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Strategic structure designs to develop organic multi-stimuli-responsive fluorescent materials are highly
desired, but hard to achieve. We report here a novel multi-stimuli responsive luminescent material
TXENE (1,2-di(9H-thioxanthen-9-ylidene)ethane) composed of double thioxanthene chromophores and
a diene liker that integrate polymorphism, aggregation-induced emission (AlE), mechanoluminescence
(MCL), thermoresponsive luminescence (TCL), and triboluminescent (TL) properties into one single
molecule. Three crystalline polymorphs including TXENE-G and TXENE-Y with a terminal up—down
conformer and TXENE-R with an up—up form are obtained. The X-ray structure analysis revealed that
not only the intermolecular interactions but also the terminal chromophore-thioxanthene conformation
(up—down vs. up—-up) dominate polymorphism, thus leading to distinct luminescent properties. It is
shown that MCL, TCL and TL properties can be systematically tuned via its aggregation state regulation;
typically, the metastable TXENE-G and TXENE-R are MCL and TCL active, while TXENE-Y is TL active.
Lastly, we illustrate the possible application of color-changeable indicators for information anti-
counterfeiting and thermal sensing by using TXENE. This study demonstrates that multiple unique
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functions can be integrated into one single compound by fine controlling its aggregation states, which
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Introduction

As the society’s dependence on technology continues to grow,
the development of novel smart materials becomes increasingly
important. Stimuli-responsive luminescent materials that
demonstrate distinct emission character upon external stimuli
have received great attention over the past few decades for their
potent application in mechanosensors, security papers, and
optical storage.'™ These chromic materials can be classified
based on the types of external stimuli that they are responsive
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render a new strategy for the investigation of multifunctional organic materials.

to. Mechanochromic materials®® manifest variation of emis-

sion in the presence of mechanical stimuli, including shearing,
grinding or rubbing as a result of the change in molecular
packing between metastable and stable states. Thermally
responsive materials refer to molecules that undergo molecular
conformation, crystal structure or chemical reaction changes in
response to temperature variations.”® To date, a tremendous
number of responsive materials have been reported focusing on
the emission wavelength change;>'" however, the lumines-
cence off and on response signal is also indispensable to realize
optically activated dynamic materials. Triboluminescence (TL)
is an interesting phenomenon of luminescence when certain
solids are subjected to mechanical forces, which provides an
effective complement for traditional photoexcitation or electro-
luminescence requiring UV irradiation or electrical excitation
and shows potential utilization in smart optoelectronic
devices."> We envisioned the possibility of integrating tribolu-
minescence, mechanochromic and thermochromic properties
into one-single molecule to build a multi-functional responsive
material to realize versatile sensing of external environments.

Thanks to the innovative idea of aggregation-induced emis-
sion (AIE), the notorious luminescence quenching issue in
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Scheme 1 The molecular design of TXENE and the comparison with
previous work.

condensed states can be perfectly resolved, which guarantee
high emission efficiency for solid stimuli-responsive materials.'?
The universal molecular design principle for mechanochromic
materials include introduction of typical AIE moieties tetraphenyl
ethylene (TPE)' or twisted triphenylamine (TPA)" structure into
the donor—acceptor (D—A) scaffold to generate multiple non-
covalent interactions (Scheme 1). Especially, the existence of locally
excited (LE) and twisted intramolecular charge-transfer (TICT)
states of D-A molecules diversified the optical properties; however,
the latter are easily affected by steric substituents, conformation,
D—A strength, and polarity environments, rendering the struc-
ture-property correction complicated.'® Moreover, the head-to-tail
densely packed arrangement caused by the oppositely charged
electron density in the D-A skeleton may suppress the possibility
of movement for specific moiety to produce metastable states,
and thus inhibits the mechanochromism to some extent.'”"*?
To this end, the exploration of simple and single chromic
strategy for stimuli-responsive material design becomes an
attractive complement.

The introduction of a conformation variable moiety into
chromophores is an efficient strategy to design dynamic mate-
rials, which may generate multiple thermodynamically meta-
stable states through conformational change under external
stimuli."*™" In fact, a variety of smart luminescent materials
have been achieved by Minakata, Li>* and Xu®* by virtue of
saddle-shaped phenothiazine building blocks bearing two dis-
tinct quasi-axial and quasi-equatorial conformers. However,
conformation flexible chromophores are still limited and
underdeveloped. Herein, we present a multi-stimuli-responsive
material TXENE with mechanoresponsive, thermoresponsive and
triboluminescent properties, which is composed of two butterfly-
shaped thioxanthene units liked by rigid and conjugated dienes
(Scheme 1). Importantly, TXENE can display two distinct up-up
and up-down conformations based on the relative orientation of
the butterfly-shaped thioxanthene, thus leading to different aggre-
gated behaviours and luminescent properties.

