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Multiple donor–acceptor design 
for highly luminescent and stable 
thermally activated delayed 
fluorescence emitters
Bhagya Madushani 1, Masashi Mamada 1,4*, Kenichi Goushi 1, Thanh Ba Nguyen 1, 
Hajime Nakanotani 1, Hironori Kaji 2 & Chihaya Adachi 1,3*

A considerable variety of donor–acceptor (D–A) combinations offers the potential for realizing highly 
efficient thermally activated delayed fluorescence (TADF) materials. Multiple D–A type compounds are 
one of the promising families of TADF materials in terms of stability as well as efficiencies. However, 
those emitters are always composed of carbazole-based donors despite a wide choice of moieties used 
in linearly linked single D–A molecules. Herein, we developed a multiple D–A type TADF compound 
with two distinct donor units of 9,10-dihydro-9,9-dimethylacridine (DMAC) and carbazole as the 
hetero-donor design. The new emitter exhibits high photoluminescence quantum yield (PLQY) in 
various conditions including polar media blend and high concentrations. Organic light-emitting diodes 
(OLEDs) showed a reasonably high external quantum efficiency (EQE). In addition, we revealed that 
the multiple-D–A type molecules showed better photostability than the single D–A type molecules, 
while the operational stability in OLEDs involves dominant other factors.

Thermally activated delayed fluorescence (TADF) has emerged as the third-generation emitter in organic light-
emitting diodes (OLEDs), which facilitates harvesting both singlet and triplet excitons through reverse intersys-
tem crossing (RISC), resulting in 100% internal quantum efficiency (IQE)1. This phenomenon occurs at room 
temperature because of a small single-triplet energy gap (ΔEST) between the lowest excited singlet and triplet 
states  (S1 and  T1), which can be realized by spatially separating the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO). Thus, the unique molecular design of TADF emitters is 
based on various types of donor (D) and acceptor (A)  units2–5. Recent interest in the research area of TADF is 
related to the control of rate constants, for example, maximizing the RISC rate (kRISC)6–14. The fast kRISC can reduce 
long-lived triplet excitons, which would contribute to decreasing exciton losses and efficiency  rolloff15,16. Since 
fluorescent emitters generally exhibit better stability than phosphorescence and TADF emitters with high energy 
triplet excitons, another expected benefit of the fast kRISC is the improvement of the device durability, which has 
been a long-standing and serious problem in the applications of  TADF17–20. However, the relationships among 
device durability, kRISC, and molecular structures have not been understood comprehensively. For example, a 
series of compounds with carbazole donors and benzonitrile acceptors represented by 4CzIPN achieved satis-
factory high stabilities despite moderately fast kRISC (~  106  s−1)1,21. From the viewpoint of the chemical structure, 
the multiple donor units allow not only variation of D–A interactions and charge transfer (CT) strength but also 
the intramolecular π–π interactions and delocalization effect, which may be associated with the high  stability22. 
In addition, the hetero-donor strategy introducing second donor units might improve stabilities further in 
addition to photophysical  properties23,24. However, the multiple and hetero-donor designs are always based on 
carbazole-based donors such as parent carbazole and 3,6-disubstituted-carbazole25–29. Therefore, it is desired to 
verify multiple and hetero-donor strategies by incorporating a different type of donor and compared to linearly 
linked single D–A molecules.
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In this paper, we developed a new multiple and hetero-donor type molecule, named 2Cz2DMAC2BN (Fig. 1, 
inset), consisting of two carbazole (Cz), two 9,10-dihydro-9,9-dimethylacridine (DMAC), and two benzonitrile 
(BN) units connected to the center phenyl ring. The DMAC-based emitters form strong CT because of the 
stronger donor nature of DMAC compared to Cz and the more twisted structure. By combining with the weak 
acceptor moiety, the emission colors of 2Cz2DMAC2BN appear from sky blue to green, making varieties of choice 
of reference emitters possible. In addition, high photoluminescent quantum yield (PLQY) and small ΔEST prove 
efficient TADF properties for 2Cz2DMAC2BN. Thus, the stabilities of some different types of excellent TADF 
materials with similar photophysical properties were accordingly compared. The analysis of the photophysical 
parameters and stabilities of these compounds would provide a better understanding of the structure–property 
relationship in multiple and hetero-donor designs.

