Open Access Article. Published on 19 October 2021. Downloaded on 11/8/2025 5:05:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 14808

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 27th July 2021
Accepted 19th October 2021

DOI: 10.1039/d1sc04118e

I ROYAL SOCIETY
PPN OF CHEMISTRY

Converting molecular luminescence to ultralong
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Manipulating the molecular orbital properties of excited states and the subsequent relaxation processes can
greatly alter the emission behaviors of luminophores. Herein we report a vivid example of this, with
luminescence conversion from thermally activated delayed fluorescence (TADF) to ultralong room-
temperature phosphorescence (URTP) rigid benzothiazino
phenothiazine tetraoxide (BTPO) core. Pristine BTPO with multiple heteroatoms shows obvious

via a facile substituent effect on a

intramolecular charge transfer (ICT) excited states with small exchange energy, featuring TADF. Via
delicately functionalizing the BTPO core with peripheral moieties, the excited states of the BTPO
derivatives become a hybridized local and charge transfer (HLCT) state in the S; state and a local
excitation (LE) dominated HLCT state in the T, state, with enlarged energy bandgaps. Upon dispersion in
a polymer matrix, the BTPO derivatives exhibit a persistent bright green afterglow with long lifetimes of
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Introduction

A molecule excited by photons usually loses its energy through
various relaxation processes, including internal conversion (IC),
intersystem crossing (ISC), energy transfer, and radiative
emission. Manipulating these competitive relaxation processes
to obtain a certain photophysical property can make molecules
suitable for targeted applications."” For example, reversed
intersystem crossing (RISC) from a triplet to a singlet state (both
from the lowest triplet and high-lying triplet states) has been
purposively enhanced via molecule design to realize 100%
exciton utilization in organic light-emitting diodes (OLEDs).*”
In addition, organic room-temperature phosphorescence (RTP),
radiative emission from a triplet state promoted via enhancing
the singlet-triplet ISC process, is also of considerable interest
due to its innovative application prospects in the fields of
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up to 822 ms and decent quantum yields of up to 11.6%.

bioimaging, information encryption, displays, etc.>*> In partic-
ular, phosphors exhibiting ultralong room-temperature phos-
phorescence (URTP) with a luminescence lifetime of over 0.1 s,
also referred to as afterglow or persistent luminescence, have
gained increased attention because of their revolutionary
potential in terms of naked-eye detection®. Nevertheless, such
organic phosphors often present moderate phosphorescence
quantum efficiency of less than 10%, which indicates the urgent
need to develop high performance URTP materials."

In accordance with the Jablonski diagram and emission
mechanism of phosphorescence, two key factors should be
taken into consideration in order to obtain highly efficient RTP
emitters:* (i) strengthening the ISC from the excited singlet
state (S,,) to the excited triplet state (T,,) via efficient spin-orbit
coupling (SOC) and (ii) suppressing the nonradiative dissipa-
tion of long-lived triplets caused by vibration, molecular oxygen
quenching, or other factors. In this regard, molecular design
strategies based on halogen bonding,"*" n-m transitions
involving heteroatoms (S, P, etc.),"*2° and H-aggregation,?*>
and RTP reinforcement approaches based on crystal engi-
neering,** > host-guest systems,**** copolymerization,*?*’ and
supramolecular interactions®*-*> have been developed and have
allowed the more-effective realization of pure organic RTP.

Though great achievements relating to RTP have been ach-
ieved through crystal engineering, one of the most commonly
adopted methods, the practical application of resultant

