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Simple sulfone-bridged heterohelicene structure realizes ultraviolet
narrowband thermally activated delayed fluorescence, circularly
polarized luminescence, and room temperature phosphorescence
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Due to narrowband emission and high quantum efficiencies, polycyclic aromatic heterocycles with multi-resonance thermally
activated delayed fluorescence (MR-TADF) properties have recently gained considerable attention in the organic optoelectronic
field. Albeit their great promise in the full visible region covering from blue to red, MR-TADF emitters with ultraviolet emission
have been rarely reported. Through locking the two ortho-positions of a triphenylamine core by sulfone groups, a simple
polycyclic aromatic heterocycle, BTPT, was facilely constructed, exhibiting 368 nm ultraviolet emission with a narrow full
width at half maximum (FWHM) of 33 nm. Its neat film exhibited distinct TADF property with a main emission peak at 388 nm.
Noteworthily, the enantiomeric crystals of BTPT not only demonstrated significant circularly polarized luminescence (CPL)
with large luminescence dissymmetry factor in the 10−3 order but also displayed obvious room temperature phosphorescence
(RTP). The relationship between this innovative helical unit and unique photophysical properties, including ultraviolet MR-
TADF, CPL, and RTP, was reasonably revealed.
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Polycyclic aromatic hydrocarbons (PAHs) and their hetero-
cyclic analogues have been widely used to construct organic
functional materials [1,2], biologically active natural pro-
ducts and pharmaceuticals [3,4] because of their large
structure diversity and various functions. Among them,
polycyclic aromatic heterocycles containing boron (B) and
nitrogen (N) atoms have been an attractive area due to the
special position of them in the periodic table. In comparison
with the carbon atom, boron has a significantly lower elec-
tronegativity and one less electron, while nitrogen has a

higher electronegativity and one more electron. Thus, re-
placement of two carbon atoms by one boron and one ni-
trogen atom produces polycyclic aromatic heterocycles that
are isoelectronic with their all-carbon analogues. Differently,
both electronic and optical properties of the B/N doped
systems can be selectively tuned by modifying the character
of the frontier molecular orbitals and the inter- and/or intra-
molecular interactions [5–8].
By integrating multiple opposite resonance of B/N atoms

through ortho-position connection in a rigid polycyclic
aromatic heterocycle, Hatakeyama and co-workers [9] de-
monstrated two emitters with both thermally activated de-
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layed fluorescence (TADF) property and narrow full width at
half maximum (FWHM) in 2016 (Figure 1a, left). Compared
with the conventional TADF emitters (Figure 1a, right), the
rigid polycyclic aromatic heterocycle can avoid the re-
markable structure relaxations in the excited states and thus
result in small Stokes shifts and narrow FWHMs in nature.
Since then, considerable studies have been made on multi-
resonance TADF (MR-TADF) emitters based on specific B/
N-based frameworks, especially on the well-known DABNA
skeleton [10–16]. However, their complex synthesis and
relatively low yields are detrimental to the practical appli-
cations of the B/N-based MR-TADF emitters. Several at-
tempts have been proposed to explore the atoms and groups
available in MR-TADF emitters. Jiang and co-workers [17]
constructed a series of MR-TADF emitters (QAO series)
with narrow band emissions by replacing boron atoms with
carbonyl groups. Albeit this promising progress, their
quantum efficiencies are still far less than B/N-based MR-
TADF emitters. In consequence, exploiting novel MR-TADF
skeletons with more characteristics and functions is highly
desirable.
Nowadays, MR-TADF emitters have validated their po-

tential in the visible region, while MR-TADF emitters with
ultraviolet (UV) emission, which have promising potentials
in sensor analysis [18], high-density information storage
[19], biomedical and forensic applications [20], have been
rarely reported [15]. To realize UV emissions, both high S1
and T1 energy levels should be guaranteed in TADF mole-
cules, which is extremely difficult for typical D-A structure
based TADF emitters that normally have relatively large π-
conjugation. By contrast, distorted polycyclic aromatic het-
erocycles have great promise to realize UV emissions,
mainly due to their flexibility in limiting π-conjugation. In
addition, helicene derivatives based on distorted polycyclic
aromatic heterocycle skeleton have been used as circularly
polarized luminescence (CPL) materials that exhibited ex-
tensive potential applications in optical quantum informa-
tion, data storage, chirality sensing, and 3D displays [21–25],
whereas no UV-emitting helicene derivative has been re-
ported so far. In addition, multifunctional organic materials
with TADF, room temperature phosphorescence (RTP), and
CPL simultaneously were rarely reported [26,27]. Therefore,
adopting large atoms or groups to produce multiple re-
sonance effect and distorted molecular skeleton in polycyclic
aromatic heterocycles could be an alternative to construct
UV-emitting multifunctional MR-TADF helicene deriva-
tives.
Herein, we designed and synthesized a pair of chiral MR-