Results and discussion
Synthesis. The compound was easily synthesized from commercially available 1,4-dibromo-2,3,5,6-tetra-
fluorobenzene in three steps with the Suzuki coupling followed by  SNAr reaction (Supplementary Methods S1)29. 
The deprotonated DMAC in the presence of sodium hydride attacked the 2,5-position of tetrafluoro derivatives. 
The relatively bulky DMAC moieties prevent additional substitutions even in the excess amounts of nucleo-
philes. Thus, the following  SNAr using carbazole N-anion forms the target compound in good yields. The prod-
uct was carefully purified by column chromatography, recrystallization and vacuum sublimation. The molecu-
lar structure was confirmed by X-ray single crystal analysis (Supplementary Fig. S1). The crystal contains two 
independent molecules with an inversion center, where the dihedral angles between DMAC and center phenyl 
(Ph) rings are varied from 77° to 90°. Since the calculated angle is 79° (Supplementary Fig. S2), the packing 
effect might cause the highly twisted structures. This result suggests some degree of freedom for the rotation of 
substituted rings. Since the DMAC-Ph bond is considered to be highly twisted close to 90° in the excited states 
because of the  CT30, the molecule should easily form stable geometries in the excited states.

Photophysical properties. The photophysical characteristics of 2Cz2DMAC2BN were fully characterized 
in solution and solid states (Fig. 1). A high PLQY of 91% was obtained in toluene, where the small ΔEST of 
0.01 eV and fast delayed lifetime (τd) of 3.8 µs were also achieved (Table 1), indicating efficient TADF proper-
ties. These properties are comparable to those of 4CzIPN which is one of the best green TADF  molecules1. The 
phosphorescence spectrum in toluene at 77 K showed shoulder peaks, indicating that the  T1 state has a locally 
excited state (LE) character. The triplet LE (3LE) of Cz and DMAC are relatively high at > 3.0  eV31. Although the 
3LE of BN-Ph-BN was reported to be 2.9  eV29, the highly twisted DMAC might offer the space to planarize BN-
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Figure 1.  (a) Absorption and fluorescence spectra at room temperature, and phosphorescence spectrum 
at 77 K for 2Cz2DMAC2BN in toluene. Inset: Chemical structures of 2Cz2DMAC2BN. (b) PL spectra for 
2Cz2DMAC2BN doped films of mCBP and neat 2Cz2DMAC2BN film. (c) Temperature dependence of 
transient PL decay for 6-wt%-2Cz2DMAC2BN doped film of mCBP.

Table 1.  Photophysical characteristics of 2Cz2DMAC2BN in toluene, blend films with mCBP, and neat film. 
a Measured at 77 K; bMeasured under  N2 in solution or Ar in films; cDoped in mCBP.

Condition λPL (nm) S1 (eV) T1 (eV)a ΔEST (eV) ΦPL (–)b Φp/Φd (–)b τp (ns)b τd (µs)b kr  (106  s−1) kISC  (107  s−1) kRISC  (105  s−1)

In toluene 496 2.79 2.78 0.01 0.91 0.20/0.71 46 3.8 4.3 1.7 11.7

In 6 wt%  filmc 498 2.76 2.71 0.05 0.95 0.28/0.67 34 3.6 8.2 2.1 9.2

In 15 wt%  filmc 507 2.75 2.72 0.03 1.0 0.35/0.65 47 3.8 7.5 1.4 7.5

In 50 wt%  filmc 517 2.70 2.64 0.06 1.0 0.42/0.58 55 3.5 7.6 1.1 6.8

In Neat film 522 2.67 2.60 0.07 0.76 0.38/0.38 62 2.0 6.1 1.0 8.1
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Ph-BN rings, resulting in the decrease of 3LE. Interestingly, 2Cz2DMAC2BN showed constantly high PLQY even 
in polar solvents such as acetone, which is a clear difference from 4CzIPN (Supplementary Fig. S3 and Table S1). 
This feature suggests a great potential to maintain high PLQY in high doping concentrations including neat con-
ditions, where the TADF molecules having D–A structures may reduce PLQY as the polar media. In addition, 
the centrosymmetric structure of 2Cz2DMAC2BN leads to low polarity.

