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Chiral thermally activated delayed fluorescence (TADF) molecules showing circularly polarized luminescence (CPL) have great
potential in 3D displays. However, the relationships among CPL property, device performance and molecule structure are still
not clear. In this article, we develop a strategy to promote dissymmetry factors without sacrifice in device performance and study
the impact of molecule structures towards CPL property. Three novel TADF enantiomers are synthesized and studied. (R/S)-SCN
with diminutive cyano group as an acceptor shows dissymmetry factor |gPL| ≈ 1.4×10−3 and noticeable organic light-emitting
diode (OLED) performances with a maximum external quantum efficiency (EQEmax) of 23.0%. For (R/S)-SPHCN, the prolonged
electron withdrawing group benzonitrile enhances |gPL| up to 3.6×10−3 with decreased device EQEmax of 15.4%. By further
replacing benzonitrile with (trifluoromethyl)pyridine, the enantiomers of (R/S)-SCFPY show similar |gPL| factors of 3.5×10

−3 and
device EQEmax up to 23.3%, which represents the highest efficiency among sprio-type TADF materials based OLEDs. Fur-
thermore, the OLEDs also show obvious circularly polarized electroluminescence with gEL factors of −1.4/1.8×10

−3, −3.6/3.6
×10−3 and −3.7/3.6×10−3, respectively. These results indecate by delicate functional group engineering, high g factor can be
achieved while maintaining decent device performances. Besides, (R/S)-SCFPY represents an impressive TADF emitter, which
shows promoted g factor and recorded high device EQEmax among similar molecules.
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1 Introduction

Chiral materials with circularly polarized luminescence
(CPL) property are important components of a variety of
technology, including biological sensing, data storage and
next-generation 3D displays [1]. Among them, the circularly
polarized organic light emitting diodes (CP-OLEDs) fea-

turing a direct generation of CP-electroluminescence (CPEL)
can avoid the decreased brightness and efficiency loss
through polaroids, suggesting their potential application in
3D displays. Thus, the development of CP-OLEDs has be-
come a cutting-edge topic in both academia and industry [2].
It is well-known that OLEDs contain a stacked device
structure. Thus, to achieve CPEL, the key point is to develop
chiral luminescent materials and construct a CP-emissive
layer. Up to now, three types of luminescent materials have
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been successfully applied in CP-OLEDs including chiral
fluorescent, phosphorescent and thermally activated delayed
fluorescence (TADF) materials [3]. Among these materials,
chiral TADF materials receive the most attention due to
their ability to harvest both singlet and triplet excitons via
the reverse intersystem crossing (RISC) process without
the involvement of noble metal. Thus, chiral TADF materials
are now considered as the state-of-the-art materials for
CP-OLEDs [4].
Since the first report of chiral TADF materials-based CP-

OLEDs by Pieters’s group [5] in 2016, remarkable progress
has been made in this area. So far, three strategies have been
proposed to construct CP-TADF molecules, including chiral
perturbation, chiral connection and chiral luminescence
center strategy. Chiral perturbation refers to the linkage of
the chiral unit to TADF core, including binaphthol, octahy-
dro-binaphthol and paracyclophane skeleton [6–16], etc.
Chiral connection indicates the connection of several TADF
active units via the chiral linker, which mainly contains
skeletons such as biphenyl, 1,2-diaminocyclohexane, qua-
ternary carbon atom and triptycene [17–27]. The chiral lu-
minescence center strategy means the installation of donor
and acceptor units onto a chiral framework resulting in
asymmetrically distributed highest occupied molecular or-
bitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) [28–35]. Benefitted from the continuous efforts of
the researchers, TADF materials-based CP-OLEDs have
shown noticeable device performances with a maximum
external quantum efficiency (EQEmax) up to 20.0% [30],
32.6% [7], and 20.3% [16] for blue, green, and orange-red
emissions, respectively.
However, almost all chiral TADF molecules show low

dissymmetry factors (g) around 10−4–10−3 order of magni-
tudes at the present stage. Theoretically, CPL performance
could be calculated by the equation glum=4×(|μe|·|μm|·cosθ)/
(|μe|

