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Feasible structure-modification strategy for
inhibiting aggregation-caused quenching effect
and constructing exciton conversion channels in
acridone-based emitters†

Qing Wan,‡a Bing Zhang,‡a Jialin Tong,b Yin Li,a Haozhong Wu,a Han Zhang, a

Zhiming Wang, *ab Yuyu Pan *b and Ben Zhong Tang *ac

Acridone (ADO) is an anthracene-based derivative that plays an important role in the construction of

organic light-emitting diode emitters. However, ADO suffers from an aggregation-caused quenching

(ACQ) effect because of its strong intermolecular stacking and tendency to form excimers. In this work,

we appended some electron-donating moieties with different rotors and substitution patterns on ADO

to prepare six ADO-based derivatives. In addition, a benzonitrile group was introduced onto the nitrogen

atom of the ADO unit to fabricate a high-energy charge-transfer (CT) state that formed a reverse

intersystem crossing (RISC) channel. Systematic spectral measurements revealed that the rotors

effectively suppressed the ACQ effect. In addition, aggregation-enhanced emission (AEE) was observed

for the ADO derivatives modified with triphenylamine (TPA) because of the existence of multiple rotors

and propeller-like conformation in TPA block. Theoretical calculations and the performance of

electroluminescent devices containing the derivatives confirmed that the exciton conversion channel

was constructed at the high-energy level and activated during device operation. Although the

performance of these ADO-based derivatives was not ideal in terms of efficiency, the results confirmed

the feasibility of this structure modification strategy to simultaneously inhibit the ACQ effect and

construct excitons conversion channels.

Introduction

Organic light-emitting diodes (OLEDs) are receiving increasing
attention because of their various advantages, including their
high-quality colour, low cost, light weight, and flexibility.1–9

The two major parameters for chemical structure optimisation

of OLED emitters are the photoluminescence quantum yield
(PLQY) in the aggregated state and the exciton utilisation efficiency
(EUE) in the electroluminescence (EL) process. Simultaneous
improvement of both the PLQY and EUE is the optimal strategy
to realise high-performance OLED emitters.10,11

Numerous traditional organic fluorophores have been fabri-
cated with an aromatic structure, such that their rigid structure
usually results in strong intermolecular interaction in aggregates.
In addition, the aggregation-caused quenching (ACQ) effect is
activated when these materials are employed as emitters, leading
to a decrease in the PLQY compared with their emission in the
unimolecular state.12 A novel concept called aggregation-induced
emission (AIE) was developed by our group, and many new AIE
cores and their derivatives can effectively resolve the issues arising
from the ACQ effect, resulting in significant improvements of the
efficiencies of these AIE luminogens (AIEgens) in OLEDs.13–17

In terms of the EUE, limited by spin statistics, most of the
excitons in common organic emitters would relax their excited
energy via a non-radiative transition channel because of the
formation of triplet excitons;18,19 therefore, the enhancement of
the reverse intersystem crossing (RISC) process from triplet
excitons to singlet ones has served as a feasible strategy.20–23
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Different types of RISC mechanisms have been explored in
recent decades, such as thermally activated delayed fluorescence
(TADF),24–29 triplet–triplet annihilation (TTA),30–33 and hybridized
local and charge transfer (HLCT) excited states.5,34–39 Although some
reported AIEgens have displayed RISC channels in EL applications
when used as emitting layer materials,40–42 determining how to
transform the existing ACQ-based emitters into AIE ones or
inhibiting their ACQ effect and creating effective RISC channels
is of great significance as most commercial luminescent materials
suffer from the ACQ effect. Therefore, the development of feasible
strategies to promote both AIE and RISC processes and further
examination of structure–property relationships would enable
further expansion of OLED materials.43

Anthracene-based materials are important OLED emitters;44–52

however, they generally possess planar conformations and tend to
aggregate, leading to strong intermolecular stacking or the for-
mation of excimers, such that it is difficult to estimate and control
the emission of these emitters in electroluminescent processes.
Acridone (ADO) is a useful anthracene-like derivative; however, it
must be modified to overcome these shortcomings when used as
an emissive core. The emission properties of ADO can be improved
by modification, such as by including various substituents on the
nitrogen atom or aryl skeleton.48–53 However, there remains a lack
of systematic investigation on ADO modification to improve PLQYs
in aggregates and EUEs in OLEDs.

