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Reversibly switching visible light excited phosphorescence emission by external stimuli is highly
challenging. Herein, we report a series of tetrakis(arylthio)benzene derivatives with a D—A structure, exhi-
biting visible-light excited room-temperature phosphorescence. Significantly, the emission from their
crystalline powder state responded to mechanical forces, attributed to alterations in molecular stacking
changes, resulting in their phosphorescence color changes. Moreover, the monomer and aggregated
phosphorescence transition could be reversibly switched by temperature when doping these molecules
into a phase-changing matrix saturated fatty acid (FA) because the FA matrix is transformed between
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solid and fluid states under different temperatures. In addition, multi-color luminescent materials were
also obtained by further introducing triphenylamine dye molecules. Finally, these doping systems
exhibited excellent application potential in temperature indication and anti-counterfeiting. This
successful design strategy provides a new idea for preparing reversible external stimuli-responsive
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Introduction

Organic room-temperature phosphorescence (RTP) materials have
been widely applied in various fields such as organic light-
emitting diodes,"® time-resolved bioimaging,”** dynamic anti-
counterfeiting,’>™® and chemical sensing®®>* because of their
excellent photophysical properties. In recent years, several rational
strategies including supramolecular assembly,”*>> host-guest
doping,*® covalent organic framework (COF) construction,” and
crystal engineering®® have been proposed to induce enhanced
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RTP emission. It is worth noting that RTP materials that are
sensitive to external stimuli such as temperature,® light,***"
mechanical grinding,**** and humidity** are a current research
focus and a challenge. For example, Huang et al. developed a dual-
emission phosphorescent polymer thermometer by doping two
long-lived phosphorescent iridium(m) complexes into an
acrylamide-based thermosensitive polymer, in which there was a
conformational transition from an extended state to an aggre-
gated state when the temperature was increased from 16 °C to
40 °C. The changes in the polymer microenvironment led to
enhanced rigidity and decreased polarity, bringing a wavelength-
ratiometric phosphorescence emission.”> However, the recent
development of thermosensitive RTP materials including host-
guest doped systems,?® copolymerization systems,”® and metal-
organic frameworks (MOFs)*® mostly faced the daunting problem
of slow responsiveness, single-color luminescence, and short
excited wavelength.

At present, the common construction strategies of thermo-
sensitive systems possess the shortcomings of complicated pre-
paration and poor repeatability, and it is urgent to seek a simpler
and more efficient strategy.’® Phase-changing materials such as
a novel thermo-responsive matrix, which could trigger a solid-
liquid transition with increasing temperature, have been used to
control the release of therapeutic drugs.’” FAs and fatty alcohols
are the most common and widely used because of their excellent
biocompatibility, natural availability, and low cost.>” Recently,
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Zhang et al. proposed a clever strategy to prepare thermosensi-
tive fluorescent materials by doping fluorophores into a long-
chain FA. These systems showed different fluorescence under
room- and high-temperature because of the different existential
states of fluorescent molecules in the high-crystallized and
melting states of the FA.*®* Our group also applied a similar
strategy to regulate the reversible transition between the mono-
mer and excimer emission of the fluorophores.>® The use of
phase-changing materials to modulate the luminescence of
fluorophores has been widely reported.*® However, few reports
adopted this strategy for regulating the more complex and
challenging phosphors.

As is known, the multi-sulfurated aromatic derivatives exhibited
aggregation-induced phosphorescence,”* and their luminescence
behavior could be controlled by their variable conformation and
stacking, attributed to their flexible multiple C—S bond.** Based
on this, mechanical stimuli have often been used to regulate the
solid-stated stacking of multi-sulfurated aromatic derivatives,*>
further inducing different luminescence. Compared to the
mechanical force, temperature as a non-invasive external stimulus
provided a facile and promising way to control emission
behavior.>> However, it is challenging to obtain the reversibly
switching visible light excited phosphorescence in multi-
sulfurated aromatic derivatives by heat. Herein, we proposed a
strategy for developing a temperature-responsive controllable sys-
tem of tetrakis(arylthio)benzene derivatives by employing the
phase-changing material lauric acid (LA) as the matrix (Fig. 1).
Notably, the different luminescence under room and high tem-
peratures were also observed in the phase-changing doping system
because of the different molecular existence states in the highly-
crystallized and melting states of LA. Furthermore, the multi-color
luminescent systems could be obtained by further adding other
dye molecules, and they were used in anti-counterfeiting labels
and temperature indicators.