In fact, the blend films of 2Cz2DMAC2BN and mCBP (3,3′-di(9H-carbazol-9-yl)-1,1′-biphenyl) kept near-
unity PLQY in 6–50 wt% doping concentrations (Fig. 1b and Table 1). The emission wavelengths also showed 
small redshifts. These are advantageous to optimize the OLED because the doping concentrations in the emissive 
layer (EML) significantly affect charge transport ability. The ΔEST and τd are comparably good with those in the 
solution. The temperature dependence of the transient PL decay clearly showed the typical behavior of TADF with 
the increase of delayed fluorescence (Fig. 1c). The optical properties in other hosts such as CCP (9-phenyl-9H-
3,9′-bicarbazole) and in PPT (2,8-bis(diphenyl-phosphoryl)-dibenzo[b,d]thiophene) are also excellent although 
the polarity of PPT is relatively higher than mCBP (Supplementary Fig. S4 and Table S2)32. The calculated kRISC 
is close to  106  s−1, which is similar to that of 4CzIPN. The neat film also exhibited good emission properties 
with a PLQY of 76%, indicating the suppression of the concentration quenching. The emission maximum in the 
neat film is only 24 nm redshifted from that in a 6 wt%-doped film of mCBP (Fig. 1b). These results adequately 
demonstrate the efficient emission properties of 2Cz2DAMC2BN.

OLED device performances. To demonstrate the efficient TADF properties of 2Cz2DMAC2BN, the OLEDs 
were fabricated according to the report for  4CzIPN21. The device structures are ITO (100 nm)/HAT-CN (10 nm)/
Tris-PCz (30 nm)/electron blocking layer (EBL) (5 nm)/x-wt%-2Cz2DMAC2BN:host (30 nm)/hole blocking layer 
(HBL) (10 nm)/BPy-TP2 (40 nm)/Liq (2 nm)/Al (100 nm), where HAT-CN is dipyrazino[2,3-f:2′,3′-h]quinox-
aline-2,3,6,7,10,11-hexacarbonitrile, Tris-PCz is 9,9′,9″-triphenyl-9H,9′H,9″H-3,3′:6′,3″-tercarbazole, BPy-TP2 
is 2,7-bis(2,2′-bipyridine-5-yl)triphenylene, and Liq is 8-hydroxyquinolinolato-lithium (Supplementary Fig. S5). 
The devices with mCBP and CCP hosts have the EBL of the neat layer of each host material and the HBL of 
T2T (2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine). The devices with a PPT host have the EBL of mCBP and the HBL 
of PPT. The HOMO–LUMO energy levels of 2Cz2DMAC2BN were estimated to be −5.4 and −2.5 eV from the 
electrochemical measurements, where the redox processes were found to be stable (Supplementary Fig. S6). The 
HOMO–LUMO energies in the neat film measured by the photoelectron yield spectroscopy and optical energy gap 
were −5.75 and −3.15 eV. The host materials of mCBP and CCP consisting of Ph and Cz rings are p-type while the 
PPT host with phosphine oxide is n-type. However, the charge carrier transport properties in the EML would be 
changed depending on the doping concentrations of 6, 15, and 50 wt% of bipolar 2Cz2DMAC2BN.

