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An effective design strategy for thermally activated
delayed fluorescence emitters with aggregation-
induced emission to enable sky-blue OLEDs that
achieve an EQE of nearly 30%7

Hui Dai,? Yaohui Liang,? Xiang Long,® Tianyi Tang,® Haozhi Xie,? Zhiwei Ma,? Gaoyu Li,®
Zhan Yang, ©©** Juan Zhao (2 *° and Zhenguo Chi {2 *a°

Pure organic thermally activated delayed fluorescence (TADF) materials hold great promise for efficient
organic light-emitting diodes (OLEDs), yet developing high-performance blue TADF materials that
integrate short delayed lifetime with aggregation-induced emission (AIE) properties remains a significant
challenge. In this study, we developed three highly-efficient blue TADF emitters (32clCBP, 32cICXT and
32PclCXT) featuring AIE character by integrating rigid m-extended donors with different acceptors.
Notably, the doped 32PclCXT film achieved an exceptionally high photoluminescence quantum
efficiency of up to 99% and a short delayed lifetime of 1.4 ps. Furthermore, the fabricated OLEDs based
on 32PclCXT exhibited an impressive external quantum efficiency of 29.9% in the sky-blue region, along
with low roll-off at high luminance. Therefore, this work establishes a new strategy for developing high-
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Introduction

Pure organic thermally activated delayed fluorescence (TADF)
materials have garnered widespread attention from both
academia and industry due to their ability to harvest both
singlet and triplet excitons through reverse intersystem crossing
(RISC), along with their merits of low cost and environmental
friendliness," thus they are considered as third generation
emitters for organic light-emitting diode (OLED) application.>®
A common approach to designing TADF molecules involves
highly-twisted molecular structures with electron donor (D) and
electron acceptor (A) groups, which help achieve a small energy
difference (AEsy) between the lowest excited singlet state (S;)
and triplet state (T;) by separating the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO), thereby facilitating a fast RISC process.”
Consequently, a wide range of high-performance OLEDs based
on TADF emitters, spanning from the ultraviolet to near-
infrared region, have been developed over the past decade.®**
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efficiency blue TADF materials and devices.

Despite that, highly efficient blue TADF materials remain
limited, and the development of efficient blue TADF materials is
of great significance due to the critical importance of blue
OLEDs for commercial applications.

Due to its rigidity and moderate electron donating ability,
carbazole has been widely employed as an electron donor group
to develop blue TADF materials.>** Nevertheless, a significant
portion of these TADF materials suffer from the aggregation-
caused quenching (ACQ) effect, resulting from m-m stacking
interactions between molecules,'**® which significantly hinders
their practical applications. Interestingly, indolocarbazole
derivatives have emerged as alternative electron donor groups
for efficient blue TADF emitters, offering high molecular rigidity
and substantial steric hindrance, thereby mitigating the ACQ
effect.?® For example, Xi and colleagues® designed blue TADF
molecules with aggregation-induced emission (AIE) properties
using indolocarbazole derivatives, achieving an external
quantum efficiency (EQE) of 20.8% for blue OLEDs. Then, Yao
et al.®* obtained efficient blue emitters with AIE and TADF
properties by locking the skeleton of indolocarbazole deriva-
tives. Despite these advancements, there are still no reports
regarding TADF emitters based on indolocarbazole derivatives
affording blue OLEDs with EQEs up to 30%, the upper limit for
common bottom-emitting OLEDs.

In this context, we report three efficient blue emitters with
AIE and TADF properties (Fig. 1) based on an indolocarbazole
derivative (5,12-dihydro-12-phenylindolo[3,2-a]carbazole),
phenyl(4-(12-phenylindolo[3,2-a]carbazol-5(12H)-yl)phenyl)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design strategy of AIE-TADF materials.

