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High-Performance Orange–Red Organic Light-Emitting
Diodes with External Quantum Efficiencies Reaching 33.5%
based on Carbonyl-Containing Delayed Fluorescence
Molecules

Ruming Jiang, Xing Wu, Hao Liu, Jingjing Guo, Dijia Zou, Zujin Zhao,*
and Ben Zhong Tang

Developing orange to red purely organic luminescent materials having
external quantum efficiencies (𝜼exts) exceeding 30% is challenging because it
generally requires strong intramolecular charge transfer, efficient reverse
intersystem crossing (RISC), high photoluminescence quantum yield (𝚽PL),
and large optical outcoupling efficiency (𝚽out) simultaneously. Herein, by
introducing benzoyl to dibenzo[a,c]phenazine acceptor, a stronger electron
acceptor, dibenzo[a,c]phenazin-11-yl(phenyl)methanone, is created and
employed for constructing orange–red delayed fluorescence molecules with
various acridine-based electron donors. The incorporation of benzoyl leads to
red-shifted photoluminescence with accelerated RISC, reduced delayed
lifetimes, and increased 𝚽PLs, and the adoption of spiro-structured acridine
donors promotes horizontal dipole orientation and thus renders high 𝚽outs.
Consequently, the state-of-the-art orange–red organic light-emitting diodes are
achieved, providing record-high electroluminescence (EL) efficiencies of
33.5%, 95.3 cd A−1, and 93.5 lm W‒1. By referring the control molecule
without benzoyl, it is demonstrated that the presence of benzoyl can exert
significant positive effect over improving delayed fluorescence and enhancing
EL efficiencies, which can be a feasible design for robust organic luminescent
materials.
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1. Introduction

Organic light-emitting diodes (OLEDs)[1,2]

have received continuous and intense
research interests of academia and in-
dustry owing to their distinct merits that
ensue promising applications in display
and lighting devices. Maximizing device
efficiencies, minimizing energy consump-
tion, and reducing manufacturing cost
are the fundamental prerequisites for
massive commercialization of OLEDs,[3]

which greatly rely on the exploration of
robust light-emitting materials. Purely
organic thermally activated delayed flu-
orescence (TADF) materials without any
precious noble metals are currently in
the spotlight because they are not only
low-cost but also able to harvest both
singlet and triplet excitons via reverse
intersystem crossing (RISC) to boost
electroluminescence (EL) efficiencies.[4–7]

Constructing highly twisted electron-
donor and acceptor (D-A) structures can
bring about adequate separation of the
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highest occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO), making energy splitting
(∆EST) between the lowest singlet excited (S1) state and the lowest
triplet excited (T1) state reduced to ensure rapid RISC and thus
improve exciton utilization.[8–12]

After a landmark breakthrough by Adachi’s group, many effi-
cient sky-blue, green, and yellow TADF materials have been de-
veloped thus far and their corresponding OLEDs have reached
the highest external quantum efficiencies (𝜂exts) of around
38%.[13–16] In contrast, the device efficiencies of orange-to-
red TADF materials with EL peaks over 560 nm remain far
behind.[17–21] In order to realize efficient long-wavelength EL
emissions, strengthening intramolecular charge transfer (ICT)
effect in a highly twisted D-A framework is widely used in the
design of TADF materials.[22–25] But according to the Franck–
Condon transition principle,[26] the separation of HOMOs and
LUMOs as well as strong ICT effect often leads to low radia-
tive decay rate and weak oscillator strength, thereby resulting in
decreased photoluminescence (PL) quantum yields (ΦPLs). On
the other hand, the horizontal dipole ratio (Θ//) of the molecule
should also be enhanced to break the limit of 20‒30% optical out-
coupling efficiency (Φout).