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phosphors is largely hindered by the repeatability of crystal
synthesis and the crystal quality. Very recently, Bin Liu et al.
found that carbazole isomers existing as impurities in
commercial carbazole sources are responsible for the ultralong
organic phosphorescence of some carbazole-derivative crystal-
line solids.*® These impurities still exist even after recrystalli-
zation. In contrast, embedding monomeric phosphors into
amorphous rigid polymer matrices, for instance polymethyl
methacrylate (PMMA),**** polyvinyl alcohol (PVA),"* and
Zeonex,***® provides a more facile approach for device fabrica-
tion and processing.” The rigid polymer matrix environment
minimizes phosphor energy dissipation via reducing molecular
vibration and rotation and intermolecular collisions, resulting
in effective RTP. In addition, through the appropriate selection
of polymers and the design of device structures, the quenching
effects of oxygen and moisture from the ambient environment
can be largely diminished, resulting in triplet excitons with
prolonged lifetimes.*”** Also, the photophysical properties of
monomers are better maintained at a low doping ratio in the
polymer matrix. So far, this strategy has been well utilized in
some monomeric phosphorescence systems, such as aromatic
phosphonate,* thianthrene,* etc.

Herein, we demonstrate the URTP properties of a new cate-
gory of organic derivatives based on a hetero[4]helicene of
benzo[5,6][1,4]thiazino[2,3,4-k/]phenothiazine 5,5,9,9-tetra-
oxide (BTPO) in amorphous polymer matrices. Through the
delicate functionalization of the BTPO core, three compounds
with different electron-donating/-withdrawing substituent
groups (benzonitrile (BCN), phenylcarbazole (BCZ), and tri-
phenylamine (TPA)) were designed and synthesized, as shown
in Scheme 1. The photophysical results confirm that the BTPO
core presents TADF with a small energy bandgap (AEsr) of
0.16 eV between the lowest triplet state (T;) and the lowest
singlet state (S;), while the BTPO derivatives exhibit excellent
ultralong RTP with broadened AEgr values of 0.44-0.70 eV. An
in-depth study reveals that the delicate modification results in
these emitters undergoing obvious changes in their excited

BTPO

@ *" BTPO-TPA

Scheme 1 The molecular structures of BTPO and BTPO derivatives.

BTPO-BCN
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states, from an ICT state to a HLCT state or LE-dominated HLCT
state, resulting in different arrangements of electronic orbitals.
All the BTPO derivatives embedded in a PMMA matrix show
prolonged luminescence lifetimes of up to 822 ms with decent
phosphorescence quantum yields of 7.4% to 11.6%. These
findings not only provide us with brand-new building blocks for
phosphor design, but this is also a fascinating molecular design
strategy that combines a TADF molecular core with different
peripheral moieties to modulate the nature of the excited states
and thus fine-tune the singlet and triplet exciton populations.

Results and discussion

The synthetic routes to BTPO and BTPO derivatives are outlined
in Schemes S1 and S2.1 As shown in Scheme S1,T 4-bromo-N,N-
bis(4-(tert-butyl)phenyl)aniline reacts with phthalimidesulfenyl
chloride to give the bis-sulfenylated derivative. Following intra-
molecular cyclization using the Lewis acid AlCl;, the bis-
sulfenylated derivative is converted to 3-bromo-7,11-ditertbu-
tylbenzo[5,6][1,4]thiazino[2,3,4-k/Jphenothiazine (BTP-Br) with
ayield of 77%.°* Sequentially, oxidizing BTP-Br with H,O, affords
the key intermediate 3-bromo-7,11-di-tert-butylbenzo[5,6][1,4]
thiazino[2,3,4-k{Jphenothiazine  5,5,9,9-tetraoxide  (BTPO-Br).
Through Suzuki coupling reactions between BTPO-Br and the
respective boronic acid ester, the three target compounds (BTPO-
BCN, BTPO-BCZ, and BTPO-TPA) are obtained in quite good
yields. All compounds were unambiguously characterized via 'H
and *C NMR spectroscopy. Detailed synthetic procedures are
described in the ESL{ Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) show that these BTPO
derivatives are thermally stable, with thermal decomposition
temperature values (Ty, corresponding to 5% weight loss) above
366 °C and glass transition temperature (T,) values above 195 °C
(see Fig. S27). All compounds were further purified via vacuum
sublimation before use. High performance liquid chromatog-
raphy was carried out to confirm the high purity of the target
compounds (see Fig. S37).