methanone  (32clCBP),  3-(12-phenylindolo[3,2-a]carbazol-
5(12H)-yl)-9H-xanthen-9-one (32clCXT), and 3,6-bis(12-phenyl-
indolo[3,2-a]carbazol-5(12H)-yl)-9H-xanthen-9-one (32PclCXT).
The benzophenone (BP) and xanthenone (XT) acceptor units
were connected with the 5,12-dihydro-12-phenylindolo[3,2-a]
carbazole donor directly to obtain molecules with D-A/D-A-D
structures. Compared to the BP group, the XT unit exhibits
greater planarity and rigidity, which help to reduce structural
relaxation of excited states and enhance photoluminescence
quantum yields (PLQYs) in the aggregated state.”*?* Conse-
quently, the PLQYs of the resulting compounds (32¢ICXT and
32PclCXT) are improved compared to that of 32cICBP, leading
to enhanced electroluminescence (EL) performance. The two
novel luminogens based on the XT acceptor demonstrate
remarkable AIE-TADF properties, characterized by high PLQYs,
small AEgr values, and short delayed fluorescence lifetimes. The
doped OLEDs utilizing 32PclCXT exhibit sky-blue emission with
outstanding EL performance, achieving a maximum EQE
(EQEmax) of 29.9% with low efficiency roll-off at a high lumi-
nance of 1000 cd m 2. This work presents a novel and effective
strategy for constructing high-efficiency blue TADF materials
and devices.

Results and discussion
Synthesis and characterization

The synthetic procedures for the three target compounds are
provided in Scheme S1 (ESIf) and structural characterization
studies are conducted by 'H and **C nuclear magnetic reso-
nance (NMR) spectroscopy and high-resolution mass spectros-
copy (Fig. S1-S9, ESIt). As depicted in Fig. S11a (ESIT), all the
compounds possess a high decomposition temperature (Tg,

© 2025 The Author(s). Published by the Royal Society of Chemistry

corresponding to 5% weight loss) of 379 °C, 413 °C and 544 °C
for 32clCBP, 32cICXT and 32PclCXT, respectively, indicating
their excellent thermal stability. 32clCBP, 32cICXT and
32PclCXT exhibit a glass transition temperature (T) of 100 °C,
142 °C and 233 °C, respectively (Fig. S11b, ESIt), which is
beneficial for obtaining a stable film morphology during device
operation. According to the energy gaps obtained from
absorption onsets (Fig. S12a, ESIt) and the corresponding onset
voltages of cyclic voltammetry curves (Fig. S12b, ESIf), the
HOMO/LUMO energy levels are measured to be —5.36 eV/
—2.43 eV for 32cICBP, —5.39 eV/—2.53 eV for 32cICXT and —5.38
eV/—2.63 eV for 32PclCXT, respectively (Table S1, ESI{). XT
exhibits stronger electron-withdrawing ability than BP and
therefore XT-based TADF emitters have deeper LUMO levels.

Theoretical calculations

To shed light on the geometrical structures and frontier
molecular orbital (FMO) distributions, density functional
theory (DFT) calculations were performed using the Gaussian
program at the B3LYP/6-31g(d,p) basis set for the three
compounds. As shown in Fig. S13,} the emitters show twisted
structures, with the donors and acceptors forming large torsion
angles of 50.31-51.89°. The LUMOs are primarily located on the
XT or BP acceptor units, whereas the HOMOs are distributed on
the  5,12-dihydro-12-phenylindolo[3,2-a]carbazole ~ donor,
extending slightly to adjacent phenyl rings of the acceptors
(Fig. S14%). Furthermore, time-dependent DFT with the PBEO
functional at the same basis set was employed to assess the
energy levels of the excited states and perform natural transi-
tion orbital (NTO) analyses. The calculated AEg values for
32clCBP, 32clCXT, and 32PcICXT were found to be 0.36 eV,
0.30 eV and 0.21 eV, respectively. Further analysis of the NTO

Chem. Sci., 2025, 16, 156-162 | 157
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pairs reveals that several triplet states exist below the S; energy
level (Fig. 2 and S15-S17, ESIt). For 32clCBP and 32clCXT, the
T, state exhibits significant locally-excited (*LE) characteristics,
with small energy gaps of 0.21 eV and 0.19 eV, respectively,
between S; and T,. Interestingly, 32PcICXT shows degenerate
excited states (T;/T,) due to its symmetrical structure, and T;
demonstrates a significant LE (°LE) characteristic with
a minimal energy gap of 0.07 eV between the *CT and *LE. The
*LE state facilitates efficient coupling between the *CT and the
CT, potentially leading to enhanced RISC and superior OLED
performance.’

