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Through-space charge transfer (TSCT) is regarded as an effective way to develop thermally activated
delayed fluorescence (TADF) emitters. Based on this strategy, many molecular frameworks have been
proposed, among which spirobased scaffolds have been extensively studied due to their unique advan-
tages. In this work, we developed three emitters SPS, SPO, and SPON, which were constructed with the
same donor and various acceptors to explore the influence of acceptor modulation at the C9 position
of fluorene for spirostructure TSCT emitters. The results show that the acceptor with too weak electron-
withdrawing ability will cause the emitter to not have TADF properties, while the acceptor with too much
steric hindrance will weaken the face-to-face w-m stacking interaction between donor/acceptor (D/A).
Since SPO balances the electron-withdrawing strength and steric hindrance of the acceptor, it achieves
the highest external quantum efficiency (EQE) of 17.75%. This work shows that appropriate acceptor se-
lection is essential for the TADF properties and high efficiency of the spirobased scaffold TSCT emitter

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the past decade, organic light-emitting diodes (OLEDs) have
developed rapidly due to the proposal of thermally activated de-
layed fluorescence (TADF) [1-7]. It is different from fluorescence
emitters that only have 25% exciton utilization and phosphorescent
emitters that require the use of noble metals to achieve 100% ex-
citon utilization, TADF emitters of the pure organic component can
utilize whole excitons in the singlet/triplet states through reverse
intersystem crossing (RISC) process under the action of environ-
mental heat to achieve 100% exciton utilization [8,9]. The concept
of TADF was first proposed by Adachi et al., at the same time, they
also constructed the TADF molecule design concept of the donor
(D)-mr-acceptor (A) structure. This design is advantageous in flex-
ibly adjusting the D or/and A moieties, geometry, and steric hin-
drance of the molecule to produce a distorted dihedral angle be-
tween D/A moieties, which makes a smaller the lowest excited sin-
glet (S1) and triplet (T;) energy gap (AEsr) for fast RISC process
[10].

* Corresponding authors.
E-mail addresses: zqjiang@suda.edu.cn (Z. Jiang), Isliao@suda.edu.cn (L. Liao).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2022.06.057

Besides the classic D-m-A conformation, recently, researchers
have discovered that the face-to-face alignment based on D/A non-
conjugation interaction is also an effective strategy to realize TADF.
By connecting donor and acceptor at different positions in the
same direction of the rigid linker, the D/A can be sufficiently sep-
arated to obtain a very small AEs value, meanwhile, the D/A can
be kept close in space to form homoconjugation. This concept is
defined as through-space charge transfer (TSCT). Many molecular
frameworks suited for TSCT have been proposed [11-16] and the
spiroskeleton is progressing more quickly as it can serve as a rigid
backbone to hold a donor at the spiroposition and restrict acceptor
at the neighboring position [17-20]. As shown in Fig. 1, Our group
has investigated different acceptor at C1 site of fluorene framework
in separated reports and found that the luminescence mechanism
is deeply associated with the acceptors [21-23].

Herein, we collectively explore the influence of acceptor modu-
lation at the C9 site of fluorene scaffold for TSCT emitters (Fig. 1).
Three different electron-withdrawing groups: sulfonyl diphenyl,
benzophenone, and phenyl(pyridin-2-yl) ketone were selected as
acceptors to construct the spiroskeleton through cyclization. They
all bond the same donor moiety, benzo[5,6][1,4]oxazine[2,3,4-
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Fig. 1. Acceptor modulated molecules: (a) C1 position of the fluorene unit and (b)
C9 position in this investigation.
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kllphenoxazine (TAPO) at the C1 site of the fluorene unit to synthe-
size three TSCT emitters, named SPS, SPO, and SPON, respectively.
As a result, the maximum external quantum efficiencys (EQE)s
of SPS-, SPO- and SPON-based devices are 8.5%, 17.8% and 14.4%,
respectively. We found that due to the relatively weak electron-
drawing ability of the sulfonyl diphenyl unit, the highest occu-
pied molecular orbital (HOMO) and the lowest occupied molecu-
lar orbital (LUMO) of SPS cannot be separated, so SPS does not
have TADF properties. However, with the enhancement of the
electron-withdrawing ability of the acceptor, the HOMO-LUMOs of
SPO and SPON are completely separated and exhibited significant
TADF properties. The acceptor of SPON has the strongest electron-
withdrawing ability, but the larger steric hindrance increases the
D/A distance and weakens the face-to-face - stacking interac-
tion. SPO achieves a good balance of acceptor strength and steric
hindrance, thus achieving the highest efficiency. This work shows
that suitable acceptor selection at the C9 position of fluorene unit
is important for adjusting the TADF properties and electrolumines-
cence (EL) efficiency of spirobased scaffold TSCT materials, which
also provides new ideas for the design of TADF emitters.