The photophysical properties of the BTPO and BTPO deriv-
atives were systematically studied in both dilute solution and as
a doped thin film. In dilute toluene solution (1 x 107> M) at
room temperature, all BTPO derivatives possess a maximum
absorption band at around 360 nm with a bathochromic shift of
14 nm in comparison with BTPO (Fig. S4at). Due to the
increased degree of conjugation as a result of the attached
substituent groups, the absorption onsets of the BTPO deriva-
tives exhibit slight red shifts, resulting in narrower optical
bandgaps. As the fluorescence spectra in Fig. S4at show, strong
fluorescence is observed at 377 nm with a narrower full-width at
half-maximum (FWHM) of 28 nm for BTPO-BCN, while BTPO-
BCZ and BTPO-TPA exhibit wider emission bands centered at
388 nm and 429 nm, respectively, with FWHM values of 38 and
52 nm, respectively. With respect to BTPO, enhanced photo-
luminescence quantum yields (PLQYs) of 15.3%, 29.3%, and
38.8% and increased fluorescence lifetimes of 1.14 ns, 1.49 ns,
and 2.14 ns are observed for BTOP-BCN, BTPO-BCZ, and BTPO-
TPA, respectively. The BTPO derivatives in toluene solution did
not display any phosphorescence at room temperature due to
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the fast vibrational and rotational quenching of triplet excitons.
Therefore, steady-state and time-resolved PL spectra were
recorded in glassy matrices of the same solution at 77 K. As
shown in Fig. S5,1 all the compounds exhibit dual emission
with different intensities. For BTPO-BCN and BTPO-BCZ,
phosphorescence peaks with vibrational characteristics were
clearly found at around 450-650 nm, with intense proportions
that were more than twice those of the fluorescence peaks.
However, BTPO-TPA displayed moderate phosphorescence
signals at 501 and 531 nm, with one third the proportion of the
fluorescence peaks. The time-resolved PL spectra plotted using
red lines (delayed for 0.5-3 ms) further confirm the phospho-
rescence nature of the luminescence.

A rigid PMMA matrix is adopted to confine the emitters and
prevent the nonradiative deactivation of triplets. Similar spec-
tral features are also present in the doped thin film (5 wt%
doped in PMMA) with broader FWHM values in the emission
spectra, probably owing to polarity variations in the environ-
ment (Fig. S4bt). The similarities between the absorption and
emission spectra from dilute solutions and doped thin films
indicate that the photophysical properties of these compounds
in the monomer state are well preserved at a low doping ratio in
PMMA films. Intriguingly, as shown in Fig. 1a, all of the BTPO
derivatives exhibit obvious RTP features, with well-resolved
vibronic bands in the doped PMMA film under vacuum condi-
tions as expected. Relative to the behaviors in toluene at 77 K,
biluminescent behaviors are also observed for the BTPO deriv-
atives at room temperature in the doped films, while the
phosphorescence signals are relatively weakened. The overall
phosphorescence proportion for BTPO-BCN drops to being
almost equal to the fluorescence one, while the overall phos-
phorescence levels of BTPO-BCZ and BTPO-TPA are reduced by
a greater extent to one half or less. Yet high phosphorescence
quantum yields of 11.6% for BTPO-BCN, 10.6% for BTPO-BCZ,
and 7.4% for BTPO-TPA are obtained, where the PLQYs of
fluorescence are 14.2% for BTPO-BCN, 21.3% for BTPO-BCZ,
and 29.4% for BTPO-TPA under ambient conditions (Table 1).
In addition, the phosphorescence lifetimes of the BTPO deriv-
atives in doped PMMA film under vacuum conditions were
measured and are depicted in Fig. 1b. Luminescence lifetimes
in the range of hundreds of milliseconds are derived via biex-
ponentially fitting the time-resolved PL decay curves. It is
noteworthy that BTPO-BCN in 5 wt% PMMA film shows ultra-
long averaged lifetimes of 822 ms at 485 nm and 760 ms at
518 nm. The phosphorescence lifetimes of BTPO-BCZ are
slightly lower: 730 m at 486 nm and 747 ms at 514 nm. For
BTPO-TPA, obvious reductions in the phosphorescence life-
times are observed, with lifetimes of 340 ms at 510 nm and 284
ms at 545 nm. To the best of our knowledge, the phosphores-
cence quantum yields of these BTPO derivatives are some of the
highest values for organic phosphors with phosphorescence
lifetimes exceeding 0.1 s, especially in a polymer matrix'**° (see
Scheme S3, Fig. S1, and Table S1t). The above results also imply
that the diverse peripheral groups of the BTPO derivatives could
significantly manipulate the phosphorescence lifetime and
quantum yield. Unlike other host-guest systems that involve H-
bonds or other intermolecular interactions,***>* the RTP of
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Fig. 1 The photophysical properties of 5 wt% BTPO and BTPO
derivatives doped into PMMA films. (a) Steady-state PL spectra of BTPO
(black), BTPO-BCN (red), BTPO-BCZ (blue), and BTPO-TPA (green)
under vacuum. (b) Time-resolved PL decay curves of BTPO and BTPO
derivatives at different wavelengths.

