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ering of locked alkyl aryl
carbonyl-based thermally activated delayed
fluorescence emitters via a cascade C–H activation
process†

Yunxi Zhang, Zhengmei Huang, Yudong Yang, Jiahui Liu, Yang Tian,
Zhengyang Bin * and Jingsong You *

While diaryl ketones have drawn tremendous attention for the assembly of carbonyl-based thermally activated

delayed fluorescence (TADF) emitters, alkyl aryl ketones are almost ignored. In this work, an efficient rhodium-

catalyzed cascade C–H activation process of alkyl aryl ketones with phenylboronic acids has been developed

for the concise construction of the a,a-dialkyl/aryl phenanthrone skeleton, which unlocks an opportunity to

rapidly assemble a library of structurally nontraditional locked alkyl aryl carbonyl-based TADF emitters.

Molecular engineering indicates that the introduction of a donor on the A ring enables the emitters to

exhibit better TADF properties than those with a donor on the B ring. 2,6-Bis(9,9-dimethylacridin-10(9H)-

yl)-10,10-diphenylphenanthren-9(10H)-one (2,6-DMAC-DPPO) with two donors on the A and B rings gives

rise to superior organic light-emitting diode (OLED) performance with maximum external quantum

efficiency and power efficiency as high as 32.6% and 123.5 lm W−1, respectively.
Introduction

Thermally activated delayed uorescence (TADF) has emerged
as one of the most promising exciton-harvest mechanisms to
achieve 100% theoretical exciton utilization efficiency in
organic light-emitting diodes (OLEDs), and thus is the current
hotspot in both scientic community and OLED industry.1 The
benzophenone (BP) unit is a highly electron-decient diaryl
carbonyl framework, in which the n-orbital of the carbonyl
group enables enhancement of the spin–orbital coupling and
thus efficiently promotes the up-conversion process.2 The BP
unit has widely been used as the acceptor to construct efficient
TADF molecules since Adachi and co-workers rstly reported an
efficient BP acceptor-based TADF emitter.3 The acyclic confor-
mation of the BP acceptor has good rotatability, which renders
the corresponding TADF molecules with an aggregation-
induced emission (AIE) effect to reduce exciton quenching in
the aggregated state,4 but the acyclic conguration inevitably
causes molecular friction by excessive structural relaxation,
which leads to nonradiative decay. Thus, further development
hnology of Ministry of Education, College
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the Royal Society of Chemistry
of the molecular design concept for improving the device
performance of carbonyl-based TADF emitters is highly desired
yet remains a challenging issue. Recently, the g-intramolecular-
lock strategy of diaryl carbonyl acceptors has been considered
as an effective method to construct high-performance carbonyl-
based TADF materials (Scheme 1a), which not only enables the
suppression of intermolecular Dexter energy transfer to reduce
exciton quenching, but also restricts excessive rotation to
inhibit structural relaxation.5 For example, Adachi and co-
workers developed a spiro-anthracenone-based TADF sensi-
tizer (ACRSA) to assemble high-performance uorescence
OLEDs.6 Recently, Zhang and co-workers reported a g-C(sp3)
locked SPBP acceptor and further constructed efficient TADF
emitters for non-doped OLEDs.7 You and co-workers designed
a heptagonal BP skeleton (EtBP) with a exible g-ethylidene lock
that was applied as an efficient bipolar host for phosphorescent
OLEDs.8