The 6 wt%-2Cz2DMAC2BN doped mCBP device showed a reasonably high EQE of 19% although the effi-
ciency rolloff is slightly large (Fig. 2 and Table 2). The theoretical EQE is calculated to be 20% from the estimated 
100% carrier balance and exciton utilization efficiency, experimental PLQY of 95%, and simulated outcoupling 
efficiency of 21% (Supplementary Fig. S7), which is consistent with the experimental result. The current density 
(J)-voltage (V) and rolloff characteristics were improved with the increase of the doping concentrations since 
the recombination zone shifted to the center by enhancing the electron transport in the EML as observed in 
the devices of  4CzIPN21. Although the PLQY values were nearly the same for 6–50 wt% doped mCBP films, 
the maximum EQE values were slightly decreased because of some quenching processes. The J–V characteris-
tics of the devices using CCP hosts are independent of the doping concentrations (Fig. 2), indicating that the 
recombination always happened at the EML/HBL interface. This is due to the markedly higher hole mobility of 
CCP-host film as confirmed by hole-only and electron-only devices (HOD and EOD) (Supplementary Fig. S8). 
However, the EQE characteristics for the CCP devices are strongly dependent on the doping concentrations. The 
50 wt%-doped CCP device also suggested the existence of the exciton quenching in the high doping concentra-
tion, probably because of the increase of the radical anion state of 2Cz2DMAC2BN caused the annihilation. 
On the other hand, the electron transport in the guest 2Cz2DMAC2BN might be small in the devices using an 
n-type PPT host. Although the low doping concentration of 6 wt% showed relatively large rolloff because of 
poor hole mobility, the 15 wt%-doped PPT device showed better rolloff characteristics and overall EQE than 
the p-type devices. Interestingly, the device operational lifetime of PPT device is better than those of mCBP 
and CCP devices (Supplementary Fig. S9) despite that the stabilities of phosphine oxide-based compounds are 
known to be much lower than carbazole-based  compounds33. Thus, the stability for the radical anion of 2Cz2D-
MAC2BN might be dominant, which can be explained by the small bond dissociation energy of the C–N bond 
in the radical anion  state34.

Stabilities. To obtain a better understanding of the stability issues, we compared four different TADF mate-
rials, 2Cz2DMAC2BN,  4CzIPN1,  ACRXTN35, and DACT-II36, focusing on the types of the donor structures 
(Fig. 3). Although 2Cz2DMAC2BN has two types of donors of Cz and DMAC, DMAC moieties provide the 
HOMO level of the molecule because of the stronger donor nature of DMAC compared to Cz moieties. Thus, 
the HOMO of 2Cz2DMAC2BN was shallower than that of 4CzIPN (ca. −5.4 eV vs. ca. −5.8 eV) although both 
molecules have four multiple donor units. ACRXTN having a single DMAC donor has a slightly deeper HOMO 
energy (ca. −5.7 eV) to  2Cz2DMAC2BN37. DACT-II can also be considered to have a single donor unit based 
on the Cz ring although the HOMO energy (−5.5 eV) is slightly shallower owing to substituents of diphenyl 
amines at 3,6-positions of carbazole. The photophysical properties of these materials in the neat films were 
summarized in Supplementary Fig. S10 and Table S3. These compounds showed green emission with similar  S1 
energies. In addition, these materials also have similar τd values of 1–2 µs and kRISC values of 8–10 ×  105  s−1, which 
is considered to be an important parameter related to the stability of TADF molecules. However, the excited 
state stabilities estimated from the PL intensity changes as a function of the irradiation time are largely differ-
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ent for these compounds. The half-life times of the emission intensities are three times longer in 4CzIPN than 
2Cz2DMAC2BN and DACT-II, and four times longer compared to ACRXTN. This result cannot be explained 
by only photophysical parameters such as HOMO–LUMO levels, PLQY, ΔEST, and kRISC of the materials. Thus, 
we assume that the stability is strongly affected by the chemical structures of the compounds. Here, we classified 
two distinct features, that is, multiple donor-based D–A molecules (2Cz2DMAC2BN and 4CzIPN) vs. linearly 
linked single D–A molecules (ACRXTN and DACT-II), and donor structure types of DMAC-based (2Cz2D-
MAC2BN and ACRXTN) vs. Cz-based (4CzIPN and DACT-II) molecules. For the same class of donor units, the 
multiple donor-based D–A molecules showed better stabilities compared to the single linear D–A molecules. 
This is attributed to the crowded substituents with intramolecular π–π stacking. The photodegraded samples of 
carbazole derivatives showed products via dissociation of the C–N bond, e.g., carbazole and dicarbazole isoph-
thalonitrile from  4CzIPN38. Thus, the delocalization and stabilization of the CT state in the excited state through 
the donor–donor interactions might suppress the dissociation of the donor units. This may also be related to 
the results that Cz-based TADF molecules showed better stability than DMAC-based ones. The larger dihedral 
angles between DMAC and Ph rings should not only weaken the bond strength but also more localize the D–A 
in the CT. Note that the photostability for the doped films also showed a similar tendency (Supplementary 
Fig. S11 and Table S4).
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Figure 2.  OLED performances for 2Cz2DMAC2BN-based devices. (a–c) The devices with mCBP host. (d–f) 
The devices with CCP host. (g–i) The devices with PPT host. (a,d,g) Current density–voltage characteristics. 
(b,e,h) EQE-luminance characteristics. (c,f,i) EL spectra in the OLEDs at 6 V.