BTPO derivatives can be easily achieved in rigid environments
in addition to PMMA, such as when using polystyrene (PS) (see
Fig. S87).

To elucidate the relationship between the BTPO core and the
BTPO derivatives, the photophysical characteristics of BTPO in
toluene solution and in doped thin film form are investigated as
a reference. As shown in Fig. S10a,f BTPO in toluene in the
cryogenic state exhibits intense vibrational phosphorescence
peaks at 387 and 410 nm with a relative weak fluorescence peak
at 363 nm. In contrast to the BTPO derivatives, BTPO in 5 wt%
doped PMMA film shows no phosphorescence at room
temperature under vacuum. Hence, temperature-dependent
steady PL measurements of BTPO in doped film under
vacuum were conducted (Fig. S11f). The phosphorescence
intensity variations with temperature further confirm the
disappearance of RTP. As shown in Fig. S10b,} derived from the
highest energy peak of the PL spectrum of BTPO doped thin film
at 100 K, the energy levels of the S; and T, states are calculated
to be 3.31 eV and 3.15 eV, respectively, leading to a small AEsy

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The photophysical properties of BTPO derivatives in PMMA film

Aabs Aﬂuo Aphos ¢ﬂuo (pphos ¢total
Compound [nm] [nm] [nm] Eg,“ [eV] Er" [eV] AEgr” [eV] Tphos” [MS] [%] [%] [%]
BTPO-BCN 356 382 486 3.25 2.55 0.70 822 14.2 11.6 25.8
BTPO-BCZ 356 394 485 3.15 2.56 0.59 730 21.3 10.6 31.9
BTPO-TPA 358 432 510 2.87 2.43 0.44 340 29.4 7.4 36.8

¢ Eg; and Er, were estimated from the highest energy peaks of fluorescence and phosphorescence (1240/2), respectively. The energy gap is calculated

according to AEsr = Es; — Er. b Averaged phosphorescence lifetime.

value of 0.16 eV. In striking contrast, BTPO derivatives in doped
film show broadened AEgr values of 0.70 eV for BTPO-BCN,
0.59 eV for BTPO-BCZ, and 0.44 eV for BTPO-TPA. These
results suggest a possible reversed intersystem crossing (RISC)
process between the singlet and triplet states of the BTPO core.
The PL decay curve of 5 wt% BTPO in PMMA film at 375 nm at
room temperature was measured (see Fig. S121 and 1b). The
fitting results show a combination of a short prompt lifetime of
1.04 ns and a long delayed lifetime of 41 ps, verifying the TADF
features of the BTPO core. Moreover, as shown in Fig. S13,7 the
temperature-dependent fluorescence decay spectra of BTPO
measured in doped PMMA film for a time range of 10 ms under
vacuum demonstrate a declined trend of delayed fluorescence
lifetime with the temperature but an increased proportion of
delayed component to prompt one, further confirming the
TADF nature of the BTPO emission behavior.” In other words,
modifying the BTPO core through the introduction of such
aromatic substituent groups could effectively modulate the
energy levels of excited states and alter the nature of lumines-
cence from TADF to RTP.