2+|μm|
2), where μe, μm and θ denote electric transition

dipole moments, magnetic transition dipole moments and
their spatial angle, respectively. Experimentally, the g factors
are measured according to the equation glum=2×(IL−IR)/(IL

+IR), where IL and IR denote the luminescence intensity of
left- and right-CPL, respectively [3]. Nevertheless, in terms
of chiral TADF molecules, the calculated results could only
give instruction on the level of the trend. The calculated g
factors still show a large deviation from experimental results
[12,24,34]. Currently, the relationship between the chemical
structure of TADF molecule and CPL property remains un-
clear which hinders the promotion of CPL signals. Although
a variety of TADF molecules have been developed, owing to
the difficulty in molecule design and chiral separation, only a
few reports focus on the impact of molecule structure on
CPL property and device performance. In our previous study,
the CPL property was enhanced by regulating the shape of
molecules from rod to helix. However, sacrifice in device
performances occurred along with amplification of g factors
[34]. Thus, there is an urgent demand for a strategy to pro-
mote the CPL property of chiral TADF molecules while
maintaining decent device performances.
In this study, promotion in both CPL property and device

performances is achieved by delicate functional group
engineering (Figure 1). Previously, we developed a pair of
TADF enantiomers OSFSO with remarkable device perfor-
mance [30]. Based on this work, we developed three pairs of
novel spiro-type TADF enantiomers with similar chiral
skeleton, spiro[quinolino[3,2,1-kl]phenoxazine-9,9′-thiox-
anthene]-2′-carbonitrile10′,10′-dioxide (SCN), 4-(10′,10′-
dioxidospiro[quinolino[3,2,1-kl]phenoxazine-9,9′-thiox-
anthen]-2′-yl)benzonitrile (SPHCN) and 2′-(2-(tri-
fluoromethyl) pyridin-4-yl) spiro[quinolino [3,2,1-kl]
phenoxazine-9,9′-thioxanthene] 10′,10′-dioxide (SCFPY),
respectively. By comparing their chiroptical properties and
device performances, we disclosed that g factors can be
enhanced by prolonging the length of acceptor units. The
three pairs of TADF enantiomers share the same phenox-
azine donors, but with different acceptors. SCN possessing a
localized cyano group as an acceptor shows |gPL| ≈ 1.4×10−3,
SPHCN containing benzonitrile as a prolonged acceptor
exhibits |gPL| ≈ 3.6×10−3, and 2-(trifluoromethyl)pyridine
used as a prolonged acceptor unit for SCFPY results in |gPL|

Figure 1 Illustration of our previous work and chiral TADF materials studied in this work (color online).
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≈ 3.5×10−3. Theoretical calculation results indicate that the
enhanced CPL property may be attributed to the decrease in
spatial angle between electric and magnetic transition dipole
moments. As for corresponding OLEDs, SPHCN shows
medium performances with an EQEmax of 15.4%. Mean-
while, SCN and SCFPY show decent device performances
with EQEmax values of 23.0% and 23.3%, respectively, and
the EQE of 23.3% represents a remarkable spiro-type TADF
material [30,36–45]. Furthermore, the CP-OLEDs also show
obvious CP-electroluminescence with gEL factors of −1.4/1.8
×10−3, −3.6/3.6 ×10−3 and −3.7/3.6×10−3, respectively. These
results indicate that by delicate functional group engineering,
a high g factor and decent device performances can be
compatible.