The synthetic routes of SPS, SPO and SPON are shown
in Scheme S1 (Supporting information). From 9-fluorenone-1-
boronic acid, intermediate 1 was prepared through Suzuki-Miyaura
palladium-catalyzed cross-coupling reaction. Then, we used nucle-
ophilic addition reaction and Friedel-Crafts cyclization reaction to
form intermediates 2, 3 and 4 with a spiroskeleton. Finally, the fi-
nal product SPS, SPO and SPON were synthesized through an oxi-
dation reaction. The chemical structures of all molecules have been
characterized by 'H NMR, 3C NMR (Figs. S1-S14 in Supporting in-
formation) and mass spectrometry. The chemical structures of the
final product SPS, SPO and SPON were further characterized by ele-
mental analysis and single-crystal X-ray diffraction analysis (XRD).

The single crystals of SPS, SPO, and SPON were obtained by sol-
vent diffusion in a mixed solvent of methanol and tetrahydrofu-
ran (Tables S1-S3 in Supporting information). As shown in Fig. S15
(Supporting information), the donor unit and acceptor unit of the
three molecules all exhibit a close face-to-face stacking, and the
D/A distances are in the range of 2.98-3.17 A. For SPS, the D/A dis-
tance (d) is 2.982A, and the dihedral angle (¢) between the re-
spective planes of D and A is 16.11°, indicating a close face-to-face
D/A alignment. However, the LUMO of SPS is delocalized on the
fluorene unit, and the fluorene unit as the real acceptor directly
interacts with the donor intramolecularly, rather than interacting
in space. For SPO, due to the larger steric hindrance of the ben-
zophenone unit, the d and ¢ of SPO are larger than SPS, which
are 3.158A and 36.25°, respectively. For SPON, the acceptor has
the largest steric hindrance among the three molecules, so d is
the largest at 3.170A. However, the strong electron-withdrawing
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Fig. 2. The molecular structures and energy level distributions of SPS, SPO and
SPON.

ability of the acceptor reduces the ¢ to 17.53° The single-crystal
structures show that the three emitters all exhibit strong or siz-
able face-to-face D/A m-m stacking interactions, the dihedral angle
between the respective planes of the donor and acceptor indicates
that the three molecules all exhibit a face-to-face D/A arrange-
ment, both are very conducive to the spatial interaction between
the donor and acceptor.

To gain a detailed insight into the electronic structures of
the three emitters, density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) calculations have
been performed to simulate their frontier orbital distributions. As
shown in Fig. 2, the HOMOs of SPS, SPO, and SPON are all dis-
tributed on the same donor unit, while their LUMOs distribu-
tion is different due to the disparate acceptors. Be owing to the
weak electron-withdrawing ability of the sulfonyl diphenyl unit,
the LUMO of SPS is mainly distributed on the rigid linker fluo-
rene. As a result, the HOMO-LUMO of SPS cannot be completely
separated, and the AEgr of SPS is large, which is 0.40eV. For SPO
and SPON, due to the strong electron-withdrawing ability of the
acceptors, LUMOs can completely delocalize on their acceptors, and
the fluorene unit acts as a rigid linker as we imagined. Therefore,
the HOMO-LUMOs of SPO and SPON are completely separated, and
their AEsts are very small, both of which are 0.01eV. At the same
time, the LUMOs of SPS, SPO, and SPON gradually decreased due
to the gradual increase in the electron-withdrawing ability of their
acceptors, which are —1.13, —1.69 and —1.91eV, respectively, the
detailed data is shown in Table S4 (Supporting information).