To verify the above molecular design strategy, a phenyl group
was also introduced to the BTPO core to produce BTPO-Ph as
a reference material, and the photophysical properties are
summarized in Fig. S14 and Table S7.7 BTPO-Ph in 5 wt%
PMMA under vacuum at room temperature presents dual
emission, with a prompt lifetime of 1.27 ns at 391 nm and
averaged phosphorescence lifetimes of 658 ms at 465 nm and
657 ms at 493 nm. This further confirms that the introduction
of a peripheral aromatic substituent group can easily modulate
the energy difference between singlet and triplet states, greatly
reducing the triplet energy and thus realizing phosphorescent
luminescence.

Theoretical calculations were performed using the TD-
M062X/6-31G(d,p) method to uncover the underlying RTP
mechanism of the BTPO derivatives; the natural transition
orbitals (NTOs) of the BTPO and BTPO derivatives in the S; and
T, states are depicted in Fig. 2a and S18.1 With regard to BTPO,
the NTOs of both the S; and T, states show a similar mix of (n,
7*) and (m, ©*) transition configurations. In addition to the
separative distributions of holes and particles on the phenyl
rings, the holes are predominately localized on the nitrogen
atom while the particles are mainly distributed on the sulfonyl
groups. This distribution feature endows the BTPO core with
the obvious characteristic of short-range ICT in the excited state
and a small oscillator strength of 0.0811 for the S; — S, tran-
sition, which leads, to a certain extent, to a small AEgr value and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The natural transition orbitals of BTPO and BTPO-BCN in
singlet and triplet excited states. (b) The energy levels of BTPO and
BTPO-BCN determined based on experimental results.

a low fluorescence quantum yield. These theoretical calcula-
tions are consistent with the experimental results given above. A
small energy gap of 0.16 eV between the S; and T, states, weak
S; emission with a low PLQY of 6.7%, and a delayed lifetime of
41 ps were observed for the BTPO core, which are indicative of
TADF emission via a RISC process. On the contrary, all the BTPO
derivatives show a HLCT state or a LE-dominated HLCT state in
the S; and T, states, tending to enhance the quantum yield and
enlarge AEgr. As shown in Fig. 2a and S$18,7 the holes are mainly
located on the external substituents and the attached benzene
rings of the core while the particles predominately occupy the
interphase sites of the attached phenyl groups. With the
weakening of the electron-donating properties of the peripheral
groups from TPA to BCZ, and further to BCN, the ratio of the CT
component in the mixed HLCT state gradually decreases,
especially for the T, state of BTPO-BCN, in which the T, state
almost becomes a LE-like state. The solvatochromic effect of
BTPO derivatives in different solvents further confirms the
existence of a HLCT state for emission transitions (see Fig. S19-
S22t).%* These apparent changes of the excited states from an
ICT state to a HLCT state or LE-dominated HLCT state play
a significant role in the modulation of energy levels, which can
result in an enlargement of AEsy. As shown in Fig. 2b, taking
BTPO-BCN as an example, a large energy difference of 0.70 eV
between the S; and T, states is determined based on experi-
mental results. Combining this with a SOC constant of 0.303

Chem. Sci., 2021, 12, 14808-14814 | 14811
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between S; and T,, as obtained from theoretical calculations,
efficient ISC from S, to T; with rare RISC from T, to S; will result
in an abundant T; exciton population. Based on the NTO
analysis, all BTPO derivatives possess an almost pure (7, %)
configuration in the T; state, which is considered to have an
extremely slow decay rate, facilitating URTP. With additional
strong SOC effects between the S, and T, states, these T; exci-
tons with (7, 7*) character could radiatively decay to the ground
state in a rigid environment and generate URTP.