While diaryl ketones have drawn tremendous attention, alkyl
aryl ketones are almost ignored for use in the construction of
carbonyl-based TADF emitters. Inspired by our “medium-ring
acceptor” strategy,8,9 we propose a brand-new type of locked
alkyl aryl carbonyl acceptor for developing structurally nontra-
ditional carbonyl-based TADF emitters (Scheme 1b). This
strategy cuts off a carbonyl–aryl bond and introduces a C(sp3)
center to form the a,a-dialkyl/aryl phenanthrone fragment. The
locked geometry endows the acceptor with a delicate balance
between exibility and rigidity, which enables restraint of the
excessive intramolecular rotation, and meanwhile enables
Chem. Sci., 2023, 14, 5125–5131 | 5125
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Scheme 1 Molecular design of locked alkyl aryl ketone acceptors for
the construction of efficient TADF emitters.
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suppression of the close intermolecular p–p stacking.
Compared with the g-locked diaryl carbonyl acceptor, the a-
locked alkyl aryl carbonyl acceptor with alkyl- or aryl groups
adjacent to the carbonyl center possesses a similar energy level
alignment (Fig. S1†), but is proposed to be more effective to
protect the carbonyl group from the close intermolecular
interactions, so as to reduce exciton quenching. In addition, the
introduction of rotatable methyl- or phenyl-protection groups
adjacent to the carbonyl center would also potentially induce
intramolecular hydrogen-bonding interactions (Fig. S1†), so as
to restrict structural relaxation and thus enhance radiative
decay. With the concept in mind, we herein wish to present the
Table 1 Optimization of the reaction conditionsa

Entry Variation from the standard cond

1 None
2 Without [Cp*RhCl2]2/AgSbF6
3 Without Cu(OAc)2
4 [RhCp*(MeCN)3(SbF6)]2 instead of
5 Dioxane, THF, DCM instead of DC
6 AgNO3, Cu(NO3)2, Cu(acac)2 instea
7 Without PivOH/NaOAc
8 PivOH, NaOTf, NaOAc instead of P
9 PivOH/NaOAc, PivOH/NaOAc inste

a Reaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), [Cp*RhCl2]2 (5.0 mo
(0.5 equiv.) and DCE (1.0 mL) at 150 °C for 24 h under N2.

b The yield was d
internal standard. c PivOH (1.0 equiv.) and NaOAc (0.2 equiv.). d PivOH (1

5126 | Chem. Sci., 2023, 14, 5125–5131
systematic molecular engineering, including the molecular
design, the concise synthesis of emitters and the screening of
high-performance OLEDs.

Results and discussion
Reaction development

To test our proposal, it is undoubtedly required to develop
a general and streamlined synthetic strategy to rapidly access
the locked alkyl aryl carbonyl acceptors and assemble a rich
library of TADF molecules.

From the retrosynthesis analysis, the cascade C–H activation
processes involving the intermolecular Ar–H/Ar–B cross-
coupling and the sequential intramolecular Ar–H/C(sp3)–H
cyclization would provide a straightforward route to forge the
locked a,a-dialkyl/aryl phenanthrone skeleton (Scheme 1c).10 In
the synthetic strategy, the carbonyl unit is not only used as
a directing group, but also directly constitutes the acceptor
fragment. The prerequisite to achieve this cascade process is
that the optimized reaction condition should be simultaneously
compatible with the two different types of coupling reactions. In
addition, these two types of oxidative C–H activation reactions
are needed to tolerate reactive halogen groups on both
substrates, which is benecial for the further construction of
TADF molecules. We initiated our investigation by using 2-
methyl-1-phenylpropan-1-one (1a) and phenylboronic acid (2a)
as the model substrates (Table 1). In a [Cp*RhCl2]2/AgSbF6
catalyst system, the a,a-dimethyl phenanthrone product 3a was
obtained in 66% yield by using Cu(OAc)2 as the oxidant, 1,2-
dichloroethane (DCE) as the solvent and pivalic acid (PivOH)/
sodium triuoromethane-sulfonate (NaOTf) as the additive
(Table 1, entry 1). Further screening of catalysts, oxidants and
solvents reveals that the replacement of [Cp*RhCl2]2/AgSbF6,
Cu(OAc)2 and DCE did not give rise to a higher yield (Table 1,
entries 2–6). The mixed PivOH/NaOTf as the additive was
superior to PivOH, NaOTf or sodium acetate (NaOAc) (Table 1,
itions Yieldb [%]

