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ure accelerates reverse
intersystem crossing of TADF emitters: nearly 40%
EQE and relieved efficiency roll off†

He Liu, Yang Liu, Guohao Chen, Yuan Meng, Hao Peng, Jingsheng Miao
and Chuluo Yang *

Exploring strategies to enhance reverse intersystem crossing (RISC) is of great significance to develop

efficient thermally activated delayed fluorescent (TADF) molecules. In this study, we investigate the

substantial impact of nonplanar structure on improving the rate of RISC (kRISC). Three emitters based on

spiroacridine donors are developed to evaluate this hypothesis. All molecules exhibit high

photoluminescent quantum yields (PLQYs) of 96–98% due to their rigid donor and acceptor. Leveraging

the synergistic effects of heavy element effect and nonplanar geometry, S2-TRZ exhibits an accelerated

kRISC of 24.2 × 105 s−1 compared to the 11.1 × 105 s−1 of S1-TRZ, which solely incorporates heavy atoms.

Additionally, O1-TRZ possesses a further lower kRISC of 9.42 × 105 s−1 because of the absence of these

effects. Remarkably, owing to the high PLQYs and suitable TADF behaviors, devices based on these

emitters exhibit state-of-the-art performance, including a maximum external quantum efficiency of up

to 40.1% and maximum current efficiency of 124.7 cd A−1. More importantly, devices utilizing S2-TRZ as

an emitter achieve a relieved efficiency roll-off of only 7% under 1000 cd m−2, in contrast to the 12% for

O1-TRZ and 11% for S1-TRZ, respectively. These findings advance our fundamental understanding of

TADF processes for high-performance electroluminescent devices.
1. Introduction

In the last few decades, thermally activated delayed uorescent
(TADF) emitters have emerged as highly promisingmaterials for
organic light emitting diodes (OLEDs) owing to their capability
of boosting 75% triplet excitons to emit via reverse intersystem
crossing (RISC) without the help of noble metals.1,2 The advent
of multi-resonance (MR) type emitters, characterized by narrow
band emission, has positioned them as a burgeoning option
aligning well with BT.2020 standards, a wide color gamut
standard for the next generation of high resolution displays.3–7

Nevertheless, MR emitters usually possess prolonged delayed
uorescence due to the large energy difference (DEST) between
the rst singlet (S1) and triplet excited state (T1), which impedes
swi RISC processes. In response, sensitization techniques
have been applied to augment the efficiency and durability of
MR-emitter-based devices.8,9 These sensitizers play a critical
role in effectively recycling all excitons, thereby offering a new
opportunity for leveraging conventional donor–acceptor (D–A)
ong-Life Road Engineering in Extreme

oratory of New Information Display and
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tion (ESI) available. See DOI:

12605
type TADF compounds. Developing efficient D–A TADF emitters
remains a paramount objective for realizing high performance
OLEDs.

The primary task to cra an efficient TADF emitter lies in
establishing a rapid RISC pathway, which necessitates a mini-
mized DEST and a large spin–orbit coupling (SOC), as delineated
by Fermi's golden rule.10–12 Various structural motifs, such as
twisted D–A arrangements,13–19 through-space charge transfer
(TSCT),20–24 or multi-resonance (MR) architectures,25–31 have
successfully achieved diminutive DEST in pristine organic
compounds. Indeed, the attainment of near-zero DEST has been
achieved in several works, which propelled the rate of RISC
(kRISC) to a maximum of 108 s−1.32 However, conventional TADF
emitters encounter an intrinsic limitation in adjusting kRISC
solely through DEST manipulation, as its minimum value is
constrained to zero. To further enhance kRISC, attention must be
directed to optimizing SOC. Hence, heavy elements such as
sulfur (S),33–37 selenium (Se),38–42 or noble metals43–46 have been
incorporated, which elevate the kRISC value and mitigate effi-
ciency roll-off in devices. Notably, the introduction of heavy
atoms will amplify the rate of intersystem crossing (kISC)
simultaneously, which will compete with the radiative decay
process and potentially compromise photoluminescent
quantum yield (PLQY). Therefore, despite the advantage of Se,
its utilization in D–A type TADF compounds remains limited
due to the inherent suppression of radiative decay caused by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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diminished overlap between frontier molecular orbitals (FMOs).
Exploring alternative strategies to enhance SOC represents
a promising avenue for the design of efficient TADF emitters.