[27,28] In fact, some orange–red TADF
materials obtained by great efforts possess small ΔESTs and high
ΦPLs, but their EL efficiencies are less than satisfactory due to
their low Θ//s, and vice versa.[29–33] It is virtually challenging to
simultaneously achieve a small ∆EST, a high ΦPL, and a large
Φout, especially for TADF materials with long-wavelength emis-
sions. In consequence, there are only very limited reports on the
efficient orange–red TADF OLEDs with highest 𝜂exts of around
30%.[3,34–37]

To break through the predicament, in this contribution, we
propose a feasible molecular design for orange–red TADF materi-
als and synthesize a series of tailor-made luminescent molecules
DPPM-DMAC, DPPM-DPAC, DPPM-SFAC, DPPM-STAC, and
DPPM-SXAC. In these molecules, various acridine derivatives
9,9-dimethyl-9,10-dihydroacridine (DMAC), 9,9-diphenyl-9,10-
dihydroacridine (DPAC), spiro[acridine-9,9’-fluorene] (SFAC),
spiro[acridine-9,9’-thioxanthene] (STAC), and spiro[acridine-9,9’-
xanthene] (SXAC), are adopted as electron donors, in which
the substituents at the 9-position of acridine are altered to op-
timize Θ//s. A large electron acceptor of dibenzo[a,c]phenazin-
11-yl(phenyl)methanone (DPPM) is created by grafting benzoyl
to dibenzo[a,c]phenazine (DP) to increase electron-withdrawing
ability for generating longer-wavelength emissions. The presence
of carbonyl group is also anticipated to enhance spin–orbit cou-
pling (SOC) matrix elements[38–40] to facilitate RISC and benefit
delayed fluorescence. For comparison, a control TADF molecule
(DP-SXAC) containing a DP acceptor and SXAC donor is pre-
pared and studied. The systematical experiments and theoret-
ical calculations reveal that these DPPM-based molecules ex-
hibit more efficient delayed fluorescence with longer emission
wavelengths, higher ΦPLs, and shorter delayed lifetimes than
DP-SXAC. The OLEDs employing DPPM-based molecules as
emitters radiate orange–red lights and achieve a record-beating
𝜂ext of 33.5%, much superior to that of DP-SXAC-based device
(19.5%). The high ΦPLs, efficient RISC as well as large 𝜂outs ac-
count for the outstanding EL performances of these DPPM-based
molecules.

2. Result and Discussion

The molecular structures of DPPM-based molecules (DPPM-
DMAC, DPPM-DPAC, DPPM-SFAC, DPPM-STAC, DPPM-
SXAC), and the control molecule DP-SXAC without benzoyl
are shown in Figure 1, and their detailed synthetic routes
involving two steps are shown in Schemes S1 and S2 of
the Supporting Information. Briefly, the key precursors DP-Br
and DPPM-Br are synthesized by cyclization reactions of 3,6-
dibromo-phenanthrenequinone with o-phenylenediamine and
(3,4-diaminophenyl)phenylmethanone, respectively, which are
coupled with acridine-based donors via Buchwald–Hartwig C–
N coupling reaction to produce target molecules in good yields.
They are fully characterized by 1H NMR, 13C NMR, and high-
resolution mass spectrometry, and the results are in good agree-
ment with the molecular structures. The detailed synthetic proce-
dures and characterization data are described in the Supporting
Information.

The thermal stability of these molecules is examined by ther-
mogravimetric analysis. As shown in Figure S1 in the Supporting
Information, they have excellent thermal stability with high de-
composition temperatures (Tds, corresponding to 5% loss of ini-
tial weight) of 447 °C for DPPM-DMAC, 493 °C for DPPM-DPAC,
532 °C for DPPM-SFAC, 542 °C for DPPM-STAC, and 525 °C
for DPPM-SXAC. The Tds of DPPM-SFAC, DPPM-STAC, and
DPPM-SXAC are obviously higher than those of DPPM-DMAC
and DPPM-DPAC, indicating the spiro structure has positive ef-
fect on increasing thermal stability. Besides, the Td of DPPM-
SXAC is also much higher than that of DP-SXAC (497 °C), reveal-
ing that the introduction of benzoyl has improved the thermal sta-
bility of the molecule. On the other side, all of these molecules
hold good electrochemical stability as well, as evidenced by the
reversible oxidation and reduction processes in cyclic voltamme-
try measurement (Figure S2, Supporting Information). Accord-
ing to the thresholds of the first oxidation and reduction waves,
the HOMO and LUMO energy levels are calculated to be ‒5.28
and ‒3.46 eV for DPPM-DMAC, ‒5.42 and ‒3.55 eV for DPPM-
DPAC, ‒5.36 and ‒3.51 eV for DPPM-SFAC, ‒5.41 and ‒3.51 eV
for DPPM-STAC, ‒5.41 and ‒3.52 eV for DPPM-SXAC, and ‒5.41
and ‒3.24 eV for DP-SXAC. Compared with other molecules,
DPPM-DMAC has a higher HOMO energy level owing to the
stronger electron-donating ability of DMAC.[3,41] And the DPPM-
based molecules exhibit lower LUMO energy levels than DP-
SXAC, which is ascribed to the stronger electron-withdrawing
ability of DPPM acceptor resulting from the additional carbonyl
group.