66
N.R.
N.R.

[Cp*RhCl2]2/AgSbF6 31
E 8, 5, 45
d of Cu(OAc)2 8, N.R., 16

<5
ivOH/NaOTf 44, 60, 33
ad of PivOH/NaOTf/NaOTf 72c, 84d

l%), AgSbF6 (20 mol%), Cu(OAc)2 (2.0 equiv.), PivOH (0.5 equiv.), NaOTf
etermined by 1H NMR analysis of the crude product using CH2Br2 as an
.2 equiv.) and NaOAc (0.2 equiv.). DCM = dichloromethane.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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entries 7 and 8). To our delight, the product 3a was afforded in
a higher yield of 72% with PivOH/NaOAc as the additive, and
when using 1.2 equiv. PivOH and 0.2 equiv. NaOAc, the yield
was elevated to 84% (Table 1, entry 9). It is worthy of note that
only trace amounts of the intermediate 3a′ were monitored
under the optimized reaction conditions, revealing a high effi-
ciency of the subsequent intramolecular Ar–H/C(sp3)–H
cyclization.
Reaction scope

With the optimized reaction conditions in hand, we next
examined the generality of substrate. As summarized in Scheme
2, a variety of alkyl aryl ketones (1) and arylboronic acids (2)
smoothly participated in this cascade process to deliver a variety
of a,a-dialkyl/aryl phenanthrones (3) in moderate to excellent
yields. To our delight, this reaction was tolerant of halogens
(e.g., uoro, chloro and bromo) at different sites and was
successfully extended to a,a-diphenyl, a-methyl-a-phenyl and a-
cyclopentyl substrates, which exhibits the potential for the rapid
construction of structurally diverse TADF molecules. Moreover,
to investigate the synthetic applicability of this reaction,
a 1.0 mmol scale reaction was conducted to afford dihalo-
genated product 3j in 67% yield.
Assembly of TADF emitters

With a library of 10,10-dimethylphenanthren-9(10H)-one-
methane (DMPO) and 10,10-diphenylphenanthren-9(10H)-one-
Scheme 2 Scope of substrates. Reaction conditions: 1 (0.2 mmol), 2
(0.6 mmol), [Cp*RhCl2]2 (5.0 mol%), AgSbF6 (20 mol%), Cu(OAc)2 (2.0
equiv.), PivOH (1.2 equiv.), NaOAc (0.2 equiv.) and DCE (1.0 mL) at 150 °
C for 24 h under N2. Isolated yields. a 1.0 mmol scale.

© 2023 The Author(s). Published by the Royal Society of Chemistry
methane (DPPO) skeletons in hand, we tried to assemble
structurally diverse TADF molecules by utilizing 9,9-dimethyl-
9,10-dihydroacridine (DMAC), carbazole (Cz) and 3,6-di-tert-
butyl-carbazole (tBuCz) as the donors (Scheme 3). The halogen-
substituted DMPO and DPPO skeletons underwent the Buch-
wald–Hartwig amination or the nucleophilic substitution with
the DMAC, Cz or tBuCz donor to rapidly access a spectrum of
designed compounds (for synthetic details, see Part VII†). The
crystals of 2,6-DMAC-DMPO and 2-DMAC-DPPO were obtained
during the temperature gradient vacuum sublimation process,
and the corresponding crystal structures are shown in Scheme
3.11 2,6-DMAC-DMPO and 2-DMAC-DPPO both display highly
twisted molecular structures with large dihedral angles of 88.2°
and 90.0° between the DMAC donor and the DMPO acceptor in
2,6-DMAC-DMPO and of 76.6° between the DMAC donor and
the DPPO acceptor in 2-DMAC-DPPO. Moreover, obvious intra-
molecular C–H/O hydrogen-bonding interactions exist
between the a-methyl groups and the carbonyl group with the
distances of 2.5 Å and 3.0 Å in 2,6-DMAC-DMPO and between
the a-phenyl groups and the carbonyl group with the distances
of 2.7 Å and 2.8 Å in 2-DMAC-DPPO, which are benecial to
restrict structural relaxation and thus enhance radiative decay.
Thermal, electrochemical and photophysical performances