TADF enantiomers, (+)-(P)-BTPT and (−)-(M)-BTPT
(Figure 1c), by using two sulfone groups as the linkage to
lock the ortho-position of a triphenylamine core to produce
the opposite resonance effect in the distorted molecular
skeleton (Figure S1, Supporting Information online). Due to

the distorted framework, the BTPT enantiomers had limited
conjugation and helical chirality. Accordingly, the en-
antiomers exhibited narrowband ultraviolet emission both in
solution and film, together with a distinct TADF property in
film state. Inspiringly, the enantiomers (+)-(P)-BTPT and
(−)-(M)-BTPT displayed mirror-image circular dichroism
(CD) spectra in solution and their enantiomeric crystals ex-
hibited obvious mirror-image CPL with large luminescence
dissymmetry factor (glum) of 10

−3 order. Besides, the BTPT
crystals displayed strong RTP emission in the blue region.
The synthetic route of BTPT was shown in Scheme S1

(Supporting Information online). Intermediate compound 1
(benzo[5,6][1,4]thiazino[2,3,4-kl]phenothiazine) was oxi-
dized without a metal catalyst to afford BTPT with an ex-
tremely high yield of 92%. This simple and effective
synthetic route significantly outperformed the reported
synthesis of classic B/N-based MR-TADF systems. The
target compound BTPT was purified by column chromato-
graphy and temperature-gradient vacuum sublimation and its
chemical structure was fully characterized by nuclear mag-
netic resonance, mass spectrometry and single-crystal dif-
fraction. BTPT exhibited high thermal stability with a high
decomposition temperature (Td, corresponding to 5% weight
loss) of 330 °C and a glass transition temperature (Tg) of
75 °C (Figure S5). BTPT experienced irreversible oxidation
and reduction processes, together with the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels of −6.7 and −2.7 eV, respectively
(Figure S6).
The enantiomers, (+)-(P)-BTPT and (−)-(M)-BTPT, were

obtained via the optical resolution of racemates by chiral
high-performance liquid chromatography (HPLC). The ab-

Figure 1 (a) Design strategies for TADF molecules; (b) representative
multiple resonance TADF emitters; (c) chemical structures and main
characters of BTPT (color online).
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solute configurations of the enantiomers were confirmed by
the single-crystal diffraction (Figure 2). Furthermore, their

specific rotation ( D
25 ) were measured to be +159° and

–254° for (+)-(P)-BTPT and (−)-(M)-BTPT, respectively.
To evaluate the stability of the chiral configuration, the ra-
cemization energy barrier and conversion temperature were
calculated to be 32 kcal/mol and 434 K (Figure S9B), re-
spectively, indicating the stability of chiral configuration at
room temperature. In the enantiomer crystals, longer C–S
bonds (1.74–1.75 Å) compared with C–N bonds (1.40–
1.44 Å) and tetrahedral configuration of sulfonyl linkage
gave rise to the large distortion and stable chiral configura-
tion. In addition, the steric hindrance between adjacent hy-
drogen atoms in two different peripheral benzene rings, such
as H5 and H8 in (+)-(P)-BTPT, played an important role in
stabilizing chiral configuration. All these factors resulted in a
large dihedral angle of ~61° between the peripheral benzene
rings, which was larger than those of [5]helicene (46°) and
[6]helicene (58°) molecules [28,29].
Subsequently, photophysical properties of the enantiomers