Herein, a benzonitrile group is introduced on the nitrogen
atom in six new ADO-based compounds, as illustrated in
Scheme 1, which is beneficial for the fabrication of a high-energy
charge-transfer (CT) state to form RISC channels, as reported in our
previous work.54 Some electron-donating moieties with different
rotors are linked to the ADO aryl skeleton (2,7-positions) with various
patterns and symmetric/asymmetric modes. These substituents are

useful for inhibiting the ACQ effect or inducing AIE character. The
spectra of the six ADO-based derivatives in solution and film were
compared, with obvious AEE properties observed when multiple
rotors were inserted in the TPA-modified ADOs. The hybrid excited-
state characteristics of these derivatives were confirmed by
systematic solvation experiments. Both the theoretical analysis
and EL performance indicate that the high-energy CT state acts
as an effective exciton conversion channel that is activated
during device operation. The EUE of most of the devices with
the ADO derivatives exceeded the limit of common chromo-
phores (25%). The transformation from common ACQ-based
molecules to AIEgens with improved EUEs was realized by
inserting both an AIE-active group and N-linked benzonitrile group
into ADO. This strategy is attractive for developing high-efficiency
OLED emitters based on existing ACQ-based materials.

Results and discussion
Design and synthesis

The six ADO derivatives were prepared using typical Ullmann
and Suzuki coupling reactions, as shown in Scheme S1 (ESI†).
The ADO block was used as a planar emissive core that was
directly connected to the benzonitrile group via the N atom in
ADO (ADO-CN). According to our previous report,55 the linking
mode not only reduced the electron withdrawing ability of the
carbonyl group and weakened the CT state in the ADO frame-
work (preventing the strong CT state from inducing a decrease
in the luminous efficiency) but also formed a high-energy CT
state to serve as RISC channels.46 After bromination using
N-bromosuccinimide as a reagent, the electron-donating moieties
carbazole (Cz), p-carbazole (p-Cz), and triphenylamine (TPA) were
coupled with the ADO-CN core. These donor substituents should
increase the number of electrons involved in the transition
process and increase the compound luminous efficiency. In
addition, the donor groups have different numbers of phenyl
groups as rotors with different degrees of freedom, which could
effectively inhibit intermolecular interaction in aggregation and
maintain or improve the efficiency in the solid state.56 The six
ADO derivatives possessed one or two arms depending on the
number of donor substituents and were named CADO, pCADO,
TADO, DCADO, DpCADO, and DTADO, as shown in Scheme 1.
Each compound was characterised using 1H and 13C NMR
spectroscopy and time-of-flight mass spectrometry. The experi-
mental details are presented in the ESI,† (Fig. S1–S6).

Thermal and electrochemical properties

The thermal stability of the ADO derivatives was evaluated using
thermogravimetric analysis under a N2 atmosphere. As illustrated
in Fig. 1A, all the compounds exhibited high thermal decom-
position temperatures (Td, 95% weight loss) of over 390 1C,
implying that they were stable enough for thermal evaporation
and OLED fabrication. The two-armed ADO derivatives exhibited
higher Td than the one-armed ones because of their higher
molecular weights. In addition, the Cz-based derivatives exhibited
higher Td than the TPA-linked ones because of their more

Scheme 1 Chemical structures of CADO, pCADO, TADO, DCADO,
DpCADO, and DTADO.
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rigid structures.57 Cyclic voltammetry (CV) was performed to
investigate the electronic structures of the ADO derivatives.
Fig. 1B reveals that the onset of oxidation and reduction
potentials were similar for all the compounds, indicating that
the compounds possessed similar highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels. The HOMO levels of the fluorophores
ranged from �5.30 to �5.75 eV, and their LUMO levels ranged
from �2.50 to �2.67 eV. Their corresponding energy bandgaps
were 2.67–3.08 eV (Table 1).