To gain insights into the electronic structures, density func-
tional theory calculation is carried out to simulate the optimized
geometries at the ground state and frontier molecular orbital
distributions. All the molecules adopt highly twisted geometries
with large torsional angles over 80o between donors and accep-
tors, facilitating the separation of HOMOs and LUMOs (Fig-
ure 1). The LUMOs are predominantly concentrated on DP and
carbonyl groups, while the HOMOs are mainly located on acri-
dine moieties, validating the presence of ICT characteristics. The
ΔESTs are calculated to be 0.004 eV for DPPM-DMAC, 0.145 eV
for DPPM-DPAC, 0.045 eV for DPPM-SFAC, 0.045 eV for DPPM-
STAC, and 0.065 eV for DPPM-SXAC, ensuring efficient RISC
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Figure 1. Molecular structures, dihedral angles between donor and acceptor in optimized ground geometry, frontier molecular orbital distributions, and
the calculated ΔEST values of DPPM-DMAC, DPPM-DPAC, DPPM-SFAC, DPPM-STAC, DPPM-SXAC, and DP-SXAC.

and thus delay fluorescence. Due to the electron-withdrawing ef-
fect of carbonyl group, the HOMO and LUMO distributions be-
come more separate in DPPM-SXAC than in DP-SXAC, as evi-
denced by the less electron cloud locating on the phenyl ring con-
nected with acridine moiety, resulting in a much smaller ΔEST
(0.065 eV) of DPPM-SXAC than that of DP-SXAC (0.138 eV).

Moreover, the analysis on the hole and electron distributions
of the excited states discloses that, for the S1 state, the hole and
electron are distributed separately on the donor and acceptor,
respectively, indicative of the typical charge transfer (CT) state
dominated by 𝜋‒𝜋* transition (Figure 2A). Different from the S1
state, both hole and electron of the T1 state are primarily cen-
tered on the acceptor, implying the predominant characteristic
of localized excitation state governed by n‒𝜋* and 𝜋‒𝜋* tran-
sition. The distinct difference in transition nature between S1
and T1 states is beneficial for the occurrence of RISC processes,
rendering increased RISC rate.[22,42–44] In contrast, the second
triplet excited (T2) and third triplet excited (T3) states of both
molecules are dominated by the CT characters. Theoretically, up-
conversion of CT-featured triplet states to CT-featured singlet
states is difficult.[22] But T2 and T3 lie close to S1, with small en-
ergy level splitting and large SOC matrix elements between S1
and T2, and S1 and T3 (Figure 2B,C), suggesting these highly
lying triplet excited states may contribute to spin-flip event as
well.[45,46] Interestingly, the calculated SOC matrix element be-
tween S1 and T1 of DPPM-SXAC (0.082 cm‒1) is larger than that
of DP-SXAC (0.057 cm‒1), benefiting from n‒𝜋* transition of car-
bonyl group.[38–40] These results demonstrate the introduction of
benzoyl can exert apparent positive effect on RISC by not only re-
ducing ΔEST but also enlarging SOC matrix element, leading to
efficient delayed fluorescence with short delayed lifetimes. The
promoted RISC is also favorable to suppress nonradiative de-
cay of triplet excited states, and thus conducive to increasing PL
efficiency.

DPPM-based molecules represent analogous absorption spec-
tral profiles in dilute tetrahydrofuran (THF) solutions (Fig-
ure 3A). The intense absorption bands at around 400 nm are
attributed to the 𝜋–𝜋* transitions of the molecules, while the
weak and broad absorption bands at about 450 nm are associ-
ated with ICT transitions from acridine-based donors to DPPM
acceptor. They show orange to red PL emissions (568‒603) with
ΦPLs of 29‒44% in dilute toluene solutions, which are greatly red-
shifted to 655‒682 nm with decreased ΦPLs of 1‒4% in THF so-
lutions (Figure S3 and Table S1, Supporting Information), due
to strengthened ICT effect in polar solvent. On the contrary, DP-
SXAC shows an absorption band at about 430 nm in THF from
ICT transition, and greatly blue-shifted PL peaks at 532 in toluene
and 598 nm in THF, due to its relatively weak ICT effect. On the
other hand, the PL intensities in toluene can be apparently weak-
ened by O2 (Figure S4, Supporting Information). And the tran-
sient PL decay spectra of these molecules display obvious delayed
components in O2-free toluene bubbled with N2, but the delayed
components are reduced greatly in the presence of O2 (Figure S5,
Supporting Information). These findings suggest that the triplet
excited states are involved in PL emissions.