5

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7644  | https://doi.org/10.1038/s41598-023-34623-9

www.nature.com/scientificreports/

We further compared the operational lifetime for the devices based on these four TADF emitters (Fig. 3), 
where the device structure was ITO (100 nm)/HAT-CN (10 nm)/Tris-PCz (30 nm)/mCBP (EBL) (5 nm)/15-wt%-
emitters:mCBP (30 nm)/T2T (10 nm)/BPy-TP2 (40 nm)/Liq (2 nm)/Al (100 nm). Only 4CzIPN showed stable 
operation and the lifetime is several hundred times longer than those for other materials. Although the triplet 
formation is huge in the electrical excitation, the kRISC of these materials are of the same order of magnitude. Thus, 
the large difference with the excited state stability suggests that the dominant degradation path in the devices 

Table 2.  OLED performances of 2Cz2DMAC2BN-based devices. a Voltage at 1 (turn-on voltage, Von), 100, and 
1000 cd  m−2, respectively. bEQE for maximum, and at 100, and 1000 cd  m−2, respectively. cCurrent Efficiency 
for maximum, and at 1000 cd  m−2. dPower Efficiency for maximum, and at 1000 cd  m−2. eMaximum luminance. 
fλEL: EL emission maximum, and λFWHM: full-width at half-maximum.

Host Doping conc. (wt%) Voltage (V)a EQE (%)b CE (cd  A−1)c PE (lm  W−1)d Lmax (cd  m−2)e λEL/λFWHM (nm)f

mCBP 6 4.0/5.1/6.0 19.0/15.9/11.7 38.5/29.0 38.4/14.6 12,690 495/83

mCBP 15 3.5/4.4/5.4 15.5/15.5/13.5 46.1/39.5 32.9/22.9 19,562 508/82

mCBP 50 3.0/3.7/4.6 15.6/13.2/11.5 44.8/33.7 46.9/23.0 20,657 508/81

CCP 6 2.9/3.3/4.2 10.7/9.0/7.3 30.3/19.8 34.0/14.8 13,340 497/72

CCP 15 2.7/3.1/3.8 17.3/14.8/12.4 44.2/32.8 49.6/27.1 15,123 497/73

CCP 50 2.6/3.0/3.5 15.6/15.3/15.3 46.2/44.5 45.3/38.9 25,641 505/77

PPT 6 3.7/5.2/6.8 17.5/14.4/11.0 53.2/29.1 52.3/13.4 7690 501/83

PPT 15 2.9/3.9/5.0 20.2/17.9/16.0 58.0/45.6 65.0/28.6 16,108 506/82

PPT 50 2.5/3.2/4.3 16.7/16.7/15.5 51.3/47.4 50.4/35.5 20,543 513/84

- 100 (Neat) 2.9/3.5/4.4 13.5/10.7/8.3 41.8/27.0 43.8/19.3 12,302 520/85

Figure 3.  (a) Chemical structures of TADF materials under investigation. (b) Photostability of TADF materials 
in the neat films. PL intensity change versus excitation time irradiated by continuous-wave laser light at 355 nm 
(excitation power of 2.5 W  cm−2). Inset: PL spectra for the neat films. (c) Device operational stability for the 
OLED having EML of 15 wt%-TADF doped mCBP. Luminance change versus operational time at an initial 
luminance of 100 cd  m−2. Inset: EL spectra for the devices.
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is related to the charged species. Although ACRXTN showed a slightly longer lifetime than 2Cz2DMAC2BN, 
DMAC moiety seems to essentially cause the lower stability. As mentioned above, the stability of the radical 
anion state might have a larger impact on the devices of 2Cz2DMAC2BN, and the C–N single bond is known 
to be vulnerable in the radical anion. Thus, the highly twisted C–N bond between DMAC and Ph rings by the 
steric hindrance might decrease the stability of 2Cz2DMAC2BN. In the blend films of TADF emitters and com-
monly used p-type hosts such as mCBP, TADF molecules play a key role in electron injection and  transport39. 
Here, for realizing green emission, 2Cz2DMAC2BN, ACRXTN, and DACT-II have relatively strong donors and 
weak acceptors, while 4CzIPN has relatively weak donors and strong acceptors. These differences indicate that 
4CzIPN is advantageous to the balanced charge carrier injection and transport by taking into account the host 
properties. Thus, the choice of donor and acceptor units should primarily be important and carefully considered.