Conformational twisting has long been recognized to trigger
SOC in a conjugated p-electron system.47 Nonplanar molecules
usually possess a larger kISC than their planar counterparts. The
spin–orbit Hamiltonian in central-eld approximation could be
written as48

ĤSO ¼ aF
2
XN

m

Xn

i

Zm

rim3
Li

!
Si

!
(1)

where aF represents the ne-structure constant. Zm denotes the
effective nuclear charge at nucleus m, and S and L are the spin
and orbital angular momenta of electron i, respectively.
Notably, in coplanar molecules, the SOC between p–p* orbitals
yields relatively small values, whereas the ‘out-of-plane’
component Lz of the angular momentum operator L contributes
to a non-negligible SOC. This phenomenon has been observed
in polymer systems as well.49 Recently, twisting geometry has
been applied in boosting phosphorescence emission in pure
organic molecules.50–53 SOC could be effectively improved by
a nonplanar structure. Additionally, You et al. reported that the
nonplanar benzothiophene could accelerate kRISC by reducing
the DEST.54 Enlightened by these valuable experiences, the
Fig. 1 Comparison of the reported work on the methods of enhancing k

© 2024 The Author(s). Published by the Royal Society of Chemistry
exploration of such strategies will provide a new perspective in
assembling practical TADF emitters.

Herein, to validate this hypothesis, we designed and
synthesized a new emitter, named 10-(4-(4,6-diphenyl-1,3,5-tri-
azin-2-yl)phenyl)-2,7-dimethyl-10H-spiro[acridine-9,120-benzo-
[b]uoreno[1,2-d]thiophene] (S2-TRZ), with a properly bent
acridine (Fig. 1). The structurally xed benzothiophene unit
provides a substantial steric hindrance between the hydrogen
atom and the acridine plane. Hence, a hooked acridine with
a dihedral angle of 166° was acquired. In comparison, an
isomer, 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-2,7-
dimethyl-10H-spiro[acridine-9,70-benzo[b]uoreno-[3,2-d]thio-
phene] (S1-TRZ), with the same benzothiophene substitution
but a more planar acridine was assembled. Additionally, the
oxygen (O) equipped analogs of S1-TRZ, 10-(4-(4,6-diphenyl-
1,3,5-triazin-2-yl)phenyl)-2,7-dimethyl-10H-spiro[acridine-9,70-
uoreno[2,3-b]benzofuran] (O1-TRZ), was also forged to unveil
the effect of heavy atoms. All emitters exhibit high PLQY of 96–
98%, relevant with the rigid D and A units. Beneting from the
synergy of the heavy element effect and nonplanar donor
structure, S2-TRZ possesses the highest kRISC of 24.2 × 105 s−1.
Without the nonplanar structure, S1-TRZ with a solely heavy
element effect holds a moderate kRISC of 11.1 × 105 s−1.
Furthermore, lacking the nonplanar structure of the sulfur-
RISC, molecular design and chemical structures of the related emitters.

Chem. Sci., 2024, 15, 12598–12605 | 12599
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containing analogs, O1-TRZ displays a lower kRISC of 9.42 × 105

s−1. Notably, electroluminescent devices based on these emit-
ters achieved a state-of-the-art external quantum efficiency
(EQE) of 39.6% for S2-TRZ, 39.2% for S1-TRZ and even 40.1% for
O1-TRZ thanks to the exceptional molecular properties. More
importantly, S2-TRZ enables a signicantly reduced efficiency
roll-off of only 7% under 1000 cd m−2, outperforming both S1-
TRZ (11%) and O1-TRZ (12%).
2. Results and discussion
2.1. Molecular design, synthesis and thermal properties