In THF solutions, DPPM-based molecules show faint PL
emissions without distinct delayed fluorescence. By adding a
poor solvent of water into their THF solutions, the PL peaks
are progressively blue-shifted and PL intensities are enhanced
greatly (Figure 3C,D and Figure S6, Supporting Information).
With the addition of a large amount of water, these lumino-
genic molecules form aggregates because of their hydrophobic
nature, and the enhanced and blue-shifted PL emissions in aggre-
gates are caused by the lowered matrix polarity and restricted in-
tramolecular motions.[47–49] More interestingly, the PL lifetimes
of these molecules get elongated apparently and the delayed com-
ponents become more prominent at high water fractions, indica-
tive of aggregation-induced delayed fluorescence phenomenon
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Figure 2. A) Hole (red) and electron (blue) analyses of excited singlet and triplet states of DPPM-SXAC and DP-SXAC with the spin–orbit coupling (SOC)
matrix elements. The encircled and enlarged parts indicate the n orbital character. Calculated energy levels, ΔEST values, and SOC matrix elements of
excited singlet and triplet states of B) DPPM-SXAC and C) DP-SXAC.

(Figure 3E and Figure S7, Supporting Information), which is at-
tributed to the promoted RISC by mainly impeding internal con-
version of the excited states in condensed phase.[9]

DPPM-based molecules show orange–red PL emissions with
peaks at 557‒587 nm in doped films with 4,4′-bis(carbazol-9-
yl)biphenyl (CBP) host, while DP-SXAC emits green PL emis-
sion peaking at 528 nm (Figure 3B). DPPM-based molecules
have similar ΦPL values of 86‒94% in doped films, much higher
than that of DP-SXAC (60%). The promoted RISC can re-
duce nonradiative decay of triplet excited states and thus could
be accountable for the higher ΦPL of DPPM-SXAC than DP-
SXAC. The ∆ESTs of DPPM-based molecules are calculated to
be 0.06‒0.25 eV from the onset of fluorescence and phospho-
rescence spectra at 77 K (Figure S8, Supporting Information),
smaller than that of DP-SXAC (0.34 eV). This finding is in good

agreement with the calculation results. The transient PL de-
cay spectra of these molecules in doped films display eminent
double-exponential decay with prompt and delayed components
(Table 1 and Figure S9, Supporting Information). They possess
better delayed fluorescence property than DP-SXAC. The de-
layed fluorescence lifetime of DPPM-SXAC (37 μs) is dramati-
cally shorter than that of DP-SXAC (1991 μs), validating the sig-
nificant positive impact of carbonyl group on the acceleration
of RISC. The temperature-dependent transient PL decay spec-
tra show that by increasing temperature from 77 to 300 K, the
ratio of delayed fluorescence gradually rises (Figure 3F and Fig-
ure S10 and Table S2, Supporting Information). The triplet ex-
cited states undergo RISC to up-convert to singlet excited states
via thermal activation, verifying the TADF characteristics of these
molecules.
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Figure 3. A) Absorption spectra of the new molecules in THF solutions (10‒5 m). B) PL spectra in doped films. C) PL spectra of DPPM-SXAC in THF/water
mixtures with different water fractions (fw; 10‒5 m). Inset: photos of DPPM-SXAC in THF/water mixtures (fw = 0 and 99%), taken under 365 nm excitation
of a UV lamp. D) Plots of PL peak intensity versus fw, where I0 is the PL intensity in pure THF solution. E) Transient PL decay spectra of DPPM-SXAC in
THF/water mixtures with different fws. F) Temperature-dependent transient PL decay spectra of DPPM-SXAC doped in CBP host.

Table 1. Photophysical properties, energy levels, and thermal stabilities of the new molecules.