Conclusions
A multiple D–A type TADF compound was developed using hetero donors of Cz and DMAC moieties. The 
fundamental TADF properties were comparable to those of excellent green emitters such as 4CzIPN. In addi-
tion, high PLQY can be maintained in the polar solvents and films with high doping concentrations. The OLED 
performances were optimized by changing the doping concentrations of the emitters, demonstrating the rea-
sonable EQE. The main motivation of the work was to offer a better understanding of the structure-stability 
relationship. Thus, we compared the stabilities of four different types of TADF materials. The multiple D–A 
type design seems to be valuable for increasing excited state stability. However, the device operational stability 
is more complicated, and the polaron-related degradation might have a larger impact on the OLED durability. 
Since the carrier injection and transport properties in the EML are affected by TADF molecules even though 
their main function is to control the excitonic process, careful consideration of each donor–acceptor strength 
in the TADF molecule is necessary.

Methods
General. Commercially available materials for the synthesis were used as received from the suppliers. Details 
of instruments and physical measurements are given in Supplementary Table S6.

Synthesis and characterizations. The synthetic procedures and characterization data for each material 
are described in Supplementary Methods S1 and NMR spectra are given in Data S1.

Quantum calculations. The computations were mainly performed using the computer facilities at the 
Research Institute for Information Technology, Kyushu University. Molecular orbital calculations were per-
formed using the program Gaussian 16. The geometries were optimized at the B3LYP/6-31+G(d,p). The TD-
DFT calculations were conducted at the B3LYP/6-31+G(d,p) level for the excited states calculations.

Preparation of organic films for photophysical measurements. Organic thin-films for optical 
measurements were fabricated on clean quartz and silicon substrates by thermal evaporation at a pressure lower 
than 1 ×  10−4 Pa. The substrates were cleaned with acetone and isopropanol and then treated with UV/ozone to 
remove adsorbed organic species before deposition.

OLED fabrication and performance characterization. The fabrication and measurement procedures 
are described in Supplementary Methods S2.

X-ray single crystal analysis. Single crystals suitable for X-ray structural analysis were obtained by vac-
uum sublimation. X-ray crystallographic information files (CIFs) are available [CCDC 2249866 contains the 
supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via http:// www. ccdc. cam. ac. uk/ data_ reque st/ cif].

Received: 6 April 2023; Accepted: 4 May 2023

References
 1. Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly efficient organic light-emitting diodes from delayed fluores-

cence. Nature 492, 234–238 (2012).
 2. Hong, G. et al. Brief history of OLEDs—Emitter development and industry milestones. Adv. Mater. 33, 2005630 (2021).
 3. Im, Y. et al. Molecular design strategy of organic thermally activated delayed fluorescence emitters. Chem. Mater. 29, 1946–1963 

(2017).
 4. Liu, Y., Li, C., Ren, Z., Yan, S. & Bryce, M. R. All-organic thermally activated delayed fluorescence materials for organic light-

emitting diodes. Nat. Rev. Mater. 3, 18020 (2018).
 5. Imahori, H., Kobori, Y. & Kaji, H. Manipulation of charge transfer states by molecular design: Perspective from “dynamic exciton”. 

Acc. Mater. Res. 2, 501–514 (2021).
 6. Park, I. S., Matsuo, K., Aizawa, N. & Yasuda, T. High-performance dibenzoheteraborin-based thermally activated delayed fluo-

rescence emitters: Molecular architectonics for concurrently achieving narrowband emission and efficient triplet–singlet spin 
conversion. Adv. Funct. Mater. 28, 1802031 (2018).