Photophysical properties

To evaluate the ground-state and excited-state properties of the
compounds at the single-molecule level, ultraviolet-visible
(UV-vis) absorption and fluorescence spectra of the ADO derivatives
were measured in solution. As observed in Fig. 2A, the ADO
derivatives displayed two main absorption bands in THF solution
(10�5 M). The intense peaks at 300 to 360 nm originated from
transitions of the main conjugated skeleton, and the weaker peak at
380–410 nm was attributed to CT transitions. Because of the special
hybrid form of the centre N atom in the donor group, as shown in
Scheme 1 and Fig. S7 (ESI†), the electron-donating ability of the
substituents increased gradually from Cz to p-Cz to TPA, implying
the different optical behaviours caused by the difference in the
electron delocalization degrees might be observed in these D–A
systems with various patterns. For the one-armed ADO derivatives,
an obvious red shift of the main absorption band was observed
from CADO to pCADO to TADO. In addition, the fine splitting of the
CT transition band observed for CADO was lost in TADO because of
the increased flexibility and more complex vibrational energy-level

distribution of the TPA group than those of Cz. Similar behaviour
was observed for the two-armed ADO derivatives. The absorption
bands of the two-armed derivatives were red-shifted with respect to
those of the one-armed ones because of their extended conjugation,
which increased electron delocalisation, and enhanced donating/
withdrawing electron effects after inserting the extra p-system, as
shown in Table 1. The PL spectra of the ADO derivatives also
revealed that the electron-donating abilities of the Cz and p-Cz
groups were weaker than that of TPA because the compounds
with TPA emitted at longer wavelength than those with other
groups (Fig. 2B).

To determine the differences caused by the donating group
change and connecting pattern, solvatochromic experiments in
various organic solvents with different polarity were conducted.
The absorption peaks of the ADO derivatives barely changed
with increasing solvent polarity (Fig. S8, ESI†), suggesting that
their ground states were insensitive to the solvent polarity. In
contrast, remarkable red shifts of the emission peaks were
observed in the PL spectra with increasing polarity of the
solvent (Fig. 3A, B and Fig. S9, ESI†). For the one-armed ADO
derivatives, the emission red shift of TADO was 64 nm upon
progressing from toluene (low polarity) to dimethyl formamide
(DMF, high polarity), which is larger than the 6 nm shift for
CADO and 46 nm shift for pCADO (Tables S1–S6, ESI†). This
trend is consistent with the different electron-donating abilities
of the compounds. A similar trend was observed for the two-
armed ADO derivatives. The emission red shift value of DTADO
upon changing the solvent from toluene to DMF was 77 nm
(Fig. 3A and B). Moreover, the red shift was larger for DTADO
than for TADO, implying that the excited states of the two-

Fig. 1 (A) Thermograms of ADO-based fluorogens recorded under nitrogen
at a heating rate of 10 1C min�1. (B) CV curves of ADO-based fluorogens.

Table 1 Optical, thermal, and electronic properties of ADO-based fluorogens

Compound

labs (nm) lem (nm) PLQYb (%) t (ns)

Td (1C) HOMO/LUMOc (eV) Eg (eV)Soln Soln Filma Soln Filma Soln Filma

CADO 323/380/398 417 439 7.8 8.8 1.58 3.18 392 �5.44/�2.67 2.77
pCADO 303/388/402 438 493 12.8 10.0 3.16 3.59 405 �5.60/�2.62 2.98
TADO 343/399 482 497 16.8 22.0 4.90 6.96 418 �5.38/�2.66 2.72
DCADO 341/389/408 427 475 7.4 8.6 1.71 3.73 504 �5.57/�2.67 2.90
DpCADO 330/402/418 445 506 11.1 9.8 3.24 3.09 513 �5.58/�2.50 3.08
DTADO 356/399 493 516 13.9 16.7 4.76 5.72 460 �5.30/�2.63 2.94

a Vacuum-deposited neat films. b Absolute fluorescence quantum yield determined by a calibrated integrating sphere. c Determined by cyclic
voltammetry.