Experimental methods
Materials and methods

Chemicals and reagents. Unless otherwise mentioned, all
reagents were obtained from commercial sources such as
Sigma-Aldrich, Innochem, etc. and used as received without
any further purification. THF was dried over sodium and
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benzophenone was used as an indicator. The other reagents
such as cyclopentyl methyl ether (CPME), HCl, ethanol, and
acetic acid were purchased from Aladdin. All reactions were
carried out under an argon atmosphere using standard Schlenk
lines or a glovebox. Analytical thin-layer chromatography was
performed with 0.25 mm coated commercial silica gel plates
(TLC Silica Gel 60 F,s,). Visualization of the developed chro-
matogram was performed by fluorescence. Flash chromatogra-
phy was performed with silica gel (300-400 mesh).

Synthesis of 9-Methylene-9H-thioxanthene (1). To a round-
bottomed flask (25 mL), thioxanthen-9-one (424.1 mg, 2 mmol)
was charged under air. After the flask was evacuated and
purged with nitrogen for three times, anhydrous THF (10.0 mL)
was added using a syringe. Then 3 M (1 mL, 3 mmol) of methyl
magnesium bromide in THF was added. The resulting mixture
was stirred and refluxed for 16 h. After cooling, the organic
phase was washed with 1 M HCI three times. The solvent was
evaporated under reduced pressure to give an oil. To this
oily residue, 2 M HCI (2 mL) was added and stirred until
9-methylene-9H-thioxanthene was completely consumed. It was
extracted with saturated aq. NaHCO; and ethyl acetate three
times. The organic phase was dried with anhydrous Na,SO, and
the solvent was removed under reduced pressure. The crude
product was purified by flash silica gel column chromatography
(petroleum ether/ethyl acetate = 100:1) to afford the desired
product as colourless, air-sensitive 0il.>> (331.9 mg, 79% yield).
'"H NMR (400 MHz, chloroform-d) 6 7.85-7.75 (m, 2H), 7.62-7.53
(m, 2H), 7.47-7.36 (m, 4H), 5.75 (s, 2H). *C NMR (101 MHz,
chloroform-d) ¢ 142.5, 134.7, 131.4, 128.0, 127.0, 126.3,
126.1, 114.0.

Synthesis of 9-(bromomethylene)-9H-thioxanthene (2). To a
suspension of 1 (210.1 mg, 1 mmol) in AcOH (5 mL) was added
NBS (178.0 mg, 1.1 mmol). The resulting mixture was stirred at
70 °C for 4 h. After cooling down to room temperature natu-
rally, the reaction was neutralized by slowly adding NaOH/
NaHCO; (1:1) and the mixture was extracted with ethyl acetate
three times. The combined organic layers were dried over
MgSO, and concentrated under reduced pressure. The residue
was purified by silica gel flash chromatography (eluent: petro-
leum ether/ethyl acetate =100:1) to afford the desired product
as a colorless 0il.*° (247.6 mg, 86% yield). "H NMR (400 MHz,
chloroform-d) ¢ 8.06 (dd, J = 7.5, 1.8 Hz, 1H), 7.54 (dd, J = 7.5,
1.6 Hz, 1H), 7.48 (ddd, J = 9.1, 5.7, 3.0 Hz, 2H), 7.42-7.30
(m, 4H), 6.74 (s, 1H). "*C NMR (101 MHz, chloroform-d) § 139.4,
135.9, 133.2, 132.0, 131.8, 129.2, 128.0, 127.7, 127.0, 126.7,
126.0, 125.8, 125.8, 106.3.