2 Experimental

All of the reagents and solvents were obtained from com-
mercial sources and directly used without any further pur-
ification. The nuclear magnetic resonance (NMR)
measurement was conducted on BRUKER AVANCE III 400
MHz spectrometer and BRUKER AVANCE III 600 MHz
spectrometer (Germany). The high-resolution mass spectra
were obtained by using the Bruker micrOTOF-Q III. The
absorption and photoluminescence spectra were measured on
a Shimadzu UV-3100 and a HORIBA Fluorolog-3 photo-
luminescence spectrophotometer (USA), respectively. The
cyclic voltammetry measurements were conducted on a
MPI-A multifunctional electrochemical and chemilumines-
cent system (Xi’an Remex Analytical Instrument Ltd. Co.,
China) at room temperature, with a polished Pt disk as the
working electrode, platinum thread as the counter electrode
and Ag-AgNO3 (0.1 M) in CH3CN as the reference elec-
trode, tetra-n-butylammonium perchlorate (0.1 M) was used
as the supporting electrolyte, respectively. Fc+/Fc was used
as the internal standard, the scan rate was 0.1 V/s. The ab-
solute photoluminescence quantum yields via an integrating
sphere and the decay lifetimes of the compounds were
measured with HORIBA Fluorolog-3 fluorescence spectro-
meter (USA). The thermogravimetric analysis (TGA) curves
were performed on a Pyris 1 DSC under nitrogen at a heating
rate of 10 °C min−1. The separation of enantiomers was
conducted by chiral high performance liquid chromato-
graphy (HPLC). The circular dichroism (CD) spectra were
measured on a Jasco J-810 circular dichroism spectrometer
with “standard” sensitivity. The circularly polarized lumi-
nescence (CPL) spectra were measured on a Jasco CPL-300
spectrophotometer with “Standard” sensitivity at 100 nm/
min scan speed and respond time of 4.0 s employing “slit”
mode. The ground state calculations were based on the op-
timized structure using Gaussian 09 by density functional
theory (DFT) with B3LYP functional and 6-31G(d) basis set.

Excited state calculations were conducted by time-dependent
density functional theory (TD-DFT) with B3LYP functional
and 6-31G(d) basis set. Electric transition dipole moments,
magnetic transition dipole moments were calculated with
CAMB3LYP functional and 6-311G basis set. (Gaussian 09,
Revision D.01, Gaussian, Inc., Wallingford CT, 2013) µe

and µm were calculated via x y z+ +2 2 2 , where x, y, z
denoted their component on three axes.

µ µ µ µcos =( ) / ×e m e m , where μe and μm denoted vectors
of electric transition dipole moments and magnetic transition
dipole moments, respectively.
Indium-tin-oxide (ITO) coated glass with a sheet re-

sistance of 10 Ω sq−1 was used as the anode substrate. Prior
to film deposition, patterned ITO substrates were cleaned
with detergent, washed with de-ionized water, dried and
treated with oxygen plasma for 5 min at a pressure of 10 Pa
to enhance the surface work function of ITO anode (from 4.7
to 5.1 eV). All the organic layers were deposited at the rate of
0.1 nm/s under a high vacuum (≤ 2×10−5 Pa). The doped
layers were prepared by co-evaporating dopant and host
material from two individual sources, and the doping con-
centrations were modulated by controlling the evaporation
rate of the dopant. LiF and Al were deposited in another
vacuum chamber (≤ 8.0×10−5 Pa) with the rates of 0.01 and
1 nm/s, respectively. The thicknesses of these deposited
layers and the evaporation rate of individual materials were
monitored in vacuumwith quartz crystal monitors. A shadow
mask was used to define the cathode and to make ten emit-
ting dots (with an active area of 10 mm2) on each substrate.
Device performances were measured by using a program-
mable Keithley source measurement unit (Keithley 2400 and
Keithley 2000) with a silicon photodiode. The EL spectra
were measured with a HORIBA Fluorolog-3 spectro-
photometer. Based on the uncorrected EL fluorescence
spectra, the Commission Internationale de l′Eclairage (CIE)
coordinates were calculated using the test program of
Spectrascan PR650 spectrophotometer (USA). The EQE of
EL devices was calculated based on the photo energy mea-
sured by the photodiode, the EL spectrum, and the current
passing through the device.