Fig. 2 (A) UV-vis spectra and (B) photoluminescence spectra of
ADO-based fluorogens in THF solution (concentration: 10�5 M).
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armed ADO derivatives have more CT components than those
of the one-armed compounds, which would lower the emission
efficiency. The fluorescent quantum efficiencies of the ADO
derivatives, as shown in Table 1, confirm this phenomenon.

To obtain a more in-depth understanding of the change in
the excited states of the ADO derivatives with increasing solvent
polarity, the Lippert–Mataga model was used to evaluate the
dipole moment of the excited state (me).58 The linear relation
between the Stokes shift (va � vf) and solvent polarisability
f (e,n) was determined for DTADO and TADO (Fig. 3C and D).
Two different linear sections were observed in the low- and
high-polarity regions. As a result, the me values of DTADO and
TADO were estimated to be 13.02 and 5.37 D, respectively, in
the low-polarity solvents and increased to 24.01 and 21.24 D,
respectively, in the high-polarity solvents. According to HLCT
theory, the CT-dominant emission plays a major role in the
radiative transition process when me 4 20 D as this value is very
close to that of a typical CT molecule 4-(dimethylamino)benzo-
nitrile (DMABN) (me = 23 D). When me o 10, the locally excited
component has a large contribution on the radiative decay.59 In
other words, the value of me is higher and the proportion of the
CT component is greater in emission. Analysis of the calculated
data revealed that all the ADO derivatives exhibited HLCT
characters (LE-dominant emission in the low-polarity solvents
and CT-dominant emission in the high-polarity solvents), and
the CT component in DTADO was higher than that in TADO in
various solvents, which is consistent with our description above.

PL spectra of the films of the ADO derivatives were collected
to examine the inhibition of the ACQ effect in aggregates. As
observed in Fig. 4, the emission peaks of the films were red
shifted compared with those in THF and lost their fine splitting,
which is very common for donor–acceptor materials because
of bond-angle planarization and intermolecular interactions

in aggregation.60 In fact, this process was confirmed by comparison
of our systems. Because Cz and p-Cz groups have more planar
conformations than a TPA unit, the red shift caused by inter-
molecular/intramolecular interactions was larger for the former
than for the latter (22 and 48 nm for Cz ADO derivatives, 55 and
61 nm for p-Cz ADO derivatives, and 15 and 23 nm for TPA ADO
derivatives). Because of the increasing electron-donating ability
from Cz to TPA, the TPA-modified ADO derivatives displayed
redder emission than those of the Cz- and p-Cz-based com-
pounds. In addition, the two-armed ADO derivatives exhibited
redder fluorescence than the corresponding one-armed ones.
The fluorescence quantum efficiencies (jF) of these ADO films
were as expected. When more rotors were introduced onto the
ACQ core, the jF values of the six ADOs did not significantly
decline; instead, an increase in jF was observed for the Cz- and
TPA-modified ADO derivatives (AEE characters), confirming the
feasibility of our strategy. In fact, the derivatives displayed a
synergistic effect. On one hand, the spatial conformation of the
rotors could effectively inhibit the interaction between mole-
cules and suppress the dipole effect of CT-type molecules, which
is conducive to improving the luminescence efficiency under
the premise of limiting the excessive red-shift of emission
colour. On the other hand, the abundant electrons of the rotors
could also effectively increase the electron density available for
transitions, thereby increasing jF. Therefore, the donor-type
rotors played the important role of inhibiting the ACQ effect in
this molecular design.

On the basis of the above analysis and the efficiency changes
upon moving from solution to film, the aggregation process of
the ADO derivatives was considered. In addition, the PL spectra
of the compounds in THF/water mixtures with different water
fractions ( fw) were measured. The PL decreased in intensity
and red-shifted in wavelength with increasing fw for the Cz- and
p-Cz-modified ADO derivatives (Fig. S10, ESI†), which was
similar to their behaviour in films. Both of these phenomena
can be attributed to the strong dipole–dipole interactions of the
molecules in the condensed phase, as described above. For the
TPA-based compounds, their intermolecular interactions in
the aggregated state decreased to some extent compared with those
in solution because of the propeller-like spatial conformation of TPA
(Fig. 5). When fw o 40%, the TPA-containing derivatives underwent

Fig. 3 PL spectra of (A) DTADO and (B) TADO fluorogens in solvents with
different polarity. Linear fitting of the Lippert–Mataga model for (C) DTADO
and (D) TADO (solution concentration of 10�5 M; THF and DCM are
tetrahydrofuran and dichloromethane, respectively).