Synthesis of 1,2-di(9H-thioxanthen-9-ylidene)ethane (TXENE).
In a glovebox, a 5 mL vial equipped with a stirring bar was
charged with 2 (57.6 mg, 0.2 mmol,), PdCI, (3.5 mg, 0.02 mmol),
tris(4-methoxyphenyl) phosphine (14.1 mg, 0.04 mmol), and
cesium carbonate (130.3 mg, 0.4 mmol) followed by the sequential
addition of 2.0 mL anhydrous CPME. The vial was sealed with a
Teflon screw cap and the reaction mixture was heated at 140 °C
for 12 h. After this, the reaction vessel was cooled to room
temperature. It was diluted with water and the reaction mixture
was extracted with saturated aq. NaHCO; and ethyl acetate three

© 2023 The Author(s). Published by the Royal Society of Chemistry
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times. The organic phase was dried using anhydrous Na,SO, and
the solvent was removed under reduced pressure. The crude
product was purified by flash silica gel column chromatography
(petroleum ether) to afford the desired product as a yellow solid.
(74.4 mg, 89% yield). "H NMR (400 MHz, chloroform-d) 6 7.83 (dd,
J=7.7,1.4 Hz, 2H), 7.56 (dd, J = 7.7, 1.5 Hz, 2H), 7.52 (dd, = 7.8,
1.4 Hz, 2H), 7.47-7.38 (m, 4H), 7.37-7.31 (m, 2H), 7.31-7.27 (m,
2H), 7.23 (td, J = 7.5, 1.5 Hz, 2H), 7.07 (s, 2H). **C NMR (101 MHz,
chloroform-d) & 137.9, 137.6, 133.7, 133.5, 131.8, 129.8, 127.8,
127.0, 127.0, 126.9, 126.7, 126.0, 125.9, 125.3. All '"H NMR and
3C NMR spectra are presented in the ESLT

The conformation of structure. Proton nuclear magnetic
resonance ("H NMR) data were acquired on a Bruker Ascend
400 (400 MHz) spectrometer in CDCl; solutions, using tetra-
methylsilane (TMS) as an internal standard (6 = 0.00 ppm).
Carbon-13 nuclear magnetic resonance (**C NMR) data were
acquired at 100 MHz on a Bruker Ascend 400 spectrometer
using CDCl; as a solvent with chemical shift (6 = 77.16 ppm).
High resolution mass spectra were acquired on a Bruker
Daltonics MicroTof-Q II mass spectrometer in ESI mode.

The measurement of steady-state absorption and fluores-
cence. The UV-visible absorption spectra were determined on a
Hitachi U-3310 spectrophotometer. Photoluminescence spectra
were obtained using a Hitachi F-4600 fluorescence spectro-
photometer. The TL spectrum was collected from a Hitachi
F-4600 fluorescence spectrophotometer by concealing the
source of excitation light and continuously grinding the com-
pounds at the same time. The transient photoluminance decay
and quantum yields (@g) were determined using an Edinburgh
FLS-920 with an integrating sphere. The DSC measurements
were carried out using a TA Instruments DSC 2910 thermal
analyzer at a heating rate of 2 °C min™".

The images of a confocal laser scanning microscope and a
scanning electronic microscope. The images of a confocal laser
scanning microscope (CLSM) were acquired using a Nikon-Sim
laser microscope. The preparation of sample was carried out by
dissolving TXENE in acetonitrile and water mixture with differ-
ent water contents (20%, 40%, 60%, and 80%,). Morphologies
of TXENE were observed using a scanning electronic micro-
scope (SEM, CamsScan Apollo 300) and analysed on cross-
sectional SEM images using Image] software.

Powder X-ray diffraction measurement. The powder X-ray
diffraction patterns (PXRD) were performed on a SHIMADZU
XRD-600 Labx diffractometer with Cu-Ka radiation (1 = 1.5418 A)
at the 20 range of 2-50°, 40 KeV, and 30 mA having a scanning
rate of 0.01° s (20) at room temperature.

Single-crystal X-ray diffraction measurement. The single-
crystal X-ray diffraction was detected using a diffractometer
equipped with a graphite monochromated Mo Ko (4 =
0.71073 A, at 296(2) K) or a Bruker D8 venture photon II
diffractometer with a graphite monochromated Ga Ko (/1 =
1.34138 A, at 150(2) K) radiation. The structure was solved
with direct methods using SHELXTL programs and refined
with full-matrix least squares on F>. The corresponding CCDC
reference number of CCDC 225658671 for TXENE-G, CCDC
2256585t for TXENE-Y, and CCDC 2256584t for TXENE-R,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the data can be obtained from the Cambridge Crystal-
lographic Data Centre.