Results and discussion

The target tetrakis(arylthio)benzene derivatives with D-A structure
were obtained by one-step nucleophilic aromatic substitution
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reactions. Detailed synthesis procedures are placed in the ESLT
The purity of these compounds was confirmed using high-
performance liquid chromatography (HPLC) (Fig. S1, ESIT). The
UV-vis spectra of compounds 1-3 in dichloromethane (DCM) are
shown in Fig. 2a, and they all exhibited similar absorption
wavelengths. A broad low-energy absorption band that red-
shifted to the visible region was attributed to their CT state
(Fig. S2, ESIf). As the polarity of the solvent increased, the
solution-stated emission gradually redshifted due to the strong
CT effect of the D-A structure (Fig. 2b and Fig. S3, ESI}).
Compared with other persulfurated benzene derivatives from
previous reports,** these compounds showed a more red-shifted
emission, attributed to the stronger CT effect induced by the
adjacent dicyano groups, which considerably enhanced the
electron-withdrawing properties of the acceptor. These molecules
showed weak luminescence in THF, and their luminescence
quantum yields were 1.6% of 1, 0.9% of 2, 1.7% of 3, and 1.4%
of 4, respectively. Comparatively, compounds 1 and 2 possessed a
moderate luminescence in THF. However, when the H,O fraction
reached up to 99% in the THF-H,O mixture, the emission
intensity was enhanced (Fig. 2d and Fig. S4, ESIt), and their
corresponding absorptions were also red-shifted (Fig. 2c and
Fig. S4, ESIT), indicating the aggregation-induced emission (AIE)
characteristic of these compounds. In addition, compound 3 with
the adjacent dicyano groups, which further enhanced the
electron-acceptor capability, possessed a stronger charge-transfer
(CT) effect than compound 4 with separated dicyano groups,
confirmed by the fact that compounds 3 possessed stronger
redshifted absorption peaks than compound 4 in the solution
state (Fig. S2, ESIT), which was a benefit to the visible-light
excitation.

The molecules 1-4 with AIE characteristics exhibited rela-
tively bright and multicolor luminescence in the solid state,
which could change from green to orange under 365 nm UV
irradiation (Fig. 3a). To further explore the internal lumines-
cent mechanism, we investigated their solid-stated photophy-
sical properties. As shown in Fig. 3a, the maximum emission
wavelengths of compounds 1-4 were between 500 and 550 nm
and their luminescence quantum yields were 4.3% of 1, 11.2%
of 2, 11.6% of 3, and 8.2% of 4, (Fig. 3b). In addition, their
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Fig. 1 Schematic illustration of the regulation of phosphorescence emission behavior by temperature.
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Fig. 2 Photophysical properties of the tetrakis(arylthio)oenzene deriva-
tives in the solution state. (a) Absorption spectra of 1-3 in DCM. (b)
Phosphorescence spectra of 2 in different solvents. (c) Absorption and
(d) phosphorescence spectra of 2 in THF/H,O with different water frac-
tions. All the measurements were performed under 420 nm excitation with
a concentration of 10 pM.