3 Results and discussion

3.1 Synthesis and characterization

The detailed synthetic routes are listed in Supporting In-
formation online The key intermediate 2′-bromospiro[qui-
nolino [3,2,1-kl]phenoxazine-9,9′-thioxanthene]10′,10′-
dioxide 6 could be synthesized via carbanion nucleophilic
attack and dehydrated cyclization process from experimen-
tally available starting materials. Considering the stable
spiro-skeleton [46,47], HPLC with the chiral column was

1349Zhang et al. Sci China Chem July (2022) Vol.65 No.7

https://engine.scichina.com/doi/10.1007/s11426-022-1249-7
https://engine.scichina.com/doi/10.1007/s11426-022-1249-7


employed to separate intermediate 6. The conformation
stability was confirmed by vacuum sublimation at 230 °C,
and no racemization was observed (Figure S21, Table S1,
Supporting Information online). TADF enantiomers SCN,
SPHCN and SCFPY were synthesized via palladium cata-
lyzed cyanation process and Suzuki coupling reaction from
intermediate 6. Based on mild reaction condition and full
chirality transfer property of palladium catalyzed cross-
coupling reaction, (R/S)-6 was thereafter transferred to chiral
TADF molecules (R/S)-SCN, (R/S)-SPHCN and (R/S)-
SCFPY, the absolute configurations of (R/S)-SPHCN were
also characterized via single crystal analysis (Figure 2, Table
S2). Thermogravimetric analysis (TGA) curves demon-
strated that all materials enjoy good thermostability with
high decomposition temperatures (Td, 5% loss of weight,
Figures S22–S24) above 360 °C.

3.2 Theoretical calculation

To better gain insight into the properties of these en-
antiomers, DFT and TD-DFT calculations were conducted.
Multiwfn 3.7 program was also employed to do relevant
analysis [48]. As shown in Figure 3, for all TADF en-
antiomers, the HOMOs and LUMOs are well separated by
the spiro-structure, with HOMOs located on the donor units
and LUMOs lying on the acceptor units, which are the ty-
pical features of TADF molecules. For the three pairs of
TADF molecules, HOMOs distribute rather averagely on
phenoxazine and connected benzene rings, while LUMOs
are attracted to one side of thioxanthenedioxide core. For
SCN, the LUMOs mainly concentrate on the benzonitrile
unit, while more delocalized LUMOs are observed for
SPHCN and SCFPY owing to the prolonged acceptor com-
ponents. From the single crystal structure of (R/S)-SPHCN
(Figure 2), twisted configurations with perfect mirror sym-
metry can be observed. For both (R)-SPHCN and (S)-

SPHCN, electron-donating phenoxazine units bend towards
electron-withdrawing cyano benzene units, which is in line
with the calculated results. Twisted conformation and elec-
tron cloud distribution for the three pairs of TADF molecules
may help shorten the distance between HOMOs and LUMOs
and promote their spatial interactions, which is in favor of
through-space charge transfer (TSCT) process. The energy
gaps (ΔEST) between singlet (S1) and triplet (T1) states are
calculated to be around 0.01 eV for these enantiomers, which
are small enough to facilitate an efficient TADF process.
As spiro-structure effectively cuts off the conjugation be-

tween donors and acceptors which shuts down the through-
bond charge transfer channel (TBCT), the intramolecular
charge transfer process mainly occurs via TSCT process
which normally requires obvious intramolecular weak in-
teractions [49]. Thus, the functions of reduced density gra-
dient (RDG) and Sign (λ2)ρ are calculated to show the
intramolecular non-covalent interactions in SCN, SPHCN
and SCFPY and the results are listed in Figures S25–S27.
From the RDG maps, the green region shows the presence of
obvious interactions between donor and acceptor moieties as
well as steric hindrance, which could be beneficial for TSCT
process and reduce the energy loss of the excited molecules
[50].

Figure 2 Single crystal structure of (R)-SPHCN and (S)-SPHCN (color
online).