To validate the impact of nonplanar structures on kRISC, a deli-
cate molecular design is imperative. Nonplanar motifs within D
or A groups may affect their electron-donating or -withdrawing
capabilities, potentially hindering charge transfer (CT) interac-
tions. In some cases, such motifs could lead to unfavorable
conformations, such as the quasi-axial (QA) geometry, which is
generally recognized to result in less efficient TADF properties.
Thus, there arises a need for a building block composed of
a xed geometry with controllable modulation. Enlightened by
our previous works, spiro-acridines featuring a rigid crisscross
geometry could be an excellent platform to establish a model
compound. To further reveal the insights for manipulating the
Fig. 2 Theoretical simulated distribution and energy levels of HOMO/LU
S1-TRZ and S2-TRZ at the PBE0/def2svp level. The figures are extracted

12600 | Chem. Sci., 2024, 15, 12598–12605
TADF properties, the heavy element effect is also taken into
consideration. Therefore, S2-TRZ, S1-TRZ and O1-TRZ are
designed. All the compounds were synthesized via conventional
Buchwald–Hartwig coupling between the bromo triazine
acceptor and corresponding acridine donors (Scheme S1†). The
donor parts were synthesized using a previously reported one-
pot reaction method in good yields.55 All the nal compounds
were identied by 1H NMR, 13C NMR, mass spectra and
elemental analysis. Excellent thermal stability is demonstrated
with decomposition temperatures of 390–445 °C as evidenced
by thermal gravimetric analysis (TGA) measurements (Fig. S1†).
No obvious glass transition temperatures (Tgs) are detected in
the range of 50–400 °C.
2.2. Theoretical simulation

To examine the properties of ground and excited states, density
functional theory (DFT) and time dependent DFT (TD-DFT)
were performed at the PBE0/def2svp level. As shown in Fig. 2
and S2,† S1-TRZ and O1-TRZ hold a more planar acridine unit
with a dihedral angle of 173° and 177°. Conversely, S2-TRZ
exhibits a twisted acridine with a dihedral angle of 166°, which
is attributed to the spatially close hydrogen atom forming
a constrained interaction with the acridine plane. These inter-
actions could be identied using reduced density gradient
MO, and NTO distribution of the particle/hole of S1 and T1 of O1-TRZ,
using Multiwfn.56

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(RDG) analysis (Fig. S3†). Strong van der Waals interactions
(green isosurface) and large hindrance (brown isosurface) are
clearly presented. Despite the enforced bending of acridine in
S2-TRZ, the rigid crisscross structure prevents excessive defor-
mation, favoring a quasi-equational (QE) geometry. In contrast,
both S1-TRZ and O1-TRZ exhibit predictable QE patterns. In
return, all emitters show large twisting between D and A with
torsion angles of 85° for S2-TRZ, 88° for S1-TRZ and 87° for O1-
TRZ, respectively. Hence, well separated highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) are established in all three molecules. LUMOs
predominantly reside on triazine with similar energy levels of
−2.15 eV for S2-TRZ and −2.12 eV for both S1-TRZ and O1-TRZ,
while HOMOs mostly spread on acridine units with comparable
values of −5.27 eV for both S1-TRZ and O1-TRZ, and −5.31 eV
for S2-TRZ. All S1 and T1 of the three compounds exhibit CT
features as revealed by the distribution of their natural transi-
tion orbitals (NTOs). Taking S2-TRZ for example, ‘hole’ NTOs
localized on acridine with a small portion on the spiro-junction,
while ‘particle’ NTOs extend over the acceptor unit. The good
separation of ‘hole’ and ‘particle’ NTOs suggests small DEST,
leading to predicted values of 9 meV for S2-TRZ, 8 meV for S1-
TRZ and 9 meV for O1-TRZ, respectively, which may facilitate
a good TADF feature. To distinguish the effect of the hooked
donor, the SOC constant was calculated to be 0.00545 cm−1 for
S2-TRZ, 0.00073 cm−1 for S1-TRZ and 0.00011 cm−1 for O1-TRZ,
respectively (Table 1). S1-TRZ exhibits a slightly higher SOC
than O1-TRZ, hinting at a weak heavy element effect. In sharp
comparison, S2-TRZ manifests a much larger SOC value than
that of S1-TRZ, highlighting the pronounced impact of
nonplanar structure tin enhancing SOC. Theoretical simulation
suggests that these emitters could exhibit efficient TADF prop-
erties, and more encouragingly, the nonplanar donor could
provide an effective enhancement on SOC.
2.3. Photophysical properties