UV-vis absorption spectra in the solid state presented a more
significant red-shift than that in the solution state (Fig. S2 and S5,
ESIt), which are attributed to molecular aggregation inducing red-
shifted absorption. Their solid-stated delayed and prompt
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luminescent peaks were highly overlapped (Fig. 3a, Fig. S6, and
Table S1, ESIt). The lifetimes for 1-4 under ambient conditions
were 67.4 ps, 11.0 ps, 45.8 ps, and 15.4 ps, respectively (Fig. 3d and
Fig. S7, ESIt), confirming their phosphorescence nature as pre-
viously reported in the literature.** Noteworthily, visible light
could excite their phosphorescence, which was significant in
reducing UV damage in practical applications.

Certainly, the multi-sulfurated aromatic compounds are
known for their diverse stacking in the solid state.** Inspired
by this, the feasibility of manipulating the stackings of com-
pounds 1-4 through external stimuli to further regulate their
luminescence behaviors was a topic that was worth researching
deeply. Therefore, we first investigated their luminescence
changes under mechanical stimuli. Encouragingly, compounds
2 and 3 powders showed high sensitivity to mechanical stimuli.
As shown in Fig. 3a, the largest emission wavelength of com-
pound 2 significantly redshifted from 548 nm to 582 nm under
mechanical friction. The similar phosphorescence lifetimes
before and after grinding confirmed that the mechanical fric-
tion did not quench the triplet emission (Fig. 3d). In addition,
compounds 3 and 4 possessed ortho- and para-positions of the
cyano groups, respectively. The maximum wavelength of com-
pound 4 was 565 nm after grinding in the solid state, while that
of compound 3 was significantly red-shifted by about 82 nm
(Fig. 3a). This phenomenon was attributed to the adjacent
cyano groups that could more significantly enhance the CT
effect and lead to a redshifted luminescence of compound 3.
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Fig. 3 Photophysical properties of the tetrakis(arylthio)benzene derivatives in the solid powder state. (a) Normalized phosphorescence spectra (lex =
420 nm) of compounds 1-4 before and after grinding. (inset: photograph of solid powder 1-4 under 365 nm excitation). (b) Quantum yield of solid
powders 1-4 before and after grinding. (c) Normalized absorption spectra, (d) luminescence lifetimes, and (e) XRD patterns of compound 2 before and

after grinding.
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The powder X-ray diffraction (XRD) was used to confirm the
stacking change. As shown in Fig. 3e, the XRD peaks of
compound 2 disappeared after grinding, indicating its crystal
transition from the crystalline to amorphous form. Meanwhile,
compounds 1 and 3 showed similar changes in XRD peaks and
luminescent behaviors under mechanical stimuli (Fig. S8,
ESIt).*>**** Then, as shown in Fig. S9 (ESIY), these small and
numerous peaks at 600-800 cm™* and 1000-1200 cm ™ * in FTIR
spectra were attributed to C-S and C-S-C bonds, respectively.
Compared with the initial state, the tetrakis(arylthio)benzene
derivative molecules after grinding exhibited delicate shifts in
these infrared-absorption peaks, indicating that the C-S bond
may be rotated during grinding, which may be caused by the
molecular stacking changes.*® Theoretically, it is possible that
the emission color may be changed by a few dimers generated
by external stimuli. However, as shown in Fig. 3e and S8, the
PXRD peaks of compounds 1-4 greatly diminished or even
disappeared after grinding. Additionally, the crystals of com-
pound 2 were obtained by slowly evaporating the mixed solvent
of DCM and PE.*” As shown in Fig. 4a, the crystals of compound
2 exhibited a highly distorted structure and abundant inter-
molecular noncovalent interactions. At the same time, the
central benzene ring distances between the two neighboring
molecules were up to 7.369 A (Fig. 4b). Hence, the irregular
peripheral groups and long distance between the central ben-
zene ring made it challenging to generate the tight dimeriza-
tion even after grinding. In addition, the weakened molecular
stacking after grinding considerably reduced luminescence
intensity (Fig. 3b). The changes of the solid stated excitation
spectra before and after grinding were similar to those in the
UV-vis absorption spectra (Fig. 3¢, Fig. S5, and S10, ESIt).