Fig. 4 PL spectra of ADO-based fluorogens in neat films prepared by
evaporation (60 nm).
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twisted intramolecular charge transfer (TICT) because of the strong
electron-donating ability of the TPA moiety, and the intensity
decreased. When fw 4 40%, the aggregates formed, and the PL
intensities of the TPA derivatives were obviously enhanced relative
to those in fw = 10% solution, clearly demonstrating their prominent
AEE properties. In addition, the spectra of the TPA-modified ADO
derivatives exhibited observable blue shifts and narrowing with
increasing fw, which were consistent with the characteristic of
restricted intermolecular rotation (RIR), implying that the rotation
restriction of rotators strongly contributed to the AIE process.61

In fact, the rotors in the Cz- and p-Cz modified ADO derivatives
also played a role in inhibiting ACQ, and the upward curves in
Fig. S10C and F (ESI†) confirm that this process was activated
when fw 4 90%.

To obtain a more in-depth understanding of the PL properties
of the ADO derivatives, the transient PL decay behaviour of these
fluorophores in THF solution and films was evaluated. The ADO
derivatives possessed short fluorescent lifetimes ranging from
1.58 to 4.90 ns in THF solution and longer lifetimes (3.09–6.96 ns)
in the films (Fig. S11, ESI†). In addition, low-temperature phos-
phorescence spectra of the ADO derivatives were obtained, and
the energy gaps between S1 and T1 (DEst) calculated from the
obtained data were in the range of 0.38–0.59 eV (Fig. S12, ESI†).
Such short luminescent lifetimes and large DEst values indicate
that it was difficult to complete the RISC process by TADF.

Time-dependent density functional theory calculations

To obtain insight into their electron structure, the energy level
distribution and natural transition orbitals (NTOs) of S1–S10

and T1–T10 were calculated based on time-dependent density
functional theory (TD-DFT) at the B3LYP/6-31G(d,p) level, and
the calculation results are presented in Tables S7–S18 and
Fig. S13 (ESI†). The introduction of the strong acceptor benzo-
nitrile onto the nitrogen atom provided a high-energy CT state,
which resulted in the HLCT characteristics and high-energy
RISC channels in the compounds. Here, we describe the RISC
process for TADO as an example. S1 and T1 exhibited an HLCT
transition from holes to particles, as shown in Fig. 6. The DEst

between S1 and T1 was 0.77 eV according to the theoretical
calculation and approximately 0.58 eV based on the experimental
data (Fig. S13E, ESI†), which is not favourable for the RISC

process from T1 to S1 by TADF. However, the energy of S2

(3.75 eV) is theoretically close to T7 (3.75 eV), suggesting a
possible route for an RISC process. In addition, both NTOs of S2

and T7 possess CT transition character, which generally induces
a weak exciton binding energy. All of these (small energy gap
and identical CT distribution) would be benefited to activating
RISC channel to obtain higher EUEs when OLED operated.
Similar features were also observed for the other compounds:
e.g., T6 - S2 for p-CADO and T8 - S3 for CADO and DCADO,
implying these molecules might have higher EUEs in OLEDs. In
fact, it is difficult to achieve 100% EUE even if the path involving
T7 - S2 is very efficient, mainly because the probability of T7

formation in the EL process is not very high. If T7 was replaced
by T2, then the RISC process would become more valuable,
especially for the T2–S2 and T2–S1 transitions. This is an ideal
aims for the further structure optimization.

Undoped OLEDs

The high thermal stability and acceptable PLQYs in the films of
the ADO derivatives enabled undoped OLEDs to be fabricated
using these compounds as emitting layers. Considering the
different locations and distributions of the energy levels of the
ADO derivatives, a general device configuration of ITO/NPB
(60 nm)/X (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (X = DCADO,
DpCADO, DTADO, or TADO) was used. In addition, blue-emitting

Fig. 5 (A) PL spectra of TADO in THF/water mixtures with different water
fractions fw (Inset: fluorescent images of solutions with fw = 10% and 90%).
(B) Plots of I/I0 versus water fractions in THF/water mixtures, where I0 is
the PL intensity in THF solution (concentration: 10�5 M).

