiative transition rate to reduce the fluorescence intensity,
while a large conjugation core, such as PDI, could enhance
intermolecular n—m interactions to induce ACQ. Third, aromatic
imide/amide-based emitters had excellent advantages acting as
orange-red and red luminescent materials. The EQEs based on
NAI derivative emitters exceeded 20% with a red emission, and
the highest EQE was up to 29.2% with an orange-red emission.
Finally, non-doped OLEDs based on an imide emitter achieved a
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Table 1 Photoluminescence and electroluminescence characteristics of representative imide/amide-functionalized organic small-molecule emitters

Emitter Jmax (Nm) PLQY (%) Von (V) E(cdA™) E(ImW ")  EQE (%) CIE (x,) AEsy (eV)  Ref.
MAI-1a 627-650" — 3.0¢ — — 0.29¢ (0.61,0.38)  — 25
MAI-1b 627-650" — 3.9¢ — — 0.307 (0.62,037)  — 25
MAI-1c 627-650" — 3.67 — — 0.35¢ (0.63,0.36)7 — 25
MAI-1d 627-650° — 2.0 — — 0.54 (0.61, 0.38) — 25
MAI-2a 630" 2.9 6.5 0.80 0.16 0.68 (0.40, 0.29) — 26
MAI-2b 634° 4.9 4.5 0.87 0.24 0.6 — — 26
MAI-2¢ 620° 7.5¢ 1.11 1.11 0.31 0.67 (0.65, 0.34) — 26
MAI-2d 627° 6.8° 4.5 1.05 0.30 0.72 — — 26
MAI-2¢ 617° 2.1¢ 4.5 0.83 0.29 0.54 — — 26
MAI-2f 634° 23.1° 4.0 1.09 0.30 1.08 (0.59, 0.41) — 26
MATI-3 683%/651” 21¢ — 1.5 0.9 2.4 (0.66, 0.32) — 27
MAI-3 — — 7.5 — — 1.6 (0.67, 0.33) — 28
MAI-4 559° 42° — — — 1.4 — — 29
MAI-5 548”/5801; 84°/26” 5.0 3.14 1.78 2.5 (0.17, 0.57) 0.8 30
MAI-6 626%/591 429/66° 5.85 13.8 — 41 (0.44, 0.51) — 31
PHI-1 5487/481” 787/70° 5.81 6.4 — 2.6 (0.21, 0.36) — 28
PHI-2 517° 50° — — — 11.5 — 0.01 29
PHI-3a 555%/530°/530°  12.7%/38°/84.1° 3.8 66.2 56.2 23.3 (0.32, 0.55) 0.06 32
PHI-3b 533%/545°/547°  24.9%/28°/69.5° 4.0 66.8 51.2 21.1 (0.37, 0.56) 0.03 32
PHI-4R 5159/533%/528°  18.09/41%/79.8° 3.4 59.0 53.0 19.7 — 0.06 33
PHI-4S 515%/533%/528°  18.0%/41%/79.8° 3.4 59.4 52.9 19.8 — 0.06 33
PHI-5 517%/514" 1%/20” 4.9 6.6 4.0 2.4 (0.23, 0.41) 0.03 34
PHI-6e 497° 26° 5.0 4.9 2.2 2.9 (0.24, 0.41) 0.06 35
NAI-2a 521° 80° 104 0.654 0.124 — (0.43,053) — 36
NAI-2b 5187 77° 74 0.94¢ 0.26° — (0.37,0.57)7  — 36
NAI-2¢ 512° 54° 67 0.56 0.124 — (0.38,0.57)7  — 36
NAI-3a 624> 557 6.0 16.8 9.3 7.13 (0.59, 0.40) 0.05 37
NAI-3b 595° 39° 5.0 12.4 5.2 5.38 (0.37, 0.42) 0.13 37
NAI-4 — — 6.5 4.57 — — (0.59, 0.40) — 38
NAI-5a 634°/678°/622°  62%/1%/29° — — — — — — 39
NAI-5b 637°/673%/612°  647/2/38° — — — — — — 39
NAI-5¢ 680%/703°/655°  45%/1%/21° 3.1 0.7 — 1.8 (o 67, 0.32) — 39
NAI-6 565%/661” 14° 144 — — — — 40
NAI-7a 597¢ 59.9° 3.0 50.7 53.1 23.4 (0 52, 0.47) 0.09 8
NAI-7b 584° 78.9° 3.0 76.2 79.7 29.2 (0.56, 0.44) 0.17 8
NAI-8a 650° 39° 4.0 9.6 7.3 9.2 (0.62, 0.38) 0.07 41
NAI-8b 600° 73° 3.0 49.2 51.4 20.3 (0.54, 0.45) 0.16 41
NAI-9a 588%/636°/593°  26°/62° 3.3 14.69 10.98 4.80 (0.49, 0.49) 0.15 42
NAI-9b 5929/538°/555°  55%/87° 3.4 27.95 20.97 7.59 (0 34, 0.59) 0.12 42
NAI-IOR  597° 39.9° 3.4 28.5 28.0 12.4 0.07 43
NAI-10S  597° 39.9° 3.4 28.8 26.6 12.3 — 0.07 43
PDI-1a 620/640” 987/38” 4 0.065 0.017 0.238 (0.66, 0.33) — 49
PDI-1b 6724/690” 54%/23° 4 0.0375 0.014 0.638 (0.69, 0.29) — 49
PDI-2c 606/649” 34.2° 7.5 5.85 2.04 4.93 (0.56, 0.34) — 50
PDI-3 540 — 3.5 — — 1.57 — — 51
PDI-4a 615/626” 89° 3.68 — — — (0.56, 0.42) — 52
PDI-4b 579°/617” 70¢ 3.94 — — — (0.36, 0.33) — 52
PDI-4c 577;/6151’ 6 4.29 — — — (0.37, 0.31) — 52
PDI-5 650/646° 11.5%/8.7° 2.6 0.05 0.03 0.06 (0.67, 0.32) — 53
OthI-1a 460° 744 — — — 11.1 — — 57
OthI-1b 545° 79° 2.9 — — 12.1 — — 57
OthI-2 664°/604° 0.590.33%/61.4° 4.1 3.13 2.40 — (0.60, 0.40) — 58
OthI-2 — 50° — 7.2 — 3.59 — — 59
OthI-3 5179/510° 16.2%/95.8 — — 59.7¢ 24.74 (0.24,0.49)  0.02 60