Molecule
a)

𝜆PL
[nm]

ΦPL
[%]

𝜏p
[ns]

𝜏d
[μs]

Rd
[%]

kF
[× 107 s‒1]

kIC
[× 106 s‒1]

kISC
[× 107 s‒1]

kRISC
[× 103 s‒1]

∆EST
[eV]

Θ//
[%]

HOMO/
LUMO [eV]

b)
Td

[°C]

DPPM-DMAC 587 86 11 125 41 4.8 7.8 3.9 13.7 0.06 66 ‒5.28/‒3.46 447

DPPM-DPAC 557 87 8 455 35 7.3 11.0 4.6 3.4 0.25 69 ‒5.42/‒3.55 493

DPPM-SFAC 563 89 10 233 46 4.8 5.9 4.5 7.9 0.13 82 ‒5.36/‒3.51 532

DPPM-STAC 566 86 11 72 30 5.5 8.9 2.7 19.8 0.20 80 -5.41/-3.51 542

DPPM-SXAC 570 94 12 37 19 6.2 3.9 1.5 33.4 0.17 82 ‒5.41/‒3.52 525

DP-SXAC 528 60 9 1991 69 2.1 1.4 7.7 1.6 0.34 79 ‒5.41/‒3.24 497

a)
Abbreviations: 𝜆PL = PL peak; ΦPL = absolute PL quantum yield, evaluated using an integrating sphere under nitrogen; 𝜏p and 𝜏d = lifetimes calculated from the prompt and

delayed fluorescence decay, respectively; Rd = ratio of delayed component; kF = fluorescence decay rate; kIC = internal conversion rate from S1 to S0 states; kISC = intersystem
crossing rate from S1 to T1 states; kRISC = reverse intersystem crossing rate. ∆EST = energy splitting between S1 and T1 states, estimated from the high-energy onsets of
fluorescence and phosphorescence spectra at 77 K; Θ// = horizontal dipole ratio. Photophysical data are measured from the doped films of the new molecules in CBP host
(10 wt%) under nitrogen at 300 K.

b)
Measured by cyclic voltammetry in solutions.

The Θ//s of these molecules are investigated by angle-
dependent p-polarized PL measurement. As shown in Figure 4,
DPPM-STAC, DPPM-SXAC, and DPPM-SFAC exhibit high Θ//
values of 80%, 82%, and 82%, indicating these molecules pre-
fer horizontal dipole orientation. But DPPM-DPAC and DPPM-
DMAC only have low Θ//s of 69% and 66%, respectively, close to
those of purely isotropic chromophores. The low Θ//s are prob-

ably caused by the major z component of transition dipole mo-
ment vectors, as revealed by the simulation of transition dipole
moment in S1 state (Figure 4). These results clearly demon-
strate that the spiro-structured acridine derivatives can signifi-
cantly promote horizontal dipole orientation. On the other hand,
the direction of transition dipole moment vector of DPPM-SXAC
is almost identical to that of DP-SXAC, and the Θ// of DPPM-
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Figure 4. Measured (symbols) p-polarized PL intensity (at PL peak wavelength) of the doped films of A) DPPM-DMAC, B) DPPM-DPAC, C) DPPM-SFAC,
D) DPPM-STAC, and E) DPPM-SXAC in CBP host (10 wt%). Simulated dipole moment vectors for F) DPPM-DMAC, G) DPPM-DPAC, H) DPPM-SFAC,
I) DPPM-STAC, and J) DPPM-SXAC in S1 state.

Figure 5. A) Device structure and energy level diagram. B) Molecular structures of the materials employed in the devices. C) EL spectra and plots of D)
external quantum efficiency–luminance–power efficiency and E) luminance–voltage–current density of the devices.

SXAC is also close to DP-SXAC (79%) (Figure S11, Supporting
Information), suggesting the introduction of benzoyl does not
induce adverse effect on horizontal dipole orientation of these
molecules.

The EL performances of DPPM-based molecules are evaluated
in multilayer OLEDs with a configuration of indium tin oxide
(ITO)/2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-hexaazatriphenylene
(HATCN, 5 nm)/1,10-bis(di-4-tolylaminophenyl) cyclohex-
ane (TAPC, 50 nm)/tris[4-(carbazol-9-yl)phenyl]amine (TCTA,

5 nm)/emitting layers (EMLs, 20 nm)/1,3,5-tri(m-pyrid-3-
yl-phenyl)benzene (TmPyPB, 40 nm)/LiF (1 nm)/Al, where
HATCN, TAPC, TCTA, TmPyPB, and LiF serve as hole injection,
hole-transporting, electron-blocking, electron-transporting, and
electron injection layers, respectively (Figure 5A,B). The doped
films of DPPM-based molecules in CBP host with varied doping
concentrations function as EMLs, and CBP is chosen as the host
because of its matched HOMO and LUMO energy levels. The
key EL parameters are listed in Table 2, and the dependence of
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Table 2. EL performances of the OLEDs based on the new molecules.