Theoretical calculation details. Density functional theory
(DFT) calculations are performed using the Gaussian 09 pro-
gram package. Molecular models are selected from the single
crystal structures. Molecular structures of TXENE monomers
at the ground state are optimized at the density functional
B3LYP/6-31G (d) level. The excitation energies in singlet and
triplet states are obtained using the time-dependent density
functional theory (TD-DFT) method based on the optimized
molecular structures at the ground state. (Hydrogens are
omitted for clarity.)

Results and discussion
Design and synthesis

The target compound TXENE was synthesized through a facile
and easy-to-handle three-step reaction, as shown in Scheme 2.
First, thioxanthone and methyl magnesium bromide under-
went a Witting reaction to generate 9-methylene-9H-thioxanthene
1 in 79% yield. Treatment of compound 1 with NBS in acetic
acid afforded brominated thioxanthene 2 in 86% yield. Finally,
the transition-metal catalysed homocoupling of compound 2
allowed the production of 1,2-di(9H-thioxanthen-9-ylidene)-
ethane (TXENE) with 89% isolated yield. It was noteworthy that
the final homocoupling is the result of numerous optimizations
by trial and error, which provide a novel and additive-free route
for palladium-catalysed Ullmann reaction®”*® to facilitate the
homocoupling of aryl halide instead of dehalogenation.

Photophysical properties

The steady-state UV-vis absorption and photoluminescence (PL)
spectra of TXENE in different solutions are shown in Fig. S1
(ESIT). TXENE exhibits three major absorption peaks. The two
bands at 249 and 312 nm are attributed to n-n* and m-n*
transitions, respectively, which are characteristic of thiox-
anthene derivatives.>® TXENE has extended conjugation extend-
ing the absorption characteristics to a longer wavelength
(395 nm), as has previously been observed with other thiox-
anthone derivatives.>* TXENE exhibits faint PL in solution with
a blue-greenish emission color centered at 510 nm.

As shown in Fig. S1 (ESIt), changing the polarity of the
solvents does not lead to the shift of absorption and emission
wavelengths, indicating the likely exclusion of the presence of
intramolecular charge transfer for their ground state or excited

Br
NBS (1.1 equiv.)

1 2
Br

2

(1) CH3MgBr (1.5 equiv.)
THF, 70 °C,12h

(2) Cone. HCI, EtOH

PdCl, (5 mol%),
P(4-OMeCgHa)3 (10 mol%)

Cs,CO;5 (1.0 equiv.),
CPME,140°C, 24 h

Scheme 2 Synthetic route to TXENE.
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state. This result corresponds well with the absence of char-
acteristic electron donors or acceptors in TXENE with a double
thioxanthene-linked scaffold. In addition, TXENE does not give
out light when molecularly dissolved in other solvents, such as
toluene, CH,Cl,, THF or CH;CN, as suggested by the low
absolute photoluminescence quantum yields (PLQY) shown in
Table S1 (ESIY).

In the diene linked fused aromatic system, the double bond
was inclined to adopt the trans-configuration making the
TXENE molecule arrange staggered in space. Taking the stric-
tion of intramolecular motion mechanism for AIE materials
into consideration, we examined the AIE behavior of TXENE in
acetonitrile/water mixtures following a literature method.*!
By mixing acetonitrile and water with different water contents,
we observed a change in the trend of emission spectra with a
quantitative change of the water content (Fig. 1(a) and (b)). The
spectral intensity of TXENE reached the maximum and the
PLQY enhanced by 208-fold, when the water fraction went up to
80%, indicating that molecular aggregates in this composition
have the highest emission efficiency and TXENE is undoubtedly
AlE-active. Interestingly, we observed an abnormal phenom-
enon that not only the PL intensity but also the emission
wavelength changes with a quantitative change of water con-
tent, which are totally different for most traditional AIE
molecules.*** Due to the disappearance of the ICT effect in
TXENE, we excluded the influence of electronic effect caused
by solvent polarity on its emission spectra, and we speculate
the possible interference of aggregate morphology on their
emission properties. To this end, the micromorphology of
aggregates under different water proportions was analysed by

(a) fw (vol%)
~ 8000 0 —10
2 \ —20—30
R <A\ 40 —50
= 6000 / e
K] | A\ —80 —90
& 1000 / ¢ \ \
g { X
) ’/ a\ \
& 20001 ) \

) \

0 0
450 500 550 600 650 700 750 0 20 40 60 80
m) fw (vol%)