Fig. 6 Calculated energy levels and NTO distributions of S1, S2 and T1 to T7

for TADO.

Fig. 7 (A) EQE versus luminance curves of the undoped OLEDs with ADO
derivatives as emitters. (B) Current density–voltage–luminance (J–V–L)
characteristics.
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devices with the structure ITO/HATCN (5 nm)/NPB (40 nm)/Y
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (Y = CADO and pCADO) were
fabricated. In these devices, N,N0-bis-(1-naphthalenyl)-N,N0-bis-
phenyl-(1,10-biphenyl)-4,40-diamine (NPB) and hexaazatriphenyl-
enehexacabonitrile (HATCN) were used as a hole-transporting
layer or exciton-blocking layer, 2-[3,5-bis(1-phenylbenzimidazol-2-
yl)phenyl]-1-phenylbenzimidazole (TPBi) served as an electron-
transporting and hole-blocking layer, and LiF/Al was used as an
interface modification layer and electrode. The device perfor-
mance is shown in Fig. 7 and summarised in Table 2.

The EL spectra of these ADO derivatives contained sky blue
and blue-green emission peaks in the range of 454–516 nm. The
EL spectra were similar to the corresponding PL spectra of the
films, suggesting that the peripheral substituents (N-benzo-
nitrile group and donors) inhibited the intermolecular inter-
actions of the anthracene-based molecules in the applied
electric field (Fig. S14, ESI†). The ADO-derivative-based devices
exhibited low driving voltages and acceptable performance, as
shown in Table 2, and their calculated EQEs ranged from 0.58%
to 1.36%. Notability, according to the formula of EQE = (g �
Zr� jPL)� Zout. Here, g is the excitons recombination efficiency,
usually served as 100%; jPL is the fluorescent quantum yield of
emitters in neat film; Zout represents for the light out-coupling
efficiency, regarded as 20% for the ITO glass substrate. The
EUEs of these devices were calculated about 26–51%, which is
higher than the limit of 25% for radiative excitons of conventional
fluorescent emitters, demonstrating that the RISC process was
utilised in OLED operation. Although the enhancement of EUE
was very limited, it is consistent with theoretical predictions in RISC.
Regrettably, the nondoped devices show undesirable device perfor-
mance with lower EQEs, which was due to their lower PLQY in the
film. Therefore, the further improving photoluminescence efficiency
of emitters is a key point of breakthrough in the next work.

Conclusions

Six ADO derivatives were prepared by appending different
donors with various substitution patterns and benzonitrile groups
on the ADO core. Because of the different electron-donating
abilities and rotor numbers of the Cz, p-Cz, and TPA groups, the
ADO derivatives exhibited remarkably different optical behaviour
in systematic spectral measurements. TPA behaved as a stronger
donor unit than Cz and p-Cz, and its two ADO-based derivatives
exhibited redder emission than those of Cz- and p-Cz-modified

ADO. Compared with the one-armed ADO derivatives, the two-
armed ones contained stronger CT components in their emission
signals, and their PL peak locations were red shifted in both
solution and film. Because of the competition between inter-
molecular interactions and the RIR effect upon moving from a
single molecule to aggregates, the ACQ effect was effectively
suppressed. Even the TPA-ADOs exhibited AEE phenomenon
originating from the activation of more of their rotators in the
aggregated process. Theoretical calculations confirmed a high-
lying RISC channel was fabricated by introducing benzonitrile
group. Undoped OLEDs containing the ADO-based derivatives
exhibited acceptable performance and good EUEs, demonstrating
that our structural modification strategy achieved our goals of
inhibiting ACQ and constructing exciton conversion channels.
Although the achievement was not ideal for realizing higher EUEs
under high-efficiency undoped OLED performance, the results
confirmed the feasibility of the strategy of structure modification
by inserting more rotators and a stronger CT-block at the
N-position in the ADO unit.
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