Figure 3 Calculated optimal structures, HOMO/LUMO distributions and energy levels of SCN, SPHCN and SCFPY (B3LYP functional with the 6-31G(d)
basis set for DFT and TD-DFT calculation) (color online).
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3.3 Electrochemical and photophysical property

Due to the almost identical properties of the enantiomers,
(rac)-SCN, (rac)-SPHCN and (rac)-SCFPY were chosen as
examples for investigating their electrochemical and photo-
physical properties. The electrochemical properties of the
TADF molecules were measured in CH3CN solution at room
temperature with ferrocenium/ferrocene (Fc+/Fc) as re-
ference (Figures S28–S30). The HOMO energy levels were
determined from the oxidation curve of cyclic voltammetry
spectra, while LUMO levels were calculated according to the
equation ELUMO = EHOMO + Eg, where Eg values were obtained
from the onset of UV/Vis absorption spectra. The SCN,
SPHCN and SCFPY displayed similar HOMO/LUMO energy
levels with −5.31/−2.31, −5.30/−2.11 and −5.30/−2.19 eV,
respectively.
As shown in the photoluminescence spectra (Figure 4),

three TADF molecules exhibited green emission with λmax of
522, 505 and 526 nm for SCN, SPHCN and SCFPY, re-
spectively. As for absolute photoluminescence quantum
yield (PLQY) and delayed fluorescence lifetime (τd) (Table
1, Figures S31–S36), obvious changes were observed for the
three molecules. SCN and SCFPY showed high PLQYs up to
around 89%, while SPHCN exhibited a medium PLQY of
67.4%. Furthermore, a rather long τd of 14.6 μs was observed
for SPHCN. In contrast, relative short τds of 2.1 and 1.6 μs
were recorded for SCN and SCFPY, which would benefit

their OLED performances. The differences between PLQY
and τd can be attributed to the structure distinction of ac-
ceptor units. The plane conformation of benzonitrile may
introduce more intramolecular rotation as well as inter-
molecular π-π interaction compared with the cyan group and
branched 2-(trifluoromethyl)pyridine group, which may in-
duce enhanced nonradiative transition and intermolecular
quenching.
To verify the TADF property of the three molecules, sev-

eral experiments were further conducted. From the solvent-
depended UV/Vis absorption spectra and photoluminescence
spectra, enhanced Stokes shift could be observed with the
increase of solvent polarity (Figures S37–S39). SCN,
SPHCN and SCFPY displayed red shifts of 159 nm (λmax =
449 nm in hexane and λmax = 608 nm in dichloromethane),
126 nm (λmax = 441 in hexane and λmax = 567 in di-
chloromethane) and 131 nm (λmax = 461 hexane and λmax =
592 in dichloromethane), respectively. However the UV/Vis
absorption peaks of the three molecules remained almost the
same. These phenomena indicated the obvious in-
tramolecular CT state of the molecules. The energy gaps
between S1 and T1 were estimated from the onset of the
fluorescence and phosphorescence spectra at 77 K, and the
ΔEST values were determined to be 0.01, 0.16 and 0.04 eV
for SCN, SPHCN and SCFPY, anticipating fast RISC for
efficient TADF process (Figures S40–S42). Thereafter, the
oxygen quenching experiment and temperature-dependent

Figure 4 UV/Vis absorption and photoluminescence spectra (with excitation of 350 nm) of (rac)-SCN, (rac)-SPHCN and (rac)-SCFPY in toluene solution
(color online).