Photophysical properties were assessed in dilute toluene solu-
tion (10−5 M) and doped lms (10 wt% in dibenzo[b,d]furan-2,8-
diylbis(diphenylphosphine oxide) (PPF)). As shown in Fig. 3, the
intense absorption below 320 nm is assigned to the p–p*

transition. The peaks between 320 and 370 nm are attributed to
the n–p* transition of the donor. Different from O1-TRZ and S1-
TRZ that exhibit structural and sharp peaks, S2-TRZ shows
a broadened absorption in this region. To gain a deep insight
into this phenomenon, we have recorded the absorption of the
donor unit. As shown in Fig. S5,† the n–p* transition of these
emitters ts well with the absorption of their donors, which
conrms that these differences are related to the donor. It is
reported that the molecular absorption becomes structureless
Table 1 Theoretical results and thermal properties of S2-TRZ, S1-TRZ a

Compound HOMO (eV) LUMO (eV) S1 (eV)

S2-TRZ −5.31 −2.15 2.522
S1-TRZ −5.27 −2.12 2.511
O1-TRZ −5.27 −2.12 2.517

© 2024 The Author(s). Published by the Royal Society of Chemistry
and wide as the rigidity and planarity decrease.57 Therefore, the
broadened n–p* transition of S2-TRZ could probably be
attributed to the decrease of the planarity and rigidity of the
acridine part, which conrms the bending of the acridine as
revealed by theoretical analysis. The weak peaks at 410 nm
originate from the CT absorption, which suggests the tight
correlation between the D and A units. Structureless blueish
green emissions around 504–513 nm are observed in doped
lms. The energy levels of S1 (ES1)/T1 (ET1

) are calculated to be
2.72/2.67 eV for O1-TRZ, 2.69/2.63 eV for S1-TRZ and 2.73/
2.67 eV for S2-TRZ, resulting in small DESTs values of 0.05, 0.06
and 0.06 eV, respectively. Moreover, Fl of these emitters was also
recorded at room temperature. As shown in Fig. S4,† O1-TRZ
and S1-TRZ show slightly redshied spectra and smaller ES1 of
2.66 eV for O1-TRZ and 2.67 eV for S1-TRZ, respectively.
Meanwhile, S2-TRZ exhibits the same ES1 at room temperature
and 77 K, indicating S2-TRZ possesses less relaxation of S1 in
lms. Proper TADF is corroborated via transient PL measure-
ment, revealing distinct prompt (PF) and DF components in the
decay proles (Fig. 3b). Fitting well with two-exponential decay,
lifetimes of PF (sp)/DF (sd) are deduced to be 28 ns/2.1 ms, forO1-
TRZ, 24 ns/1.7 ms for S1-TRZ and 25 ns/2.3 ms for S2-TRZ,
respectively. And the ratios of PF/DF (Rp/Rd) are 48%/52% for
O1-TRZ, 49%/51% for S1-TRZ and 15%/82% for S2-TRZ. The
higher Rp/Rd may be attributed to the higher SOC value of S2-
TRZ, which endows it with fast ISC and RISC processes. ISC
competes with radiative decay and leads to more singlet exci-
tons converting to triplet ones and enlarges the component of
DF. Additionally, all emitters show high PLQY ranging from 96
to 98%. Rate constants are further calculated using the equa-
tions provided in the ESI† and summarized in Table 2.
Compared to O1-TRZ, S1-TRZ exhibits a shortened sp and sd,
demonstrating higher kr of 1.95 × 107 s−1 and kRISC of 11.1 ×

105 s−1, respectively. This enhancement could be related to the
introduction of S. Since S is introduced far from the D–A center,
the heavy element effect could be weak as predicted by theo-
retical simulation. In contrast, S2-TRZ displays a DF-dominated
TADF feature with Rp/Rd of 18%/82%, leading to signicantly
improved kRISC of 24.2 × 105 s−1. This substantial difference is
attributed to the formation of the nonplanar donor, under-
scoring the signicance of structural factors in TADF emitters.
The HOMO energy levels of these compounds were determined
using cyclic voltammetry (CV) and calculated to be 5.17 eV for
S2-TRZ, 5.18 eV for S1-TRZ and 5.20 eV for O1-TRZ, respectively,
suggesting that the nonplanar donor show minimal impact on
electron donating ability. Thus, the enhanced kRISC is mainly
contributed by the bended structure. Photophysical analysis
conrms the formation of a nonplanar donor and the acceler-
ated RISC channels as suggested by theoretical simulation.
nd O1-TRZ