Emitter
a)

Von [V] Lmax [cd m–2] 𝜂C,max [cd A–1] 𝜂P,max [lm W–1] 𝜂ext,max [%] Φout [%] 𝜆EL [nm] CIE (x, y)

DPPM-DMAC 3.1 13 500 47.9 47.0 23.1 29 596 (0.56, 0.44)

DPPM-DPAC 3.1 9610 85.0 83.4 27.3 31 568 (0.47, 0.52)

DPPM-SFAC 3.1 13 810 82.1 77.0 30.6 37 578 (0.51, 0.49)

DPPM-STAC 3.3 10 230 87.4 80.7 29.3 35 574 (0.48, 0.51)

DPPM-SXAC 3.1 11 800 87.4 85.8 33.5 36 572 (0.49, 0.50)

DP-SXAC 3.3 7480 68.1 62.9 19.5 35 542 (0.33, 0.58)

a)
Abbreviations: Von = turn-on voltage at 1 cd m−2; Lmax =maximum luminance; 𝜂C,max =maximum current efficiency; 𝜂P,max = maximum power efficiency; 𝜂ext,max =maximum

external quantum efficiency; Φout = optical outcoupling efficiency; 𝜆EL = EL peak; CIE = Commission Internationale de I’Eclairage coordinates.

Figure 6. A) EL spectra and plots of B) external quantum efficiency–luminance–power efficiency and C) luminance–voltage–current density of doped
OLEDs based on DPPM-SXAC with varied doping concentrations. D) External quantum efficiency, E) current efficiency, and F) power efficiency versus
EL peak wavelength of high-efficiency orange to red TADF OLEDs reported in the literature.

EL performances on doping concentrations is summarized in
Tables S3–S7 in the Supporting Information.

The EL performances of the multilayer OLEDs employing
DPPM-based molecules with a doping concentration of 10 wt%
are displayed in Figure 5C–E. These devices can be turned on
at low voltages of 3.1 V and radiate orange–red EL emissions
with peaks at 596, 568, 578, 574, and 572 nm for DPPM-DMAC,
DPPM-DPAC, DPPM-SFAC, DPPM-STAC, and DPPM-SXAC,
respectively, corresponding to Commission Internationale de
I’Eclairage coordinates of (0.56, 0.44), (0.47, 0.52), (0.51, 0.49),
(0.48, 0.51), and (0.49, 0.50), respectively. But the device of DP-
SXAC exhibits green EL emission at 542 nm, which is blue-
shifted by 30 nm relative to that of DPPM-SXAC. These devices
show maximum luminance of 9610‒13 500 cd m–2 and provide

excellent peak 𝜂ext (𝜂ext,max), current efficiency (𝜂C,max), power effi-
ciency (𝜂P,max) of 23.1%, 47.9 cd A−1, and 47.0 lm W−1 for DPPM-
DMAC, 27.3%, 85.0 cd A−1, and 83.4 lm W−1 for DPPM-DPAC,
30.6%, 82.1 cd A−1, and 77.0 lm W−1 for DPPM-SFAC, 29.3%,
87.4 cd A−1, and 80.7 lm W−1 for DPPM-STAC. And more im-
pressively high EL efficiencies of 33.5%, 87.4 cd A−1, and 85.8 lm
W−1 are achieved in DPPM-SXAC device, which are significantly
improved relative to those of DP-SXAC device (19.5%, 68.1 cd
A−1, and 62.9 lm W−1). Besides, DPPM-SXAC can function effi-
ciently in a concentration range of 5‒20 wt% (Figure 6A–C and
Table S6, Supporting Information). At a doping concertation of
8 wt%, its device provides 𝜂ext,max, 𝜂C,max, 𝜂P,max of 31.8%, 95.3 cd
A−1, and 93.5 lm W−1, respectively. To the best of our knowledge,
the outstanding 𝜂ext,max of 33.5%, 𝜂C,max of 95.3 cd A−1, and 𝜂P,max
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Figure 7. Device lifetimes of doped devices of DPPM-SXAC and DP-SXAC with initial luminance of A) 1000 cd m‒2 and B) 2000 cd m‒2. Device config-
uration: ITO/MoO3 (6 nm)/mCBP (40 nm)/10 wt% emitter: DIC-TRZ (30 nm)/TPBi (50 nm)/LiF (1 nm)/Al.

of 93.5 lm W−1 of DPPM-SXAC device are the best efficiencies
for orange–red TADF OLEDs reported so far (Figure 6D–F and
Table S8, Supporting Information).