Table 1 Collection of experimental data of SCN, SPHCN, SCFPY and previously reported OSFSO

Molecule λmax
a) (nm) HOMO/LUMO b) (eV) ΔEST

c) (eV) PLQY d) (%) τP
d) (ns) τd

d) (μs) Td (°C) gPL
e) ×10−3

SCN 522 −5.31/−2.31 0.01 89.3 10 2.1 360 1.4/−1.3

SPHCN 505 −5.30/−2.11 0.16 67.4 16 14.6 396 3.5/−3.6

SCFPY 526 −5.30/−2.19 0.04 88.9 4 1.6 383 3.5/−3.5

OSFSOf) 470 −5.35/−2.11 0.02 81.2 13.5 4.7 285 −1.6/1.4

a) Emission peak of fluorescence spectrum at room temperature in toluene solution. b) The HOMO energy level was determined from the oxidation curve
of cyclic voltammetry, and the LUMO was calculated with the equation of ELUMO=EHOMO + Eg, where Eg was determined from the onset of UV/Vis absorption
spectrum. c) Determined from the onset of the fluorescence and phosphorescence spectra at 77 K in toluene solution. d) Determined from co-doped film of
25 wt% dopant in 26DCzPPy. e) (R/S)-enantiomers measured in toluene solution at room temperature. f) Properties of previous reported TADF molecule
OSFSO as a contrast.
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transient photoluminescence measurements were also con-
ducted to further prove TADF process. As shown in Figures
S43–S45, microsecond scale delayed lifetime for the three
molecules were observed from nitrogen saturated toluene
solutions which could be quenched by bumping air. Con-
sidering the triplet state quenching ability of oxygen, T1 state
may be involved during the emission process, which is in line
with the proposed RISC process. Moreover, from tempera-
ture-dependent transient lifetime curves of the three mole-
cules, increased slopes were observed with the rise of
temperature, which indicates an increased proportion of de-
layed components. This phenomenon further verifies the
TADF nature of the designed molecules.

3.4 Chiroptical properties

Circular dichroism (CD) and CPL spectra were employed to
characterize the chiroptical properties of the three pairs of
enantiomers and the results were listed in Figure 5. In toluene
solution, (R/S)-SCN, (R/S)-SPHCN and (R/S)-SCFPY ex-
hibited perfect symmetrical CD spectra with obvious cotton
effect in the range of 300–380 nm, and |gabs| was detected to
be 9×10−4, 8×10−4 and 7×10−4, respectively. This indicated
charity was successfully introduced into TADF molecules at
the ground state. Meanwhile, almost symmetrical CPL
spectra of these pairs of enantiomers were observed with S-

configuration exhibiting positive signals and R-conformation
displaying negative signals, respectively. For (S/R)-SCN, the
photoluminescence dissymmetry factors (gPL) were recorded
to be 1.4/−1.3×10−3, which are among the medium of re-
ported chiral TADF molecules. Benefitted form the pro-
longed acceptor units, (S/R)-SPHCN and (S/R)-SCFPY
showed twofold amplification of CPL signals with gPL of 3.5/
−3.6×10−3 and 3.5/−3.5×10−3, respectively. From these data,
we observed that compared with SCN and OSFSO with short
acceptor units, SPHCN and SCFPY with prolonged acceptor
units showed a more than two-fold amplification of g factor.
These results verified the feasibility of prolonging acceptor
strategy, where CPL performance was two-fold enhanced
without changing the chiral skeleton.
To further gain insight into the impact of prolonged ac-

ceptor units, theoretical calculations were conducted and the
results were also listed in Figure 5. From theory, the g factors can

be described as ( )( )g µ µ µ µ4 × cos / +lum e m e
2

m
2 .

However, TADF molecules normally show small magnetic
transition dipole moments with μm two-order-of-magnitudes
lower than μe. Thus, the equation can be simplified as
g µ µ4 × cos /lum m e , where |μm|/|μe| and cosθ become
the key factors to determine glum. In this study, (S)-SCN, (S)-
SPHCN and (S)-SCFPY showed similar electronic and
magnetic transition dipole moments with |μm| = 4.72×10−21,