‘Wavelength (n

Fig. 1 (a) The photoluminescence of TXENE with increasing water fraction in
a CHsCN:H,O mixture (5 x 107> M); (b) plot of PL intensity versus the
composition of CHzCN/H,O mixtures; confocal images with different water
contents of 20% (c); 40% (d); 60% (e); and 80% (f).
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confocal laser scanning microscopy. As shown in Fig. 1(c)—(f),
the micromorphologies of aggregates are completely different
under distinct water ratios. At 20% water content, the aggre-
gates demonstrate a dispersed, orderly crystalline particles with
green fluorescence; it changed to dense square microcrystals
doped with some floccules by 40% and emitted yellow light; at
60%, the aggregate morphology changes greatly and becomes a
rod-like microcrystal. By 80%, it almost changed into a neat,
rod-like crystal. In this regard, we speculated that the complex-
ity and the coexistence of various microcrystalline morpholo-
gies are the main reasons that multiple emissive peaks exist in
different mixtures as shown in Fig. 1(a). Therefore, it is essen-
tial to detect the polymorphism-dependent luminescence®* ™’
properties of TXENE to better understand their photolumines-
cence in solid states and regulate their emission through self-
assemble modulation.

Polymorphologies

To verify the above speculation, various solvents have been
explored for growing crystals. Fortunately, three crystals that emits
green (TXENE-G, rhombus-shaped crystal), yellow (TXENE-Y,
flake-like crystal) and red (TXENE-R, rod-like crystal) fluorescence
were produced by slow evaporation from n-hexane/CH,Cl,
(1:2), CH,Cl, and CH,Cl,/CH;0H (1:1) solutions, respectively
(Table S2, ESIf). As shown in Fig. 2, TXENE-G and TXENE-Y
crystals emit at 495 and 537 nm with PLQYs of 15.4% and
29.5%, respectively, while TXENE-R possesses a relatively weak
red emission at 602 nm with a PLQY of 8.12%.

To further study their molecular conformation and packing
mode, the single crystal structures of TXENE-G, TXENE-Y and
TXENE-R were measured by single-crystal X-ray diffraction
(XRD). As shown in Fig. 3, two butterfly-shaped thioxanthene
moieties at each end of the rigid diene adopted distinct con-
figurations: up and down direction (up-down) for TXENE-G
and TXENE-Y, while uniformly upward (up-up) for TXENE-R.
Different orientations of molecule make the crystal display an
entirely different packing mode: the crystalline phase of
TXENE-G and TXENE-Y is monoclinic with a space group of
P2,,.,, whereas TXENE-R is triclinic with a space group of P1. In
TXENE-G, the molecules arrange in a complicated herringbone
packing as seen from the c-axial (Fig. 3a), when considering
every single molecule as a separated vector with certain direc-
tion. The molecule at each apex arranged cross-parallel to its
adjacent molecule. Two adjacent thioxanthene rings overlap by
every benzene-containing-half at a degree of approximately 40%

(a)“, TXENE-G
—_ TXENE-Y
E] ——TXENER
~g!?‘l).ﬂ
-
o 06
o
o
Nos .
© TX 537 29.5 1.78
g 0.2
o
Z 00 602 8.12 152
450 500 550 600 650 700 750 800
Wavelength (nm)
Fig. 2 (a) PL spectra of TXENE in different aggregation states; (b) table

summeary of TXENE photoluminescence in three crystals.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular conformation, crystal stacking mode and intermolecular
interactions for TXENE-G (a); TXENE-Y (b); and TXENE-R (c) (inset: Red for
CH-mr, blue for n—m=, and purple for CH-S interactions).

with centroid-centroid distances of 3.688 A. Moreover, each
molecule interacts with neighbouring molecules via four kinds
of CH-=n interactions and one kind of CH-S interaction, as
shown in Fig. 3a top, with distances of 3.136 A and 3.116 A
along the g-axial, 2.996 A and 3.004 A along the b-axial for CH-n
interactions, and 3.873 A for the CH-S interaction. Notably, the
relatively weak n-m stacking and blades of the thioxanthene
unit may help to produce metastable states under an external
force, which may lead to mechanochromism. For TXENE-Y,
there are no obvious differences between TXENE-G and -Y;
however, careful measurements show that the dihedral angle of
single thioxanthene for TXENE-Y was 137.17° (larger than
137.14° for TXENE-G), leading to much tighter arrangement.
For example, n-r interaction between two centroids of adjacent
thioxanthene changed from 3.688 A to 3.558 A. At this end,
TXENE-Y can be considered as a stable assemble of metastable
TXENE-G. Moreover, six intense intermolecular forces includ-
ing CH-n, n-n and CH-S interactions, will be beneficial to
fixing the molecular conformations and inhibiting intra-
molecular rotation,*®*® which can explain the largest PLQY
observed in TXENE-Y. In TXENE-R, TXENE form a tight dimer
in which two thioxanthene rings are parallel on a head-to-tail
arrangement in opposite sides. The top molecule combined
with the below one through n-n interactions with distance
of 3.859 A, CH-r interactions with distances of 2.906 A and
3.813 A and CH-S interaction of 3.746 A. Due to the relatively
sparse arrangement and “the energy gap law”***' for red
emitter, the TXENE-R exhibits the lowest PLQY among the
three polymorphs.