The photophysical performances of the designed compounds
were investigated systematically and are summarized in Fig. 1
and Table 2. All compounds display obvious shoulder absorp-
tion peaks at 350–450 nm, and the optical energy band gap (Eg)
calculated from the longest absorption wavelengths ranges
from 2.74 eV to 3.04 eV (Fig. 1a and Table 2). In the uorescence
spectra measured in toluene solution, these compounds exhibit
broad and featureless charge-transfer emissions (1CT).
Compared with 8-Cz-DMPO and 8-tBuCz-DMPO that possess
the donors ortho to the carbonyl group, the other TADF mole-
cules exhibit more signicantly red-shied emissions with the
increased polarity of the solvents, indicative of the stronger CT
characters (Fig. S2†). Moreover, we also observed that the
emitters with the donor on the A ring (e.g., 6-DMAC-DMPO, 7-
DMAC-DMPO, 8-Cz-DMPO, 8-tBuCz-DMPO and 6-DMAC-DPPO)
display signicantly red-shied emissions compared to those
with the donor on the B ring (e.g., 2-DMAC-DMPO, 3-DMAC-
DMPO, 2-tBuCz-DMPO and 2-DMAC-DPPO) (Fig. 1b and Table
2), which is probably due to the lower unoccupied molecular
orbital (LUMO) distributions on the A ring compared to those
on the B ring (Fig. S3†) that facilitate the CT emissions.
However, the phosphorescence spectra of these compounds are
well-resolved and show vibrational structures, and the emis-
sions are almost identical (Fig. 1c), revealing that their triplet
states belonging to localized excited states (3LE) mainly reside
on the DMPO or DPPO acceptors according to the theoretical
calculations (Fig. S3†). Thus, these compounds possess similar
triplet energy levels (ET1, Table 2). In contrast, due to the
stronger CT characters and thus more signicantly red-shied
emissions, the emitters with the donor on the A ring possess
considerably lower singlet energy levels (ES1, Table 2) than the
emitters with the donor on the B ring. As a result, the emitters
Chem. Sci., 2023, 14, 5125–5131 | 5127
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Scheme 3 Molecular structures of designed TADF molecules by utilizing DMPO or DPPO as the acceptor.
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with the donor on the A ring possess a signicantly smallerDEST
value ranging from 0.01 eV to 0.04 eV than those with the donor
on the B ring (0.16 eV to 0.52 eV), indicative of the better TADF
properties. In addition, the transient photoluminescence
spectra measured for the widely used bis[2-(diphenylphos-
phino)phenyl]ether oxide (DPEPO) host-based lms also reveal
that the emitters with the donor on the A ring display better
TADF properties with signicantly shorter delayed lifetimes
ranging from 1.3 ms to 8.4 ms than those with the donor on the B
ring (132.1 ms to 160.6 ms; Fig. 1d and Table 2).

In dilute tetrahydrofuran (THF) solutions, most of the
compounds display relatively weak photoluminescence with
low PLQY, and the photoluminescence intensities are greatly
enhanced upon the addition of a poor solvent (water) into the
THF solution, revealing the aggregation-induced emission (AIE)
properties that are benecial to the high PLQY in the aggregated
states (Fig. 1e, f and S4†). For example, the PLQY values of 6-
DMAC-DMPO and 6-DMAC-DPPO in the DPEPO host-blended
lms (75.3% and 74.6%, respectively) are signicantly higher
than those in the dilute toluene solutions (5.3% and 7.5%,
respectively) (Table 2). Intriguingly, the introduction of an
auxiliary donor on the 2-position of 6-DMAC-DMPO and 6-
DMAC-DPPO enables further increase of the PLQY values of the
doped lms (94.3% for 2,6-DMAC-DMPO and 90.1% for 2,6-
DMAC-DPPO), while maintaining small DEST values (0.04 eV for
5128 | Chem. Sci., 2023, 14, 5125–5131
2,6-DMAC-DMPO and 0.01 eV for 2,6-DMAC-DPPO). The higher
PLQY values of 2,6-DMAC-DMPO and 2,6-DMAC-DPPO than
those of 6-DMAC-DMPO and 6-DMAC-DPPO are possibly
attributed to the increased HOMO delocalization by multiple
donors as well as the more twisted donor–acceptor–donor
molecular geometry to suppress the ACQ effect in the lm
(Fig. S3†).12