in the monomolecular state were characterized. The char-
acterization of (+)-(P)-BTPT was taken as an example. As
shown in Figure 3a, the UV-visible absorption spectra of
(+)-(P)-BTPT in diluted toluene (1×10−5 M) exhibited a
sharp absorption band with a maxima at 346 nm, which
should be ascribed to the short-range charge transfer of the
BTPT framework. In diluted toluene at room temperature,
(+)-(P)-BTPT exhibited intensely ultraviolet emission at
368 nm with a small FWHM of 33 nm. To further explore the
emission transition characteristics, we measured the emis-
sion spectra of (+)-(P)-BTPT in different solvents at room
temperature. Typical solvatochromic effect was observed
with the increasing solvent polarity from hexane to di-
methylformamide, indicating the charge transfer character-
istic of S1 for (+)-(P)-BTPT (Figure S8a). Hereafter, CD
spectra of the enantiomers in dilute solution were in-
vestigated to further characterize the chiroptical properties.
Obvious mirror-image CD spectra of the enantiomers were
observed (Figure 3b), and their mirror-image CD spectra
remained the same after heating at 65 °C for 20 min, testi-
fying the stable chiral configuration of (+)-(P)-BTPT (Fig-
ure S9b). In 1 wt% doped polymethyl methacrylate (PMMA)
film, (+)-(P)-BTPT exhibited almost identical fluorescence
(300 K) and phosphorescence spectra (77 K) with the main
emission peaks at around 401 nm and thus the energy levels
of S1 and T1 states were estimated to be 3.46 and 3.32 eV,
according to the onset of emission spectra (Figure 3c). The
small ΔEST (0.14 eV) was conducive to access TADF prop-
erty. As expected, (+)-(P)-BTPT in the PMMA film at room
temperature displayed distinct delayed fluorescence com-
ponent together with the fitting lifetime of 109 μs (Figure
3d). Moreover, the delayed fluorescence component of the

transient PL gradually increased with the increasing tem-
perature from 100 to 300 K (Figure S8b), confirming the
thermal activation mechanism of the delayed fluorescence.
Interestingly, the spin-coated neat film of (+)-(P)-BTPT

exhibited a narrow ultraviolet emission peaking at 388 nm,
coupled with a relatively small FWHM of 50 nm (Figure 3e).
Compared with the PMMA doped film, the neat film dis-
played a redshifted phosphorescence spectrum, which may
come from the greater environmental polarity and lower T1

state of dimer aggregation in neat film [30]. The spin-coated
neat film of (+)-(P)-BTPT also experienced obvious delayed
fluorescence with the fitting of 112 μs at room temperature,
accompanied by the positive temperature-dependent delayed
fluorescence component up on the increasing temperature
from 100 to 300 K (Figure 3f). These results clearly certified
the TADF property of (+)-(P)-BTPT in the film state. In
addition, (−)-(M)-BTPT displayed almost identical optical
properties as (+)-(P)-BTPT in the monomolecular and film
states.
Surprisingly, the enantiomeric crystals displayed sig-

nificant CPL signal with remarkable glum values of −2.8×10
−3

and +7.8×10−3, respectively (Figure 4a, b). The CPL spectral
profiles were consistent with the fluorescence spectra of the
enantiomeric crystals, indicating the CPL signal came from
the enantiomeric crystals. To figure out the origin of the
distinct CPL, CD spectrum of the enantiomer crystal was
measured. As shown in Figure S10a, a new peak at around
370 nm with the negative Cotton effect was observed for the
(+)-(P)-BTPT crystals, with respect to its CD spectrum in
solution. This is consistent with the negative signal in CPL
spectrum of the (+)-(P)-BTPT crystals, although no CPL
signal was detected for (+)-(P)-BTPT in solution. The above
results indicated the emerging negative CD peak could ac-
count for the CPL spectra of crystals [31–33]. Moreover, the
simulated ECD spectrum that testified the emerging negative
CD peak may originate from the dimer structure in the
crystals (Figure S10b), which further assemble to form 3D
helical structure and thus amplify the glum value (Figure 4d).
Right-handed (+)-(P)-BTPT crystal was taken as an example
(Figure 4d). Firstly, two adjacent homochiral molecules