To deeply elucidate the luminous mechanism regarding the
molecular level, we performed the theoretical calculations
using ONIOM simulation with Grimme’s empirical dispersion
correction, and the structure of compound 2 for calculation was
extracted from an X-ray crystal structure containing 6 molecules
where one molecule was fully surrounded by other ones. We
optimized the target (internal) molecule in a T, state at high-
level B3LYP/6-311G(d,p),3-6 while the surrounding molecule
was optimized by molecular mechanics method employing the
UFF force field. These calculations simulate the behaviour of
compound 2 in a crystal state (before grinding). Then, we
optimized individual molecule 2 without surrounding using
the same B3LYP/6-311G(d,p) method as for the target molecule
in the ONIOM method. The more calculation details are
provided in the ESI.} As for individual and aggregated states,
their electronic configurations of HOMO and LUMO in the T,
state were similar, corresponding to the CT nature from the S
atom of side phenyl substituents to the central benzene ring
(Fig. 4c). 1t is widely known that multi-sulfurated aromatic
derivatives sustained numerous minima on the T; potential
energy surface with a relatively flat potential in the broad range
of the central ring deformations. Based on the crystal structure
of compound 2, its monomolecular ONIOM optimization (as a
part of the crystal packing fragment) of the T, state exhibited a
slightly distorted geometry (the central ring curvature: 21°) with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The molecular geometry and (b) intermolecular interactions
of compound 2. (c) HOMO and LUMO orbit of T; in individual and
aggregated states.

predicted phosphorescence wavelength of 640 nm (Table S2,
ESIY). After grinding, crystal powder 2 could generate more free
molecules with strong T, state distortion, and much stronger
central ring distortion resulting in a red-shifted emission.
Meanwhile, the predicted phosphorescence and distorted cen-
tral cores of individual molecule 2 were 696 nm and 26°,
respectively. The predicated simulations of 640 nm in the
crystal and 696 nm for the individual molecules were consistent
with experimentally observed values of 548 nm of the initial
state and 582 nm after grinding. These calculations elucidated
the structure of the T, state in the highly dispersed state after
grinding. Meanwhile, the crystal structure of compound 2 was
completely disrupted, in good agreement with the XRD change,
resulting in diminished molecular interactions with the sur-
rounding molecules. Significantly, the tight crystal was absent
after grinding, enabling molecule 2 to easily relax after the T,
population without confinement by surrounding molecules.

Considering that the emission of these molecules can be
regulated by environmental change, we utilized the temperature-
responsive phase-changing LA matrix with a melting point of
44-46 °C to control the microenvironment.*® At a temperature
below its melting point, the highly crystalline solid-stated LA
interacts sufficiently with the luminescent molecules, creating an
environment with strong intermolecular interactions. However,
when the temperature exceeds the melting threshold of LA, the
intermolecular interactions weaken, resulting in a “soft”” environ-
ment. Hence, it is possible to realize a temperature-induced
luminescent molecular transition from monomer to aggregate
states within LA.

As shown in Fig. 5a, 3@LA (compound 3 with doping ratios
about 100:1 mixed with LA) possessed a visible luminescent

Mater. Adv,, 2024, 5, 5572-5578 | 5575
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(a) Emission spectra of 3@LA at 30 °C and 60 °C under 420 nm excitation. (b) Emission spectra of 3-6@LA under different temperatures. (c) The

information encryption with the Morse code. (d) The thermostability of 3-6@LA. (e) The luminescence photograph of 3-6@LA under different

temperatures.