 7. Liu, J. et al. Experimental evidence for “hot exciton” thermally activated delayed fluorescence emitters. Adv. Opt. Mater. 7, 1801190 
(2018).

http://www.ccdc.cam.ac.uk/data_request/cif


7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7644  | https://doi.org/10.1038/s41598-023-34623-9

www.nature.com/scientificreports/

 8. Matsuo, K. & Yasuda, T. Boronate- and borinate-based π-systems for blue thermally activated delayed fluorescence materials. 
Chem. Commun. 55, 2501–2504 (2019).

 9. Wang, X. et al. Through-space charge transfer hexaarylbenzene dendrimers with thermally activated delayed fluorescence and 
aggregation-induced emission for efficient solution-processed OLEDs. Chem. Sci. 10, 2915–2923 (2019).

 10. Wada, Y., Nakagawa, H., Matsumoto, S., Wakisaka, Y. & Kaji, H. Organic light emitters exhibiting very fast reverse intersystem 
crossing. Nat. Photonics 14, 643–649 (2020).

 11. Aizawa, N., Matsumoto, A. & Yasuda, T. Thermal equilibration between singlet and triplet excited states in organic fluorophore 
for submicrosecond delayed fluorescence. Sci. Adv. 7, eabe5769 (2021).

 12. Cui, L.-S. et al. Fast spin-flip enables efficient and stable organic electroluminescence from charge-transfer states. Nat. Photonics 
14, 636 (2020).

 13. Kim, J. U. et al. Nanosecond-time-scale delayed fluorescence molecule for deep-blue OLEDs with small efficiency rolloff. Nat. 
Commun. 11, 1765 (2020).

 14. Ren, Y. et al. Efficient blue thermally activated delayed fluorescence emitters showing very fast reverse intersystem crossing. Appl. 
Phys. Express 14, 071003 (2021).

 15. Hasan, M. et al. Exciton–exciton annihilation in thermally activated delayed fluorescence emitter. Adv. Funct. Mater. 30, 2000580 
(2020).

 16. Hasan, M. et al. Correlating exciton dynamics of thermally activated delayed-fluorescence emitters to efficiency roll-off in OLEDs. 
Phys. Rev. Appl. 18, 054082 (2022).

 17. Lee, J. et al. Hot excited state management for long-lived blue phosphorescent organic light-emitting diodes. Nat. Commun. 8, 
15566 (2017).

 18. Einzinger, M. et al. Shorter exciton lifetimes via an external heavy-atom effect: Alleviating the effects of bimolecular processes in 
organic light-emitting diodes. Adv. Mater. 29, 1701987 (2017).

 19. Schmidbauer, S., Hohenleutner, A. & König, B. Chemical degradation in organic light-emitting devices: Mechanisms and implica-
tions for the design of new materials. Adv. Mater. 25, 2114–2129 (2013).

 20. Monkman, A. Why do we still need a stable long lifetime deep blue OLED emitter?. ACS Appl. Mater. Interfaces 14, 20463–20467 
(2022).

 21. Nakanotani, H., Masui, K., Nishide, J., Shibata, T. & Adachi, C. Promising operational stability of high-efficiency organic light-
emitting diodes based on thermally activated delayed fluorescence. Sci. Rep. 3, 2127 (2013).

 22. Hosokai, T. et al. Evidence and mechanism of efficient thermally activated delayed fluorescence promoted by delocalized excited 
states. Sci. Adv. 3, e1603282 (2017).

 23. Noda, H., Nakanotani, H. & Adachi, C. Excited state engineering for efficient reverse intersystem crossing. Sci. Adv. 4, eaao6910 
(2018).

 24. Chan, C.-Y. et al. Stable pure-blue hyperfluorescence organic light-emitting diodes with high-efficiency and narrow emission. Nat. 
Photonics 15, 203 (2021).

 25. Cho, Y. J., Yook, K. S. & Lee, J. Y. High efficiency in a solution-processed thermally activated delayed-fluorescence device using a 
delayed-fluorescence emitting material with improved solubility. Adv. Mater. 26, 6642–6646 (2014).

 26. Zou, Y., Gong, S., Xie, G. & Yang, C. Design strategy for solution-processable thermally activated delayed fluorescence emitters 
and their applications in organic light-emitting diodes. Adv. Opt. Mater. 6, 1800568 (2018).