T1 (eV) DEST (meV) SOC (cm−1) Td (°C)

2.513 9 0.00545 445
2.503 8 0.00073 404
2.508 9 0.00011 390

Chem. Sci., 2024, 15, 12598–12605 | 12601
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Fig. 3 (a) Absorption in toluene (10−5 M), fluorescence (Fl) and phosphorescence (Ph) at 77 K in doped films (10 wt% in PPF) of O1-TRZ, S1-TRZ
and S2-TRZ. (b) Transient PL decay in doped films (10 wt% in PPF) of O1-TRZ, S1-TRZ and S2-TRZ. (c) Comparison of kRISC and structure
characteristics of O1-TRZ, S1-TRZ and S2-TRZ.

Table 2 TADF properties of O1-TRZ, S1-TRZ and S2-TRZ in doped films (10 wt% in PPF)

Emitter sp (ns) sd (ms) FPL (%) Fp (%) Fd (%) kr (10
7 s−1) kISC (107 s−1) kRISC (105 s−1) knr (10

5 s−1)

O1-TRZ 28 2.1 98 47 51 1.69 1.87 9.64 3.45
S1-TRZ 24 1.7 96 47 49 1.95 2.09 11.1 8.03
S2-TRZ 25 2.3 97 17 80 0.70 3.27 24.2 2.15
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2.4. Electroluminescent properties

To evaluate the impact of such variation on electroluminescent
(EL) properties, devices based on following structures of ITO/
HATCN (5 nm)/TAPC (30 nm)/TCTA (15 nm)/mCBP (10 nm)/
PPF:emitters (10–20 wt%, 25 nm)/PPF (10 nm)/ANT-BIZ (30
12602 | Chem. Sci., 2024, 15, 12598–12605
nm)/Liq (2 nm)/Al were fabricated. The corresponding EL
proles are listed in Fig. 4, S6† and Table 3. Initially, these
emitters were examined at a doping concentration of 10 wt% to
reduce the concentration-induced quenching. Single EL emis-
sion around 504–513 nm suggests the good connement of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Current density–voltage–luminance (J–V–L) profiles; (b) EQE vs. luminance characteristics. Inset of devices based onO1-TRZ, S1-TRZ
and S2-TRZ at 10 and 20 wt% doping concentrations. (c) Comparison of EQE and efficiency roll-off under 1000 cd m−2 between reported
emitters.

Table 3 EL data of O1-TRZ, S1-TRZ and S2-TRZ based devices at different doping concentrations

Emitting layer EL (nm) Von (V) Lmax (cd m−2) CEa (cd A−1) EQEa (%) Roll-offb (%) CIEc (x, y)

O1-TRZ (10 wt%):PPF 506 3.2 22 324 98.6/91.4/67.0 34.1/31.9/24.5 6/28 0.27, 0.50
S1-TRZ (10 wt%):PPF 506 3.2 25 376 95.2/88.3/66.4 33.3/31.2/23.6 6/29 0.27, 0.50
S2-TRZ (10 wt%):PPF 512 3.2 21 452 85.3/80.5/64.0 29.4/27.0/21.8 8/26 0.30, 0.53
O1-TRZ (20 wt%):PPF 515 3.2 85 230 90.4/78.2/57.8 40.1/39.8/35.3 0.7/12 0.29, 0.53
S1-TRZ (20 wt%):PPF 516 3.2 85 476 122.7/120.9/106.2 39.2/39.0/34.8 0.5/11 0.30, 0.54
S2-TRZ (20 wt%):PPF 519 3.2 110 267 124.7/124.0/115.3 39.6/39.5/36.9 0.2/7 0.31, 0.55