Figure 5 (a) CD and CPL spectra of SCN, SPHCN and SCFPY in toluene solutions; (b) calculated electric transition dipole moments, magnetic transition
dipole moments and their spatial angle (CAMB3LYP functional with the 6-31G basis set for TD-DFT cauculation based on optimized structure) (color
online).
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3.49×10−21, 3.55×10−21 esu cm and |μe| = 7.96×10−19,
7.93×10−19 and 6.26×10−19 erg G−1, respectively. However,
angles between μm and μe varied obviously, and (S)-SCN
showed θ ≈ 88° while (S)-SPHCN and (S)-SCFPY displayed
θ ≈ 84°, where about threefold amplification of cosθ was
observed. As a result, (S)-SCN showed a calculated |gcal|
factor of 8.4 ×10−4, and (S)-SPHCN and (S)-SCFPY ex-
hibited enhanced |gcal| factors of 1.9 ×10−3 and 2.3 ×10−3,
respectively. Although the calculated data showed variations
in experimental data, the trends were consistent. These re-
sults provided a theoretical basis for the functional group
engineering strategy. Considering the influence of functional
groups towards spiral angel between μm and μe, we suppose
delicate regulation of the length of donor or acceptor units
may be a feasible strategy to design chiral TADF materials
with high dissymmetry factors and remarkable device per-
formances.

3.5 OLED performance

Considering efficient TADF properties of the three mole-
cules, they were employed as emitters for OLEDs. As shown
in Figure 6, the optimal device followed such a structure:
ITO/HATCN (hexa-azatriphenylene-hexacabonitrile) (10
nm)/TAPC (di-[4-(N,N-ditolyl-amino)phenyl]cyclohexane) (50
nm)/ emitters (25 wt%): 26DCzPPy (2,6-bis(3-(9H-carbazol-
9-yl)pheninyl)pyridine) (20 nm)/TmPyPB (1,3,5-tri(m-pyr-
id-3-yl-phenyl)benzene) (50 nm)/LiF (1 nm)/Al (100 nm).
Device with (rac)-SCN, (rac)-SPHCN and (rac)-SCFPY as
emitters were named as D1, D2 and D3, respectively. Device
D1 showed green emission centered at 519 nm with CIE
coordinate of (0.34, 0.53), and the device displayed quite
decent performances with an EQEmax of 23.0% and a max-
imum luminance (Lmax) of 32,673 cd/m

2 (Table 2). Besides,
D1 showed rather a small efficiency roll-off with EQE of
14.7% at high luminance of 1,000 cd/m2. D2 exhibited green
emission centered at 512 nm with CIE coordinate of (0.30,
0.52), but the EQEmax and Lmax were lowered to 15.4% and
14,240 cd/m2, respectively. The decrease in device perfor-
mance could be attributed to the medium PLQY and rather
large ΔEST of SPHCN which hindered TADF process. For
device D3, maximum emission wavelength moved to 517
nm with CIE coordinate of (0.31, 0.51), the EQEmax reached

as high as 23.3%, and the value still can be kept as 16.3% at
high luminance of 1,000 cd/m2, which existed as the top
result of OLEDs based on spiro-type molecules (Table S3).
The noticeable device performance of D1 and D3 can be

explained in several aspects. (1) The SCN and SCFPY pro-
cess has extremely small ΔEST below 0.05 eV and high
PLQY close to 90%, which indicates fast RISC process and
suppressed nonradiative transition. Thus, both S1 and T1

excitons can be effectively harvested. (2) Short delayed
fluorescence lifetimes below 3 μs are observed, which can
help to inhibit S1-T1 annihilation (STA) and T1-T1 annihila-

Figure 6 (a) OLED structures and energy diagrams of used materials; (b)
electroluminescent spectra at voltage of 6 V; (c) EQE-luminance curves of
D1, D2 and D3 devices (color online).