To unlock the underlying reasons for the different emission
colours between TXENE-G and TXENE-Y, we focus on the
aggregation pattern of crystals. Based on the absorption spec-
trum and crystalline analysis, we found that TXENE-G and
TXENE-Y adopt distinct J-aggregation, while TXENE-R adopted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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tight dimer aggregation. First, we measured the absorption
spectrum of the three polymorphs (Fig. S1d in ESIt). All three
forms generate a moderate red-shift in the absorption spectrum
compared to their solution counterparts, which are charac-
teristic for J-aggregates. Second, as shown in Fig. 3, the single
crystals of TXENE-G and TXENE-Y exactly show a similar
molecular packing. However, the cell parameters and the bond
length and dihedral angle of each molecule are still slightly
different, including cell lengths of a 9.805(3), b 7.752(2),
¢ 13.324(3) and cell angels of o 90, f 99.924(8), y 90 for
TXENE-G and cell lengths of a 9.810(2), b 7.7548(18),
¢ 13.337(3) and cell angels of o 90,  99.872(7), y 90 for
TXENE-Y. These differences cause the two crystals to form
distinct aggregates. As shown in Fig. 4, the TXENE molecules
are arranged in a head-to-tail fashion to form slipped n-stacks
along the a and b axials with the shortest perpendicular n-n
interactions (d,_.) along the ¢ axial of 3.196 A for the G-form
and 1.360 A for the Y form, respectively. The pitch angles
between the molecular transition dipole and the n-stack direc-
tion are 24.50° for the G-form and 29.34° for the Y-form single
crystal, respectively, verifying that J-aggregation did occur in
both the two polymorphisms. The relatively large slip distance
(dP) of 7.01 A for the G-form single crystal and 2.78 A for the

J-aggregate-Il

(c)  TXENE-G TXENE-Y TXENE-R
%\ LK ~N
o = N
or or i
J-Aggregation | J-Aggregation Il Dimer

weak intermolecular
n-Ttinteractions

. )
T e ]

Same conformation,
Different packing,
Different emission

Different conformation,

Different packing,

Different emission

Fig. 4 The molecular arrangement top view of TXENE-G (a) and -Y (b)
and three molecules view from approximately down the n-stacking axis,
multicolor fluorescence of polymorphs through tuning the molecular
packing (c).
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Y-form single crystal along the ¢ direction was measured. The
reduced slip distance (2.78 vs. 7.01 A) and reduced d_ (1.36 vs.
3.19 A) along the n-stacks, which would lead to the stronger
intermolecular interactions between adjacent molecules,
account for the red-shift of the emission from TXENE-G to
TXENE-Y. In the case of TXENE-R, two single molecules form a
pair of dimers in which half of one thioxanthene are parallel to
each other, while another thioxanthene are on opposite sides
(seen from Fig. 3c). It is worth noting that the benzene rings of
parallel half thioxanthene overlap at a degree of approximately
96% with centroid-centroid distances of 3.859 A between them,
in which the vertical translation can almost been ignored.
Such face-to-face n-m interactions in antiparallel dimers lead
to the strongest intermolecular interactions between adjacent
molecules compared to TXENE-G and -Y, accounting for the red
emission of TXENE-R.