Among the TADF molecules, 6-DMAC-DMPO, 2,6-DMAC-
DMPO, 6-DMAC-DPPO and 2,6-DMAC-DPPO with a DMAC
donor on the A ring simultaneously possess small DEST values
and high PLQY values. Therefore, they are further used as the
emitters to assemble OLEDs, and their electroluminescence
performances were investigated. 2-DMAC-DPPO is chosen for
comparison. Prior to the device fabrication, the thermal and
electronic properties of these compounds were measured. The
smooth thermogravimetric analysis (TGA) curves indicate that
these compounds possess good thermal stability with high
decomposition temperature at 5% weight loss (Td) ranging from
333 °C to 409 °C, which is benecial for the vacuum-deposited
OLED fabrication process (Fig. S5† and Table 2). The highest
occupied molecular orbital (HOMO) energies of these
compounds were measured by cyclic voltammetry (CV, Fig. S6†),
which range from−5.34 eV to−5.03 eV, and the LUMO energies
were calculated from the HOMO energies and the Eg values,
which range from −2.43 eV to −2.16 eV (Table 2).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Absorption (at room temperature), (b) fluorescence (at room temperature) and (c) phosphorescence (at 77 K) spectra of the designed
compounds in toluene solution (1.0 × 10−5 M). (d) Transient photoluminescence spectra of the designed compounds in DPEPO host-blended
film (40 wt%) at room temperature. Fluorescence spectra of (e) 6-DMAC-DPPO and (f) 2,6-DMAC-DPPO in THF/water mixtures with different
water fractions (fw). Insets in (e) and (f): photographs of 6-DMAC-DPPO (e) and 2,6-DMAC-DPPO (f) in THF/water mixtures (fw = 0 and 95%)
under 365 nm excitation.
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OLED performance

OLEDs were assembled using 6-DMAC-DMPO, 2,6-DMAC-
DMPO, 6-DMAC-DPPO, 2,6-DMAC-DPPO and 2-DMAC-DPPO as
the emitters and DPEPO as the host. The optimized device
structure is ITO/1,1-bis[(di-4-tolylamino)phenyl]cyclohexane
(TAPC, 10 or 25 or 35 nm)/tris(4-carbazolyl-9-ylphenyl)amine
(TCTA, 5 nm)/emitter: host (40%, 35 nm)/4,7-diphenyl-1,10-
phenanthroline (BPhen, 55 nm)/LiF (0.8 nm)/Al (100 nm)
Table 2 Summary of thermal, electrochemical and photophysical perfo

Donor Emitter
Td
[°C]

HOMOa

[eV]
LUMOb

[eV]
Eg

c

[nm]
lem
[nm

On the
B ring

2-DMAC-DMPO — −5.06 −2.04 3.02 463
3-DMAC-DMPO — −5.03 −2.00 3.03 466
2-tBuCz-DMPO — −5.33 −2.29 3.04 431
2-DMAC-DPPO 370 −5.34 −2.43 2.91 475

On the
A ring

6-DMAC-DMPO 333 −5.08 −2.27 2.81 490
7-DMAC-DMPO — −5.32 −2.47 2.85 511
8-Cz-DMPO — −5.36 −2.48 2.88 512
8-tBuCz-DMPO — −5.48 −2.67 2.81 515
6-DMAC-DPPO 381 −5.07 −2.33 2.74 506

On the
A and B
rings

2,6-DMAC-DMPO 404 −5.03 −2.16 2.87 498
2,6-DMAC-DPPO 409 −5.08 −2.32 2.76 511

a Measured in dry DCM at 1.0 × 10−3 M containing 0.1 M of tetrabutyla
calculated from the longest wavelength in the absorption spectrum. d

e Measured in DPEPO host-blended lm (40 wt%) at room temperature. f

room temperature. g Calculated from the onset wavelength of the phosph
in toluene solution (1.0 × 10−5 M) in a N2 atmosphere at room temperatu

© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. S7†). The device performances are summarized in Fig. 2
and Table 3. All the devices display low turn-on voltages ranging
from 2.5 V to 2.9 V (Fig. 2d) and green emissions with emission
peaks (ELpeak) ranging from 508 nm to 545 nm (Fig. 2c), indi-
cating the sufficient energy transfer from the DPEPO host to the
emitters. Compared with 6-DMAC-DMPO and 6-DMAC-DPPO,
2,6-DMAC-DMPO and 2,6-DMAC-DPPO with two donors exhibit
superior electroluminescence performances with high
rmance