The photophysical properties of the three emitters were ex-
plored in oxygen-free toluene (10~° mol/L) solution and summa-
rized in Table S5 (Supporting information). As shown in Fig. 3a,
the absorption spectra of the emitters have two main absorption
bands, the strong absorption band near 310nm is attributed to
the local w-* and n-m* transitions of the conjugation skeleton,
and the weak absorption band near 360 nm is originated from the
intramolecular charge transfer (ICT) between their donor and ac-
ceptor units. The emission peaks of SPS, SPO and SPON are 455,
525 and 450/570 nm, respectively. As shown in Fig. 3b, the emis-
sion peaks at short wavelengths of SPON, the emission peak of
TPAO-linked fluorene fragment (the fragment is named SD), and
the emission peak of SPS, the wavelengths of these three emis-
sion peaks are the same. The photophysical properties of the
three emitters were further explored in different polar solvents. As
shown in Fig. S16 (Supporting information), SPO and SPON both
exhibit double emission in different solvents, and the emission
peaks are red-shifted with increasing solvent polarity. These re-
sults indicate that the short-wavelength emission peaks of SPO and
SPON are caused by the charge transfer excited state between the
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Fig. 3. (a) Absorption and PL spectra of SPS, SPO and SPON. (b) PL spectra of SD, SPS and SPON in toluene solution (10~> mol/L).

donor TPAO unit and the fluorene (wavelength varies with sol-
vent polarity), and the long-wavelength emission peak is due to
the charge transfer excited state of the donor and acceptor (the
wavelength is significantly red-shifted with increasing solvent po-
larity). Therefore, it is reasonable to think that the dual emis-
sion of SPO and SPON is due to the incomplete energy transfer
of the molecule due to the highly twisted spirobackbone, resulting
in the emergence of higher-level emission [24]. In the oxygen-free
toluene solution, the photoluminescence quantum yields (PLQYs)
of the three emitters are less than 10%, indicating that there is a
considerable non-radiation decay loss in the fluid solution, which
may be caused by the vibration or rotation of the unfixed TPAO
unit. Based on the starting points of the fluorescence and phospho-
rescence spectra (Fig. S17 in Supporting information) of the three
emitters in 77 K toluene solution, the AEsrs of SPS, SPO, and SPON
were calculated to be 0.49, 0.04 and 0.01 eV, respectively, the re-
sults have the same regularity as the theoretical calculation results.

The solid-state photoluminescence (PL) properties of SPS, SPO,
and SPON have been explored in dopant films. We chose our own
synthetic emitter OPPC as host and prepared three doped films by
doping 12 wt% of the emitters in OPPC. As shown in Fig. S18 (Sup-
porting information), the three films all exhibit a single emission,
respectively. According to the photophysical properties in the so-
lution, it can be inferred that the single emission of the SPO- and
SPON-based film originates from the through space charge transfer
state, indicating the solid film creates a more rigid environment for
SPO and SPON and inhibits the charge transfer between the fluo-
rene unit and the TPAO unit. The PLQYs of the three dopant films
were measured to be 91.2% for SPS, 72.4% for SPO, and 89.4% for
SPON, respectively. Compared with in solution, the PLQYs of the
doped films exhibit significant improvement, indicating that the
vibration or rotation of molecules is well restricted in solid-state
[25]. To further confirm the TADF characteristics of the three emit-
ters, we have explored their transient PL spectra in dopant films.
As shown in Fig. S19 (Supporting information), SPO and SPON have
obvious delayed components, while SPS has only prompted com-
ponents, indicating the obvious TADF nature of SPO and SPO, and
further confirming that SPS is a fluorescent emitter.

Good thermal stability is a necessary property of the lumines-
cent material to prevent the emitter from decomposing or chang-
ing in the process of thermal evaporation. The thermal proper-
ties of three emitters were tested by thermo-gravimetric analysis
(TGA) and differential scanning calorimeter (DSC) under an N, at-
mosphere. As shown in Fig. S20 (Supporting information), the ther-
mal decomposition temperature (Ty, defined as the temperature at
which weight loss is 5%) of SPS, SPO and SPON are 412, 328, and
383 °C, respectively, the glass transition temperature (Tg) are 154,
144 and 158 °C, respectively, and the detailed data are listed in Ta-
ble S6 (Supporting information). The rigid structure of the spiral
ring makes the three emitters have excellent thermal stability and

morphological stability, which is very beneficial to the manufacture
of thermal evaporation devices.