Photophysical properties

To investigate the photophysical properties of the three
compounds, their ultraviolet-visible (UV-vis) absorption and
photoluminescence (PL) spectra were measured in dilute
toluene solutions (1 x 10~> mol L"), as shown in Fig. 3a-c. All
three emitters exhibit strong absorption around 300 nm, cor-
responding to delocalized mw—m* transition of the 5,12-dihydro-
12-phenylindolo[3,2-a] carbazole core. Additionally, a broad and
weaker absorption peak is observed from 330 to 400 nm, due to
intramolecular charge transfer (ICT) from the donor to the
acceptor units. The PL spectra of 32clCBP, 32cICXT and
32PclCXT display structureless emissions with peaks at 470 nm,
476 nm, and 488 nm, respectively. To further explore their
excited-state properties, solvatochromic experiments were con-
ducted, revealing a significant dependence of the PL spectra on
solvent polarity (Fig. S18, ESIf). The Stokes shifts with
increasing solvent polarity confirmed the typical ICT charac-
teristics of the compounds. Moreover, the AEgy values were
determined via phosphorescence spectra to be 0.21 eV for
32clCBP, 0.15 eV for 32¢clCXT, and 0.14 eV for 32PclCXT (Fig. 3a-
¢), indicating their TADF properties. Interestingly, the phos-
phorescence spectra of the three compounds exhibit fine
vibrational structures, indicative of a locally-excited triplet state
(’LE). Additionally, the phosphorescence spectra of the emitters
were also measured in highly polar solvent (Dimethyl sulfoxide
(DMSO)). As shown in Fig. S19,f only 32PcICXT displays an
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Fig. 2 (a) Natural transition orbitals, and (b) energy level alignments of
the 'CT, °CT, and >LE states of 32cICBP, 32c|CXT and 32PclCXT.
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obvious structureless peak (*CT), which is 0.1 eV lower than that
of the *LE state, aligning with the theoretical calculation results.
The presence of the *LE state with an appropriate energy level in
all three compounds ensures an efficient RISC process, thereby
enhancing their TADF performance.

Surprisingly, the PL emission intensities of the three emit-
ters significantly increase with the formation of aggregates
upon the addition of a large amount of water into DMSO solu-
tions (Fig. 3d-f and S20, ESIt). Concurrently, their fluorescence
lifetimes become notably longer, displaying clear delayed
components, which indicates the presence of aggregation-
induced delayed fluorescence (Fig. S21, ESIT).> In the solution
state, vigorous intramolecular motions and the presence of
oxygen can nonradiatively deactivate the excited state and
hinder both the ISC and RISC processes, leading to weak
emission and the absence of delayed fluorescence.>® These
results demonstrate that the introduction of indolocarbazole
derivatives enables emitters to possess both AIE and TADF
properties.

Furthermore, their doped films (20 wt% in the bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO) host) demon-
strate strong PL intensities, with emission peaks at 489 nm,
492 nm, and 508 nm for 32clCBP, 32clCXT, and 32PclCXT
(Fig. S227), respectively. These peaks are significantly red-
shifted compared to their PL spectra in toluene, which can be
attributed to the relatively high polarity of DPEPO and potential
molecular interactions between the host and the emitters.’
Meanwhile, the PLQYs of 32cICBP, 32clCXT, and 32PclCXT in
doped films were measured, reaching 79%, 87%, and 99%,
respectively, under ambient conditions (Fig. 4b). Notably, the
PLQYs of the XT derivatives are considerably higher than those
of the BP derivative. The PL decay curves in doped films exhibit
double-exponential behavior, showing both a nanosecond
prompt decay and a microsecond delayed decay (Fig. 4a), with
delayed lifetimes of 2.8 us (32clCBP), 1.8 us (32cICXT), and 1.4
us (32PclICXT). Furthermore, the proportion of the delayed
components increases with the temperature rising from 77 K to
300 K (Fig. S23, ESIt), providing further evidence for the TADF
feature of the three compounds. The TADF process is addi-
tionally supported by oxygen-sensitive PL spectra (Fig. S24,
ESIY). Based on their fluorescence and phosphorescence spectra
(Fig. S22, ESIf), the doped films exhibit tiny AEsr values of
0.26 eV, 0.04 eV, and 0.03 eV for 32cICBP, 32cICXT, and
32PcICXT, respectively. These small AEgr values promote the
occurrence of TADF and align well with our experimental
observations. Subsequently, kinetic parameters based on the
PLQYs and lifetimes were analyzed. As displayed in Fig. 4c and
Table 1, the reverse intersystem crossing rate constants (krsc)
for 32¢ICXT and 32PcICXT are 7.4 x 10° s "' and 1.0 x 10°s™},
respectively, which are significantly higher than that of 32cICBP
(4.6 x 10° s7'), indicating a faster TADF process in XT deriva-
tives. Furthermore, the non-radiative rate constants (k,,) for
32¢lCXT (4.6 x 10° s7') and 32PclCXT (3.4 x 10° s7") are
notably lower compared to that of 32cICBP (9.6 x 10° s %),
suggesting excellent TADF performance and efficient exciton
utilization of the XT derivatives. These results clearly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of photophysical properties of 32clCBP, 32cICXT and 32PclCXT in doped films