 27. Zhang, D. et al. Efficient and stable deep-blue fluorescent organic light-emitting diodes employing a sensitizer with fast triplet 
upconversion. Adv. Mater. 32, 1908355 (2020).

 28. Yin, C., Zhang, D. & Duan, L. A perspective on blue TADF materials based on carbazole-benzonitrile derivatives for efficient and 
stable OLEDs. Appl. Phys. Lett. 116, 120503 (2020).

 29. Mamada, M. et al. Highly efficient deep-blue organic light-emitting diodes based on rational molecular design and device engi-
neering. Adv. Funct. Mater. 32, 2204352 (2022).

 30. Wada, Y., Shizu, K. & Kaji, H. Molecular vibration accelerates charge transfer emission in a highly twisted blue thermally activated 
delayed fluorescence material. J. Phys. Chem. A 125, 4534–4539 (2021).

 31. Lee, Y. H. et al. Managing local triplet excited states of boron-based TADF emitters for fast spin-flip process: Toward highly efficient 
TADF-OLEDs with low efficiency roll-off. Chem. Eng. J. 423, 130224 (2021).

 32. Li, N. et al. Host-dopant interaction between organic thermally activated delayed fluorescence emitter and host material: Insight 
into the excited state. Adv. Opt. Mater. 10, 2101343 (2022).

 33. Ihn, S.-G. et al. Dipole moment- and molecular orbital-engineered phosphine oxide-free host materials for efficient and stable 
blue thermally activated delayed fluorescence. Adv. Sci. 9, 2102141 (2022).

 34. Lin, N., Qiao, J., Duan, L., Wang, L. & Qiu, Y. Molecular understanding of the chemical stability of organic materials for OLEDs: A 
comparative study on sulfonyl, phosphine-oxide, and carbonyl-containing host materials. J. Phys. Chem. C 118, 7569–7578 (2014).

 35. Nakanotani, H. et al. High-efficiency organic light-emitting diodes with fluorescent emitters. Nat. Commun. 5, 4016 (2014).
 36. Kaji, H. et al. Purely organic electroluminescent material realizing 100% conversion from electricity to light. Nat. Commun. 6, 

8476 (2015).
 37. Ahmad, V. et al. High EQE and high brightness solution-processed TADF light-emitting transistors and OLEDs. Adv. Opt. Mater. 

8, 2000554 (2020).
 38. Sandanayaka, A. S. D., Matsushima, T. & Adachi, C. Degradation mechanisms of organic light-emitting diodes based on thermally 

activated delayed fluorescence molecules. J. Phys. Chem. C 119, 23845 (2015).
 39. Mamada, M. & Adachi, C. Unexpected role of hole and electron blocking interlayers controlling charge carrier injection and 

transport in TADF based blue organic light-emitting diodes. Appl. Phys. Lett. 121, 131103 (2022).

Acknowledgements
The authors thank Ms. K. Kusuhara and Ms. N. Nakamura for the characterization of materials. The authors 
acknowledge support from JSPS Core-to-Core Program (JPJSCCA20180005). M.M. acknowledges financial sup-
port from JSPS KAKENHI Grant Numbers 19H02790, 20K21227, 21H05401, and 23K04879. H.K. acknowledges 
financial support from JSPS KAKENHI Grant Number 20H05840.

Author contributions
M.M. synthesized the material. M.M., K.G., H.N. and C.A. designed the experiments. B.M. and M.M. performed 
the measurements. B.M. and T.B.N. contributed to the data analysis. M.M., H.K., and C.A. supervised the project. 
B.M. and M.M. wrote the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7644  | https://doi.org/10.1038/s41598-023-34623-9

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 34623-9.

Correspondence and requests for materials should be addressed to M.M. or C.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-34623-9
https://doi.org/10.1038/s41598-023-34623-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multiple donor–acceptor design for highly luminescent and stable thermally activated delayed fluorescence emitters
	Results and discussion
	Synthesis. 
	Photophysical properties. 
	OLED device performances. 
	Stabilities. 

	Conclusions
	Methods
	General. 
	Synthesis and characterizations. 
	Quantum calculations. 
	Preparation of organic films for photophysical measurements. 
	OLED fabrication and performance characterization. 
	X-ray single crystal analysis. 

	References
	Acknowledgements