Figure 2 Single-crystal structures of (+)-(P)-BTPT and (−)-(M)-BTPT
(color online).
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along b-axis formed a pair of right-handed helical dimer via
S=O···H interactions (~2.7 and ~2.5 Å). Secondly, those
dimers were arranged in a right-handed spiral column along
b-axis via weak S=O···π interactions (~3.1 Å), introducing a
larger helical structure compared with the single molecule
and helical dimers. Finally, (+)-(P)-BTPT molecules con-
structed a regular plane in the a-c plane through abundant
S=O···H interactions (~2.4 and ~2.7 Å) and thus restrained
the orientation of the helical axis. On the other hand, the
(−)-(M)-BTPT crystal also had similar features to generate a
left-handed helical structure. All these features of the en-
antiomeric crystals realized the significant CPL spectra with
the considerable glum values.
Unexpectedly, both enantiomeric crystals exhibited ob-

vious RTP emission at the blue region. To illustrate, the
(+)-(P)-BTPT crystal displayed distinct RTP emission with a
maxima peak at 458 nm together with a fitting lifetime (τRTP)
of 13.7 ms (Figure 5). To figure out the origin of the RTP
emission, we carried out the hole-electron analysis on T1 of
the (+)-(P)-BTPTmolecule. As shown in Figure S13, dimers
in the (+)-(P)-BTPT crystal exhibited a mainly single mo-
lecule participated T1 with large spin-orbital coupling con-
stant (ξst) between S0 and T1 (~0.8 cm

−1) which was large
enough to satisfy the transition from T1 to S0. Like other

phenothiazine oxide derivatives [34–36], the introducing of
sulfone groups effectively promoted the intersystem crossing
from S1 to T1, making it efficient for the accumulation of T1.
Moreover, the hole-electron analysis was conducted to figure
out the transition nature of S1 and T1. As shown in Figure
S11, S1 was dominated by the charge transfer (CT) feature
while T1 has dominant π-π* character. Such significant dif-
ference between S1 and T1 states could benefit ISC from S1 to
T1 according to the El-Sayed rule. On the other hand, the
rigid molecular configuration and abundant intermolecular
interactions (abundant S=O···H interactions and S=O···π

Figure 3 (a) Absorption and normalized fluorescence spectra of (+)-(P)-
BTPT in dilute toluene (1×10−5 M); (b) CD spectra of enantiomers in dilute
dichloromethane (1×10−3 M); (c) normalized fluorescence (300 K) and
phosphorescence spectra (77 K) of (+)-(P)-BTPT in 1 wt% doped PMMA
film; (d) transient photoluminescence spectra of (+)-(P)-BTPT in 1 wt%
doped PMMA film; (e) normalized fluorescence (300 K) and phosphores-
cence spectra (77 K) of (+)-(P)-BTPT spin-coated neat film; (f) tempera-
ture-dependent transient photoluminescence spectra of (+)-(P)-BTPT spin-
coated neat film (color online).

Figure 4 (a) CPL spectra and (b) glum values of enantiomeric crystals; (c)
the schematic of CPL in crystals; (d) helical structures in enantiomeric
crystals (color online).

Figure 5 (a) Normalized fluorescence (300 K) and phosphorescence
(300 K) spectra of the (+)-(P)-BTPT crystal; (b) transient photo-
luminescence spectrum of the (+)-(P)-BTPT crystal (color online).
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interactions, Figure 4 and Figure S7) in the crystal could not
only effectively isolate water and oxygen in the air, but also
restrict the non-radiative decay from T1 to S0. These factors
induced the RTP emission from T1 mainly dominated by the
single molecule of (+)-(P)-BTPT. Similarly, the RTP emis-
sion in the (−)-(M)-BTPT crystal mainly originated from the
single molecule of (−)-(M)-BTPT.
In summary, a multifunctional polycyclic aromatic het-

erocycle BTPT has been developed. It exhibited narrow
ultraviolet emission with obvious TADF property in neat
film and displayed apparent RTP emission and significant
CPL signal with considerable glum in crystals. The single-
crystal analysis revealed that tetrahedral configuration of
sulfonyl linkage, longer C–S bonds than C–N bonds, and
steric hindrance between adjacent peripheral benzene rings
were the key point to stabilize the chiral configurations of the
enantiomers. Interestingly, multistage helical structures in
enantiomeric crystals of BTPT resulted in distinct CPL with
the large average glum values in emission region (−2.8×10−3

and +7.8×10−3 for P- and M-configurations, respectively).
Moreover, sulfone groups and abundant intermolecular in-
teractions induced significant RTP emission in crystals. This
work not only expands the species of TADF emitters with
ultraviolet emission but also widens the scope of available
building blocks for multifunctional polycyclic aromatic
heterocycles with MR-TADF, CPL, and RTP simultaneously.
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