Based on film thickness, reflex index, and Θ//s,[50] the 𝜂outs of
DPPM-STAC, DPPM-SXAC, and DPPM-SFAC are calculated to
be 35%, 36%, and 37%, respectively, which are larger than those
of DPPM-DPAC (31%) and DPPM-DMAC (29%). In addition, ac-
cording to the formula of 𝜂ext = 𝛾 ×ΦPL × 𝜂eue × 𝜂out, in which 𝛾 is
the charge balance factor (ideally 𝛾 = 1.0) and 𝜂eue is the exciton
utilization efficiency, the device of DPPM-SXAC shows a highest
𝜂eue of 98.9%, thanks to the fastest RISC.

On the other side, to evaluate the impact of benzoyl on
the operational lifetime of the device, the device lifetimes
of DPPM-SXAC and DP-SXAC are comparatively studied in
identical device configurations of ITO/MoO3 (6 nm)/mCBP
(40 nm)/10 wt% emitter: DIC-TRZ (30 nm)/TPBi (50 nm)/LiF
(1 nm)/Al, in which MoO3 is hole injection layer, mCBP
(3,3’-di(carbazol-9-yl)biphenyl) is hole-transporting layer, DIC-
TRZ (2,4-diphenyl-6-bis(12-phenylindolo)[2,3-a] carbazole-11-yl)-
1,3,5-triazine) is the host of both emitters, and TPBi (1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene) is electron-transporting layer.
The device of DPPM-SXAC shows half-life (LT50) values of 101
and 19 h at initial luminance of 1000 and 2000 cd m‒2, respec-
tively, which are apparently longer than those of PM-SXAC-based
device (29 and 5 h) (Figure 7). To further evaluate the operational
stability of both molecules, additional devices are fabricated with
more stable functional layers by commercial company. The LT50
value of DPPM-SXAC-based device is ≈18 000 h at an initial lu-
minance of 100 cd m−2, being about threefold higher than that
of DP-SXAC-based device (≈6000 h) (Figure S12, Supporting In-
formation). Although the device stability of these DPPM-based
molecules has not been fully optimized, these preliminary results
suggest that the presence of benzoyl group will not bring about
apparent negative effects but can improve device stability to some
extent.

3. Conclusion

In summary, a series of orange–red delayed fluorescence
molecules DPPM-DMAC, DPPM-DPAC, DPPM-SFAC, DPPM-

STAC, and DPPM-SXAC are successfully developed by fusing
strong DPPM acceptor with acridine-based donors. The intro-
duction of benzoyl not only strengthens ICT effect but also en-
hances SOC matrix element and decreases ΔEST to promote
RISC, leading to prominent delayed fluorescence with greatly
red-shifted emission peaks, enhanced ΦPLs, and shortened de-
layed lifetimes. On the other hand, the horizontal dipole ori-
entation of the molecule can be facilitated by creating a spiro-
structure at the 9-position of acridine, which is favored to im-
prove Θ//s and Φouts. And the presence of benzoyl induces no ad-
verse effect on horizontal dipole orientation. This rational molec-
ular engineering simultaneously endows DPPM-SXAC with effi-
cient red–orange delayed fluorescence, a high ΦPL of 94%, and
a large Φout of 36% in CBP host. As a result, DPPM-SXAC re-
alizes superb EL performance with 𝜂ext,max, 𝜂C,max, and 𝜂P,max of
up to 33.5%, 95.3 cd A−1, and 93.5 lm W−1, respectively. To the
best of our knowledge, the outstanding EL efficiencies represent
the best device performance among previously reported orange–
red TADF OLEDs. Moreover, the preliminary results also suggest
that the presence of benzoyl can improve device stability to some
extent. It is envisioned that the proposed molecular design will
bring about more efficient TADF materials for high-performance
OLEDs.
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