Mechanochromic and thermoresponsive luminescence

External mechanical force was applied to three polymorphs by
grinding them using an agate mortar. No change was observed
in TXENE-Y, indicating that TXENE-Y was composed of stable
aggregates that resist external shearing. However, upon grind-
ing TXENE-G, an obvious red-shifted emission from green to
yellow was observed accompanying the PL wavelength change
from 499 nm to double peak at 508 nm and 537 nm. Specifi-
cally, the new-appeared 537 nm of the ground solids were
identical to those of the TXENE-Y crystal, implying that the
external mechanical force may change the stacking pattern of
the crystals resulting in a partially changed TXENE-G. Then
PXRD was performed to understand the exact crystal transfor-
mation. As shown in Fig. 5d, the diffraction peaks almost
overlapped each other between the simulated TXENE-Y and
the ground TXENE-G except the weak and broad diffractions for
the ground samples, revealing the disruption of the original

a—

)
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@

Normalized PL (a.u.) &
o o
» o
Intensity (a.u.)

e
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°
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450 500 550 600 650 700 750 10 20 30 40
Wavelength (nm) 20/degree

Fig. 5 Photographs of fluorescence under UV excitation (a) (G: grinding

crushing; R: solving in DCM and recrystallization from methanol and DCM;

C: solving in DCM and concentrating by rotary evaporation); (b) thermo-

responsive behavior (H: heating to melt); PL spectra (c) and PXRD (d) for

pristine TXENE-G, TXENE-R and their ground or heated variant.
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crystal lattice of TXENE-G and the attainment of an amorphous
state related to TXENE-Y."” The solvent DCM dissolution and
recrystallization from DCM and methanol for the ground
sample enables the reconstruction of the crystal lattice for
TXENE-G to regain its original emission. On the other hand,
the solid power generated from direct rotary evaporation of
DCM presented an orange-red fluorescence with emission at
594 nm. The diffraction peaks of the orange solid are sharp and
totally different from that of TXENE-Y, indicating that the
orange solid more likely corresponds to the up-up conformer
of TXENE-R. Upon grinding, it can enlighten the same yellow
emission as TXENE-G-ground (centred at 508 and 537 nm),
suggesting that the up-up metastable conformer can also
change into the up-down stable conformer through mechanical
stimulating.

In order to explore the thermoresponsive luminescence of
TXENE, we heated the three crystals (heating rate 10 °C per
minute) on a Linkam hot stage equipped with a fluorescence
microscope. Upon heating, TXENE-G loses its fluorescence near
the melting point; however, it regains a yellow fluorescence
(537 nm) upon slight cooling. The difference in emission wave-
length between TXENE-G and the cooled solid melt (TXENE-G-
melt) is 38 nm, nearly in the same range as that observed upon
grinding (Fig. 5¢). TXENE-R displays the same phenomenon as
TXENE-G, while, the stable TXENE-Y showed no significant
change upon heating; this phenomenon can also be reflected
by the absence of phase transition temperature in the DSC
experiment (Fig. S4, ESIf). As a consequence, a comparatively
weaker crystal packing of TXENE-G and TXENE-R plays an
essential role in the excellent sensitivity against various exter-
nal stimuli; both polymorphs eventually turn into the stable
up-down conformer TXENE-Y upon shearing or heating.

Theoretical study

To rationalize the experimentally observed luminescence pheno-
menon, time-dependent density functional theory (TD-DFT)
calculations were carried out to predict their HOMOs, LUMOs
and conformational variation mechanism. The three model
structures were extracted from the TXENE-G, TXENE-Y and
TXENE-R crystals, respectively. As shown in Fig. 6, the HOMO
and LUMO were spread over the whole molecule with slight
difference on the diene linker due to the absence of character-
istic electron donors or acceptors. Moreover, calculations of
optical band gap using their crystal structure suggested the
lowest band gap for TXENE-R and the highest for TXENE-G,
which support their solid-state fluorescence. To disclose the
conformational change upon the mechanical stimuli, we also
simulated the transition states between TXENE-Y and TXENE-
R. By setting up a series of minimizations, we found that the
metastable TXENE-R with the up-up configuration can change
into the stable TXENE-Y with the up-down configuration via
one thioxanthene pseudoplanarization, which pass through an
energy barrier of 10.6 kcal mol ', It is noteworthy that the
conversion mechanism for TXENE conformers is ‘“inversion”,
basically different from the excited-state “rotation” mechanism,
in which the latter was reported to be the main mechanism for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The calculated energy gaps (Eg) and HOMO-LUMO distribution
for TXENE-G, -Y and -R; (b) calculated transition states for turning TXENE-
R into -Y.
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Feringa’s molecular rotors”® possessing an analogous molecular
structure as TXENE.