% Measured in solution.

breakthrough performance with the highest EQE of 24.7%,
demonstrating application prospects for this type of aromatic
imide/amide.

So far, the application of functionalized imides/amides in
OLEDs has been scarcely reported, and the related research
still faces some problems to be urgently solved, such as the
fluorescence quenching caused by n-n stacking, unsatisfactory
EQEs, solution processability and efficiency roll-off. To tackle
these issues, the following strategies for molecular structure
design would be worth trying.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

b Measured in a neat film. ¢ Measured in a co-doped film. ¢ Non-doped device.

(a) various methods can be used to increase the singlet
exciton-formation ratio or triplet harvesting, such as TTA,
TADF, HLCT and TFDF, to efficiently increase exciton use.
The current research studies focused mainly on the combi-
nation with TADF to enhance luminescence efficiency.
However, TADF materials still suffer from serious efficiency
roll-off and instability. Thus, other methods such as TTA,
HLCT and TFDF with the adjustment and optimization of
molecular structure could be expected to boost the device
performance.
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(b) Phosphorescence properties may also be used for harves-
ting triplet excitons. Recent studies have shown that functiona-
lized aromatic imides/amides can exhibit room-temperature
phosphorescence by heavy atom substitution® or charge-transfer
states,> and even exhibit transient and persistent mechano-
luminescence at room temperature simultaneously which may
be used to develop innovative applications in OLEDs.®!

(c) Combined with the AIE or AIDF effect, the PLQYs and
EQEs of aromatic imide/amide-based emitters could be greatly
improved to suppress the ACQ phenomenon. Nevertheless, the
reported results were not ideal, which should be adjusted further
by modifying more suitable groups to balance the conjugation
degree and twisted configuration.

(d) Lots of aromatic imide/amide optoelectronic materials
are undeveloped as emitters in OLEDs, such as naphthalene
diimide,®*  thieno[3,4-c]pyrrole-4,6-dione,’*®*  bithiophene
imide (BTI),*>®® and isoindigo.®”®® BTI has the same hepta-
gonal imide structure as BPI, thus serving as a promising
building block of emitters. Additionally, novel aromatic
imide/amide systems have to be designed and synthesized to
improve luminescence efficiency.

In general, the findings suggest that functionalized imide
and amide emitters can exhibit excellent luminescence perfor-
mances when used in OLEDs by common efforts of organic
synthesis chemists and materials scientists.
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