,sol.
d

]
lem,lm

e

[nm]
ES1

f

[eV]
ET1

g

[eV]
DEST

h

[eV]
FPL,sol.

i

[%]
FPL,lm

e

[%]
sd

e

[ms]

470 3.00 2.76 0.24 5.7 17.7 145.0
470 3.01 2.79 0.22 3.3 5.7 143.4
450 3.17 2.65 0.52 5.5 18.0 132.1
500 2.89 2.73 0.16 9.6 42.6 160.6
510 2.80 2.76 0.04 5.3 75.3 7.8
510 2.74 2.72 0.02 8.4 27.0 8.4
496 2.77 2.74 0.03 1.9 1.5 1.7
496 2.75 2.73 0.02 7.2 5.2 1.3
522 2.79 2.78 0.01 7.5 74.6 4.5
516 2.78 2.74 0.04 7.0 94.3 10.5
522 2.74 2.73 0.01 13.0 90.1 4.2

mmonium hexauorophosphate. b ELUMO = EHOMO + Eg.
c Energy gap

Measured in toluene solution (1.0 × 10−5 M) at room temperature.
Calculated from the onset wavelength of the uorescence spectrum at
orescence spectrum at 77 K. h Calculated from ES1 and ET1.

i Measured
re.
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Fig. 2 (a) Energy level diagrams and (b) molecular structures of thematerials used in OLEDs. (c) Electroluminescence spectra at 1000 cdm−2. (d)
Current density–voltage–luminance curves and (e) EQE–luminance–power efficiency curves of OLEDs.

Table 3 Summary of OLED performances

Emitter ELpeak
a [nm] CIEb [x, y] Von [V] CEmax [cd A−1] EQEmax [%] PEmax [lm W−1]

6-DMAC-DMPO 508 [0.27, 0.55] 2.6 67.9 22.4 82.1
2,6-DMAC-DMPO 521 [0.29, 0.56] 2.9 99.2 31.0 107.4
6-DMAC-DPPO 526 [0.32, 0.58] 2.5 79.1 24.0 99.5
2,6-DMAC-DPPO 545 [0.39, 0.55] 2.7 106.2 32.6 123.5
2-DMAC-DPPO 515 [0.27, 0.49] 2.8 31.9 11.2 35.8

a ELpeak measured at 1000 cd m−2. b Commission Internationale de l’Eclairage (CIE) 1931 coordinates measured at 1000 cd m−2.
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maximum current efficiencies (CEmax) of 99.2 cd A−1 and 106.2
cd A−1, maximum external quantum efficiencies (EQEmax) of
31.0% and 32.6% and maximum power efficiencies (PEmax) of
107.4 lm W−1 and 123.5 lm W−1 (Fig. 2e). These results repre-
sent one of the state-of-the-art performances for the reported
carbonyl-based TADF molecules (Table S5†). In contrast, rela-
tively low efficiencies were measured for the 2-DMAC-DPPO-
based device (CEmax of 31.9 cd A−1, EQEmax of 11.2% and PEmax

of 35.8 lm W−1).
Conclusions

In summary, we have developed an efficient rhodium-catalyzed
cascade C–H activation process of alkyl aryl ketones with phe-
nylboronic acids for the construction of the a,a-dialkyl/aryl
phenanthrone skeleton. This concise synthetic strategy
provides an opportunity to rapidly access structurally nontra-
ditional locked alkyl aryl carbonyl-based TADF emitters. With
small DEST values of 0.04 eV and 0.01 eV as well as high PLQY
values of 94.3% and 90.1%, 2,6-DMAC-DMPO and 2,6-DMAC-
5130 | Chem. Sci., 2023, 14, 5125–5131
DPPO are successfully utilized as the emitters to assemble high-
performance OLEDs. This work not only demonstrates the
potential of a-locked alkyl aryl carbonyl acceptors for the
construction of efficient TADF molecules and further assembly
of high-performance OLEDs, but also showcases the superiority
of the C–H activation method as an easy toolbox for the devel-
opment of a library of OLED materials.
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