Molecule  Ama [nm] 7, [ns]  74°[ns]  PLQY?[%] @ [%] o [%]  AE[10°s7'] ko [10° 7] kisc' [107 571 ks [10° 577

32cICBP 490 16.7 2.8 80 62.7 17.1 3.7 9.6 1.3 4.6
32clCXT 492 21.4 1.8 87 66.1 21.0 3.1 4.6 1.1 7.4
32PclCXT 506 19.9 1.4 99 72.3 26.8 3.6 3.4 1.3 10.0

“ PL emission peak. ” Prompt lifetime. ¢ Delayed lifetime. ¢ Photoluminescence quantum yield measured under air. ¢ Absolute quantum yield of
prompt fluorescence. / Absolute quantum yield of delayed fluorescence. ¢ Rate constant of radiative decay. ” Rate constant of nonradiative
decay. ‘ Rate constant of intersystem crossing.’ Rate constant of reverse intersystem crossing.
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Fig. 5 Single-crystal structures of (a) 32clCBP and (c) 32clCXT.
Packing modes of (b) 32clCBP and (d) 32clCXT in single crystals.

demonstrate that the TADF performance can be significantly
enhanced by introducing the XT group instead of the BP group.

To gain further insights into the AIE-TADF mechanism of the
three compounds, detailed crystal structure analyses were con-
ducted. Single crystals of 32clCBP and 32clCXT were successfully
obtained by solvent evaporation from mixed solvents, however,
single crystals of 32PclCXT could not be isolated. As depicted in
Fig. 5, both 32cICBP and 32clCXT exhibit twisted molecular
conformations, which effectively restrict close packing and
weaken m-7v interactions between adjacent molecules, thereby
imparting AIE-TADF properties to all emitters.

Electroluminescence performance

In light of their excellent PL efficiencies and prominent delayed
fluorescence in doped films, a series of doped OLEDs based on
the three emitters were fabricated using vacuum deposition
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technology. The device structure is illustrated in Fig. 6a: indium
tin oxide (ITO)/hexaazatriphenylene hexacabonitrile (HATCN, 5
nm)/1,10-bis(di-4-tolylaminophenyl) cyclohexane (TAPC, 30
nm)/tris[4-(carbazol-9-yl)phenyllamine (TCTA, 5 nm)/1,3-
di(carbazol-9-yl)benzene (mCP, 5 nm)/emitting layer (EML, 20
nm)/1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi, 50
nm)/lithium fluoride (LiF, 1 nm)/Al (100 nm). The EMLs con-
sisted of the DPEPO host with different concentrations of the
TADF emitters, with HATCN and LiF serving as hole and elec-
tron injection layers, respectively. TAPC and TPBi functioned as
hole and electron transport layers, respectively, while TCTA and
mCP acted as electron blocking layers. Non-doped devices were
also fabricated (Fig. S25 and Table S3, ESIT) while the device
performances could be improved with further device optimi-
zations in such as EML thickness and appropriate choice of
organic functional layers. Gladly, the doped OLEDs presented
excellent device performances, which are summarized in
Table 2. All devices exhibited low turn-on voltages ranging from
2.8 V to 3.3 eV, emitting intense blue or sky-blue light. Notably,
the driving voltage decreased with increasing doping concen-
tration, indicating enhanced electron transport in the emitting
layer (Table 2). The EL spectra showed slight redshifts as the
doping concentration increases (Fig. S26-S28,7 Table 2),
attributed to exciton rearrangement from molecular aggrega-
tion." At a doping concentration of 20 wt%, the emitters
demonstrated optimal EL efficiencies. As shown in Fig. 6b, the
EL spectral wavelengths for the doped devices peaked at
478 nm, 484 nm, and 500 nm for 32clCBP, 32cICXT, and
32PcICXT, respectively. The doped 32clCBP device achieved
a maximum current efficiency (CEpay) of 35.5 cd A™", maximum
power efficiency (PEpay) of 34.3 Im W™, and EQE, of 16.3%.
In comparison, the doped 32clCXT device showed higher EL
efficiencies with a CEpax Of 50.8 cd A™Y, PEjax Of 54.3 Im W1,
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external quantum efficiency—luminance curves of the OLEDs based on 32clCBP, 32clCXT and 32PclCXT.
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Table 2 EL performances of the doped OLEDs based on 32clCBP, 32clCXT and 32PclCXT