Table 2 Collection of device performances of D1, D2, D3 and device based on OSFSO as contrast

Device Vt
a) (V) λmax

b) (nm) Lmax
c) (cd/m2) ηc.max

d) (cd/A) ηp.max
e) (lm /W) EQEmax/1000

f) (%) CIE coordinates

(rac)-D1 3.9 519 32,673 66.9 46.7 23.0/14.7 (0.34, 0.53)

(rac)-D2 3.9 512 14,240 45.0 33.6 15.4/9.8 (0.30, 0.52)

(rac)-D3 4.2 517 24,921 67.5 44.2 23.3/16.3 (0.31, 0.51)

D(OSFSO)g) 3.3 472 4,766 38.1 21.8 20.0/19.3 (0.16, 0.24)

a) Turn-on voltage recorded at a brightness of 1 cd/m2. b) Peak of EL spectrum at voltage of 6 V. c) Maximum luminance. d) Maximum current efficiency.
e) Maximum power efficiency. f) Maximum external quantum efficiency and EQE at 1000 cd/m2. g) Device performance of previously reported TADF
molecule OSFSO.
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tion (TTA). (3) Bipolar 26DCzPPy is employed as the host
material. The ability to smoothly transport both holes and
electrons helps effectively balance the carrier recombination
zone and reduces the carrier accumulation or excitons an-
nihilation. Besides, no emission peak of host material was
observed form EL spectra, indicating an efficient host-guest
energy transfer process, which further helps reduce energy
waste.
Inspired by the remarkable device performances and stable

CPL signals, corresponding CP-OLEDs were also fabricated
to characterize the CPEL properties of three pairs of en-
antiomers. As shown in Figure 7, devices (R/S)-D1, (R/S)-D2
and (R/S)-D3 exhibited almost symmetrical CPEL spectra
and the trends were in line with the CPL results of (R/S)-
SCN, (R/S)-SPHCN and (R/S)-SCFPY. For (R/S)-D1, the gEL
factors were recorded to be −1.4/1.8×10−3 around the max-
imal emission wavelength. Benefitted from the decreased
spatial angel between μm and μe, (R/S)-D2 and (R/S)-D3
displayed promoted gEL factors, which were recorded to be
−3.6/3.6×10−3 and −3.7/3.6×10−3, respectively. Although the
gEL factors of reported CP-OLEDs still remain at 10

−3 order
of magnitude, the gEL of (R/S)-D2 and (R/S)-D3 is nearly
twofold higher than that of (R/S)-D1 with the similar chiral
skeleton.

4 Conclusions

In conclusion, although tremendous progress has been made
in the area of CP-TADF materials, the regulation of CPL
property of these molecules remains at the germination stage.
In this work, by the systematacially study of three novel
TADF enantiomers with similar chiral spiro-skeleton, it is
demonstrated that the dissymmetry factor can be amplified
more than twofold by simply prolonging the length of ac-
ceptor units, which may be attributed to the decrease in
spatial angel between μm and μe. As a result, (R/S)-SCN
enantiomers showed rather low |gPL| factors around 1.4×10

−3,
while (R/S)-SPHCN and (R/S)-SCFPY with extended ac-
ceptor units displayed high |gPL| factors of 3.6×10−3 and
3.5×10−3, respectively. The |gEL| factors of the CP-OLEDs
were recorded to be 1.8×10−3, 3.6×10−3 and 3.7×10−3 for
(R/S)-D1, (R/S)-D2 and (R/S)-D3, exhibiting similar trends
with that of gPL factors of the enantiomers. Besides, all de-
vices displayed decent performances with green emissions,
e.g., EQEmax for D1, D2 and D3 were recorded to be 23.0%,
15.4% and 23.3%. Especially for device D3 with SCFPY as
emitter, EQEmax of 23.3% represented a recorded high data
among all the reported spiro-type TADF materials. The re-
sults indicated that high g factors and remarkable device
performances can be achieved simultaneously for chiral
TADF molecules. This study emphasized the importance of
functional group engineering and we believe this work

would be instructive in developing CP-TADF materials.
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Figure 7 CPEL spectra and gEL vs. wavelengh curves of devices (R/S)-
D1, (R/S)-D2 and (R/S)-D3 (color online).
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