The electrochemical properties of the three emitters were
tested by cyclic voltammetry using ultra-dry dichloromethane as
solvent and ferrocene as an internal reference. The test results
are shown in Fig. S21 (Supporting information), and the detailed
data are listed in Table S6 (Supporting information). According
to the empirical formulas Eyono=-(Eox +4.8 - Eg.) and Ejymo =
—(Ere +4.8 - Eg.), Eox and Er are the oxidation potential and re-
duction potential of the three emitters, respectively, and Ej. is the
oxidation-reduction potential of ferrocene. It was calculated that
the HOMO energy levels of SPS, SPO and SPON are —5.01, —5.03
and —5.04 eV, respectively, and the LUMO energy levels are —2.33,
—2.51 and —2.59eV, respectively. Then according to the empirical
formula Eyymo - Eqomo = AEg, the band gaps of SPS, SPO and SPON
were calculated to be 2.68, 2.52 and 2.45 eV, respectively. Since the
donor of the three emitters is the same moiety, their HOMO en-
ergy levels are similar. At the same time, the LUMO energy levels
of SPS, SPO and SPON are gradually decreased due to the gradual
enhancement of the electron-withdrawing ability of their accep-
tors.

To explore the electroluminescence (EL) performance of
SPS, SPO and SPON, the OLEDs were fabricated with a normal
sandwiched structure of indium tin oxide (ITO)/14,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HAT-CN, 10nm)/1,1-bis[4-
[N,N-di(p-tolyl)amino]phenyl]-cyclohexane (TAPC, 40nm)/tris(4-
carbazolyl-9-ylphenyl)amine (TCTA, 10nm)/EML (20nm)/4,6-
bis(3,5-di(yridine-4-yl)phenyl)—2-phenylpyrimidine (TmPyPB,
40 nm)/8-hydroxyquinolinolato lithium (Liq, 3 nm)/Al (60nm).
D1, D2, D3 represent SPS, SPO and SPON-based devices, respec-
tively. HAT-CN, TAPC and TCTA were utilized as the hole-injecting
layer (HIL), hole-transporting layer (HTL), and exciton block-
ing layer, respectively. TmPyPB and Liq were served as the
electron-transporting layer (ETL) and electron-injecting layer (EIL),
respectively. Emitters were doped into OCPC with 12 wt% were
used as the emitting layer (EML). The molecular structure, configu-
ration, and energy level alignment of OLEDs are shown in Fig. S22
(Supporting information). The EQE-Luminance curves, EL spectra,
Current Efficiency, and Current density-Voltage-Radiance curves of
SPS, SPO, and SPON are shown in Fig. 4 and summarized in Table
S7 (Supporting information). The maximum EQEs (EQEmaxs) of
D1, D2, D3 are 8.5%, 17.8% and 14.4%, respectively, and the corre-
sponding emission peaks are 520, 528 and 552 nm, respectively. At
1000 cd/m?2, the EQEs of the D1, D2 and D3 are 2.01%, 14.23% and
12.74%, respectively, and the corresponding efficiency roll-offs are
76%, 19% and 11%, respectively. D2 and D3 exhibit small efficiency
roll-offs, while D1 has large efficiency roll-offs. For D1, due to the
SPS guest having no TADF feature, so its efficiency is low. For D2
and D3, since the doped film of SPO has a higher PLQY and the
D/A distance of SPO is smaller, the efficiency of D2 is the highest.
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Fig. 4. (a) EQE-luminance curves, (b) EL spectra, (c) current efficiency and (d) current density-voltage-radiance curves of SPS, SPO and SPON.

In summary, we have developed three spirobased scaffold TSCT
emitters with the same donor and different acceptors namely, SPS,
SPO, and SPON. Combining theoretical calculations, single-crystal
structure, photophysical properties, and electroluminescence prop-
erties, the influence of acceptor modulation at the C9 site of
fluorene scaffold for spirobased scaffold TSCT emitters has been
systematically studied. Eventually, OLEDs based on SPS, SPO and
SPON exhibit EQEmaxs and emission peaks of 8.5% and 520nm,
17.8% and 528 nm, 14.4% and 552nm, respectively. The results
show that the acceptor with weak electron-withdrawing ability
will cause the LUMO can only delocalize on the rigid substrate,
the acceptor and donor cannot perform TSCT interactions. The ac-
ceptor with strong electro-withdrawing ability will increase the
D/A distance due to excessive steric hindrance and weaken the
face-to-face m—m stacking interactions. Therefore, due to moder-
ate acceptor strength and steric hindrance of SPO, SPO-based OLED
achieve the best efficiency. This work indicates that balancing the
electron-withdrawing strength and steric hindrance of the accep-
tor is pivotal for adjusting the TADF properties and EL efficiency of
spirobased scaffold TSCT emitters.
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