EML gL, [nm] Von [Vl Lmax [cd m 2] CEpax [cd A7"] PEmax [Im W] EQE [%] at max/100/1000 cd m >
10 wt% 32clCBP: DPEPO 464 3.3 1000 29.1 27.7 16.0/12.2/2.7

20 wt% 32clCBP: DPEPO 478 3 3350 35.5 34.3 16.3/15.4/9.9

30 wt% 32clCBP: DPEPO 480 2.9 6640 33.6 36.4 14.2/13.0/9.7

10 wt% 32clCXT: DPEPO 481 3.2 2600 44.9 43.4 20.6/18.0/12.0

20 wt% 32clCXT: DPEPO 484 2.9 9360 50.8 54.3 21.2/20.6/16.8

30 wt% 32clCXT: DPEPO 486 2.8 14950 52.9 59.4 20.7/19.8/17.0

10 wt% 32PclCXT: DPEPO 498 3.0 10900 79.9 79.2 27.3/25.1/20.8

20 wt% 32PclCXT: DPEPO 500 2.8 22 040 88.3 85.3 29.9/27.8/23.5

30 wt% 32PclCXT: DPEPO 503 2.8 27220 82.5 92.5 28.1/26.3//22.8

and EQE .« of 21.2%. Remarkably, the doped 32PcICXT device
delivered the best EL performance, achieving a CE,.x of 88.3 cd
A", PEqa of 85.3 Im W', and EQE,,, of 29.9%, along with
outstanding efficiency stability and low efficiency roll-off with an
18% efficiency drop at a high luminance of 1000 cd m 2. These
performances rank among the highest efficiencies reported for
TADF-OLEDs with similar emission wavelengths (Fig. S29, S30
and Table S4, ESIf). These results highlight the potential of
32PclCXT to address the critical challenge of efficiency roll-off for
blue TADF emitters. Furthermore, we conducted measurements
of the operating lifetime of these devices under unencapsulated
conditions in an air atmosphere. The estimated LTs, values at an
initial luminance of 100 cd m™~? were 1.35 hours, 1.68 hours, and
4.05 hours for the 20 wt% doped devices of 32clCBP, 32cICXT,
and 32PclCXT (Fig. S317), respectively.

Conclusions

In summary, we have successfully developed three efficient
blue/sky-blue luminogens, 32cICBP, 32clCXT, and 32PclCXT,
featuring a rigid m-extended donor (5,12-dihydro-12-phenyl-
indolo[3,2-a]carbazole) paired with various acceptors. These
compounds, which can be synthesized through a straightfor-
ward one-step process, exhibit impressive thermal and
morphological stability, making them ideal for large-scale
production. Moreover, they exhibit AIE and TADF characteris-
tics with small AEgy values, faster RISC processes and higher
PLQYs. Remarkably, the doped film of 32PclICXT achieves
a PLQY of 99% and a short delayed lifetime of 1.4 ps. The cor-
responding device showcases outstanding electroluminescence
performance, reaching an EQEp. of 29.9% and a minimal
efficiency roll-off of 18% at 1000 cd m~>. These findings high-
light the significant potential of indolocarbazole derivatives in
achieving efficient blue OLED emitters and devices.
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