Fig. S23 and Videos 1-41 show photographs and the evolu-
tion process of BTPO derivatives embedded in polymer matrices
upon excitation and in its absence. Upon irradiation using
a 365 nm UV lamp in inert gas, the BTPO-BCN-doped PMMA
film exhibits bluish-green emission with the Commission
Internationale de I'Eclairage (CIE) coordinates of (0.20, 0.38),
while the BTPO-BCZ- and BTPO-TPA-doped films present blue
luminescence with CIE coordinates of (0.19, 0.26) and (0.18,
0.18), respectively. After the removal of the excitation source,
these thin films show persistent green emission with a long
duration of several seconds. Due to the excellent insulating
properties of oxygen, PVA was deposited on top of the doped
PMMA film as an O, barrier to ensure phosphorescence
generation under ambient conditions. Taking BTPO-BCN as an
example, BTPO-BCN-doped PMMA film coated with a PVA layer
demonstrated dual emission features under ambient condi-
tions with slightly weakened phosphorescence compared with
under vacuum (Fig. S157). In comparison to the monolayer film,
this bilayer film possesses an approximately close total PLQY of
23.1% with a phosphorescence quantum yield of 8.6% in air. As
expected, similar emission changes from bluish-green to green
are observed for the BTPO-BCN bilayer film in air (Fig. S23b¥).

In view of the extraordinary RTP features of the BTPO
derivatives in the monomer state, their preliminary application
to confidential encryption is demonstrated in Fig. 3 and Videos
5 and 6.7 Using 5 wt% BTPO-BCN-doped PMMA mixed organic
solution as an ink, complicated patterns could be easily fabri-
cated through an ink-jet printing technique, such as the logo of

(a)

UV on UV off

2021
SKLLMD

fhnzry

South Chisa University of Technology

(b)

UV off

Fig. 3 A demonstration of confidential encryption: photographs of
BTPO-BCN in PMMA film (a) in an inert gas and (b) covered by PVA in
air under a UV lamp (left) and after the removal of the UV source (right).
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South China University of Technology (SCUT), the simplified
Chinese and English names of SCUT, and the abbreviation of
State Key Laboratory of Luminescent Materials and Devices
(SKLLMD). The patterns can barely be seen under sunlight, but
they can be clearly observed using a 365 nm UV lamp. After
ceasing the UV irradiation, green patterns could be seen for
a few seconds under vacuum. Also, a pattern spelling SCUT
covered with a PVA layer was fabricated, as shown in Fig. 3b.
Under ambient conditions, the bluish-green SCUT writing shifts
to green after switching off the UV light, and green emission is
maintained for at least 3 s.

Conclusions

To summarize, a novel family of ultralong-lifetime organic
phosphors based on the BTPO skeleton was delicately designed,
and ultralong phosphorescence in the monomer state could be
well preserved upon scaffolding the BTPO derivatives into
a PMMA matrix. Among these compounds, BTPO-BCN exhibits
a long-lived phosphorescence lifetime of 822 ms with a high
quantum yield of 11.6%, representing some of the best phos-
phorescent properties seen in terms of URTP materials in
polymer matrices to date. Moreover, a strategy based on the
modulation of the excited state from a CT state to a HLCT state
or LE-dominated HLCT state was proposed to achieve efficient
URTP. Systematic theoretical calculations revealed that this
modulation of the excited states of the BTPO derivatives
enlarges AEsy and thus reduces the likelihood of a RISC
process. In the meantime, a pure (7, 7*) configuration of the T,
state was obtained for the BTPO derivatives, enabling ultralong
phosphorescence. The preliminary application of these highly
efficient URTP materials via ink-jet printing shows the great
application prospects in anti-counterfeiting and other fields.
This work extends the scope of organic RTP materials and also
provides a new molecular design approach for obtaining effi-
cient RTP materials.
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