a Maximum values at 100/1000 cd m−2. b Efficiency roll-off under 100/1000 cd m−2. c CIE coordinates under 6 V.
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excitons. All devices exhibit turn-on voltages of 3.2 V and high
luminance exceeding 21 000 cd m−2. Maximum EQEs (EQEmaxs)
of over 29.4% are achieved with the highest value of 34.1% in
© 2024 The Author(s). Published by the Royal Society of Chemistry
the O1-TRZ based device. Compared with O1-TRZ, the lower
EQEmax of the S1-TRZ based device may be attributed to its
lower PLQY. And the low EQEmax in the S2-TRZ based device
Chem. Sci., 2024, 15, 12598–12605 | 12603
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could result from its low kr. Further probing the efficiency roll-
off offers similar values of 6–8% under 100 cd m−2 and 26–29%
under 1000 cd m−2, which are relatively large. The electron-
withdrawing nature of PPF as the host matrix may have led to
carrier imbalances in the emissive layer. Therefore, devices with
concentration optimization were evaluated at 20 wt%.
Remarkably, all devices achieve improved performance with
a signicantly enhanced luminance of 85 000 to 110 000 cd m−2

and increased EQEmax values of 39.6% for S2-TRZ, 39.2% for S1-
TRZ and 40.1% for O1-TRZ. These results demonstrate their
sufficient exciton utilization at a doping concentration of
20 wt%. Besides high PLQY and efficient TADF features, the
excellent EL performances also benet from high molecular
horizontal dipole ratios, which will enhance the out-coupling
efficiency. The p-polarized PL spectra are shown in Fig. S7,†
suggesting that these emitters exhibit horizontal dipole ratios
in the range of 80–97%. Such high values will greatly enhance
the out-coupling efficiency and boost the EQE to nearly 40%.
Notably, efficiency roll-off is substantially reduced with negli-
gible roll-offs under 100 cd m−2. At a higher luminance level,
O1-TRZ and S1-TRZ achieve similar roll-off of 12% and 11%
under 1000 cd m−2, respectively, while S2-TRZ shows a small
value of only 7%. Compared to O1-TRZ, S1-TRZ with slightly
larger kRISC produces a comparable roll-off. S2-TRZ features
a higher kRISC than S1-TRZ, experiencing a much gentler roll-off.
The synergistic effect of the heavy element effect and nonplanar
structure contributes to a signicant enhancement of the RISC
channel, facilitating the rapid consumption of excitons.

3. Conclusion

In conclusion, we have disclosed the great impact of nonplanar
structure on accelerating the RISC channel in TADF emitters. By
combining cross-coupled spiroacridine and structurally xed
compulsory hindrance, S2-TRZ with a properly hooked acridine
is successfully established. Analogs of S1-TRZ composed of
a coplanar acridine and O1-TRZ with an O atom are designed to
distinguish the effect of the nonplanar geometry and heavy
element effect, respectively. All compounds exhibit high PLQYs
of 96–98% and small DESTs of 8–9 meV, indicating excellent
TADF behaviors. S2-TRZ with both heavy atoms and
a nonplanar structure shows the highest kRISC of 24.2 × 105 s−1,
whereas S1-TRZ possesses a lower kRISC of 11.1 × 105 s−1 due to
the absence of a nonplanar acridine. Lacking these benets, O1-
TRZ displays the lowest kRISC of 9.64 × 105 s−1. Encouragingly,
all emitters exhibit amazing EL performance with EQEmax of
39.6% for S2-TRZ, 39.2% for S1-TRZ and even 40.1% forO1-TRZ,
respectively, alongside ultra-high luminance of up to 100 000 cd
m−2. More importantly, S2-TRZ with a large value of kRISC
exhibits the lowest roll-off of 7% under 1000 cd m−2, indicating
the importance of the nonplanar structure in enhancing RISC
for excellent EL performance. Overall, the effectiveness of
nonplanar geometry in accelerating the RISC channel has been
theoretically and experimentally validated. This strategy repre-
sents a valuable alternative to manipulating SOC besides the
heavy atom effect. This work provides guidance for designing
practical TADF emitters.
12604 | Chem. Sci., 2024, 15, 12598–12605
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