Triboluminescence

By grinding the TXENE-Y crystals with a pestle, a faint yellow
light emission centered at 550 nm was observed in the dark
without UV irradiation. Remarkably, not only the TXENE-Y
crystal had TL properties, TXENE-G and the prepared micro-
crystal powder also emitted apparent yellow light upon grind-
ing with a spatula. However, the TXENE-R crystal was TL
inactive. For this dynamic TL property, both G- and Y-isomers
adopted a noncentrosymmetric space group in their crystals,
which may create two opposite charge distributions across the
crystal, producing an electric field that excites light when the
crystal breaks.** The triboluminescence spectrum of TXENE-Y
is shown in Fig. 7d, which overlapped well with its photo-
luminescence.

Applications in information anti-counterfeiting and
environmental sensors

Given the reversible multi-stimuli responsive behavior of
TXENE as the model materials presented above, we fabricated
a simple “color-changing letter” device by placing black paper
on a glass slide,* and the polymorphs TXENE was spread onto
the vacant areas of the paper surface. As shown in Fig. 8a, the
letters NWU, written using TXENE-G (letter “N”’), TXENE-Y
(letter “W”’) and TXENE-R (letter “U”), emitted three G-Y-R
fluorescence and were expressed as the original state with input
message of “000”. Once someone exerted force on the letter
“N”, the letters emitted Y-Y-R, and this terminal state can be
expressed as “100”. Once the force was applied on the letter
“U”, the letters emitted G-Y-Y, and this terminal state can be

(b) N (@)

—TL

PL intensity (a.u.)

A

—_—

b N

450 500 550 600 650 700 750
Wavelength(nm)

Fig. 7 TLimages of TXENE powder in the dark (a) and under daylight (b) at
room temperature; schematic diagram of the TL (c) and TL spectra of
TXENE powder (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

(a)

Input: 0 . 0 0

Force to
“N+U”

Force to
ayr

Force to
ann

() FaH= oo fufc jofo{o
= Heat et S Q -4 ]

o] o n' E’ﬁ (o) &
298k 473k

Fig. 8 (a) “"Color-changing letter” device; (b) schematic representation
(left) and photograph (right) of TXENE-G in visualized thermally imaging
experiments (under 365 nm UV light).

expressed as “001”. In a similar way, once the force was applied
on “N + U”, the letters emitted Y-Y-Y, and this terminal state
can be expressed as “101”. The fact that the forces applied at
different locations show distinct luminescence can be used for
simple information encryption or anti-counterfeit labeling.

Furthermore, the visualized thermally imaging experiment-
induced PL switching is shown in Fig. 8b. At RT, the painted 2D
code with TXENE-G presents a bright green emission under UV
light. However, upon increasing the temperature, the color of
the 2D code changed, red-shifted gradually and even became
yellow as the temperature increased up to 473 K. This distinc-
tive green-to-yellow thermoresponsiveness strongly suggests
intrinsic molecular conformation and energy transfer from
the metastable TXENE-G to the stable TXENE-Y, thus high-
lighting the potential application of TXENE in environmental
Sensors.

Conclusions

In summary, we have designed and synthesized a multi-stimuli-
responsive luminescent material TXENE by the introduction
of two flexible thioxanthene chromophores into the terminal
of a diene linker. The emitter is AIE active and displays
polymorphism-dependent luminescence properties. By care-
fully optimizing the recrystallization solvents, we succeeded
in obtaining not only TXENE-G and TXENE-Y with up-down
conformer but also TXENE-R with an wup-up form. To our
knowledge, this is the first demonstration of three polymorph-
isms for thioxanthene-conformer-based ethylene. Upon grinding
and heating, the metastable TXENE-R and TXENE-G can trans-
form into an amorphous state with analogous TXENE-Y packing,
resulting in fluorescence modification from green to yellow to
red. Further crystal analysis demonstrated that not only the
intermolecular interactions but also the thioxanthene conforma-
tion (up-down vs. up-up) dominate the polymorphism and dis-
tinct mechanochromic properties. Through DFT-calculations, we
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found a pseudoplanar transition state translate into “inversion”
mechanism for mechanical induced transforming from TXENE-R
to -Y. Additionally, a distinct triboluminescence phenomenon
was obtained for TXENE-Y due to its distinct molecular packing
and noncentrosymmetric space group. The outstanding mechan-
ochromism, thermoresponsive and triboluminescence coupled
with its AIE characteristic make it practical for application in the
anti-counterfeit and environmental sensor fields. More impor-
tantly, the correlation between the packing mode in crystal and
luminescent properties can provide guidance in the design of
novel multifunctional organic solid materials.
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