color, which was chosen for the following study. At room tem-
perature, the 3@LA within a confined environment exhibited a
maximum emission peak at 625 nm. As the temperature
increased to 60 °C, the intermolecular interactions became
weaker, and compound 3 was in a “loose” environment, resulting
in a “monomer state”. At the same time, the maximum emission
peak of 3@LA was located at 654 nm, which was red-shifted by
about 29 nm compared with that at room temperature. This
phenomenon was similar to the mechanical stimuli responsive
phosphorescence behavior of compound 3, confirming that the
transition of the dual-state phosphorescence emission can be
realized by controlling the temperature. To demonstrate the
universality of this construction strategy, we prepared other doped
systems. Upon increasing the temperature, 2@LA showed similar
redshifts to that of 3@LA, mainly because the methyl and
methoxyl groups could induce more intermolecular interactions,
while these interactions at different temperatures varied consid-
erably (Fig. S11, ESIt). However, as for 1@LA and 4@LA, their
temperature-responsive phosphorescence behaviors were weaker
in the range of 30 °C to 60 °C. (Fig. S11, ESIT).

Since multi-color luminescence can convey richer and more
comprehensive information, two new systems (3-5@LA and 3-
6@LA) were further constructed by doping two classical tripheny-
lamine (TPA) dyes into 3@LA. As can be seen from Fig. 5b, the
maximum emission peak of 3-6@LA at 30 °C located at 605 nm,
similar to the luminescence of compound 3. When the tempera-
ture was increased to 60 °C, the maximum emission peak of this
doped system shifted to 383 nm, identical to that of compound 6,

5576 | Mater. Adv, 2024, 5, 5572-5578

accompanied by the luminescence color change from red to
purple. Similar changes in luminescence from red to green also
occurred in 3-5@LA when the temperature was increased from
30 °C to 60 °C (Fig. S12a and b, ESIt). These thermochromism
phenomena were attributed to the ACQ characteristic of triphe-
nylamine (TPA) dyes in the aggregated state, which could show
brighter luminescence than compound 3 in the dispersed state.
These doping systems exhibited different color changes at varied
temperatures, and therefore they were suitable for temperature
indication and anti-counterfeiting. As shown in Fig. 5c, 3 and 3-
5@LA were used for advanced information encryption because
the luminescent color 3-5@LA in the crystalline solid state was
approximately the same as that in the solid powder 3. The molten
3-5@LA was first applied to a part of the message in the Morse
code, and the chloroform solution of compound 3 was then
applied to the rest of the Morse code and allowed to dry. At
temperatures below the melting point of LA, compounds 3 and 3-
5@LA exhibited an identical color under 365 nm UV light. The
correct message was well hidden (the wrong message:
PHYSPHJPNSCKDCI). However, when the temperature surpassed
its melting point, the color of the region corresponding to
compound 3 remained unchanged, while that of the area covering
3-5@LA transitioned to green. This alteration in coloration
unveiled the correct information (PHOSPHORESCENCE),
enabling the decryption of the accurate information. It should
be emphasized that this process was very reproducible (Fig. 5d).
As can be seen in Fig. 5e, 3-6@LA was heated to a molten state,
then the filter paper with the appropriate shape was immersed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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into it to sufficiently moisten it to make a temperature-
indicating filter paper. The temperature-indicating filter paper
showed different luminescent colors at different temperatures.
Therefore, shown to be a promising candidate for luminescent
thermometers.

Conclusions

In conclusion, a series of D-A-type tetrakis(arylthio)benzene
derivatives with aggregation-induced phosphorescence charac-
teristics were obtained by introducing different substituents in
the periphery of the polysulfur aromatic core. Significantly, the
adjacent dicyano groups, which further enhanced the electron-
acceptor capability, induced more bathochromic phosphores-
cence emission. Their solid-state powders were sensitive to
mechanical stimuli, and the phosphorescence emission signifi-
cantly red-shifted upon grinding. Moreover, the monomer and
the aggregated phosphorescence transition could be reversibly
switched by temperature when doping these molecules into the
phase-changing matrix LA, which transformed between the
highly crystallized and melting states by temperature. Addi-
tionally, the multi-color luminescent systems could be obtained
by adding other dye molecules, which were used in antic-
ounterfeit labels and temperature indicators. This successful
design provides a new idea for developing more temperature-
responsive phosphorescent materials.
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