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fluorophore: the role of cold crystallizationt
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Herein, dimethyl-4,7-di(2-thienyl)-2,1,3-benzothiadiazole-5,6-dicarboxylate (DTBTE) is introduced as a
highly efficient fluorophore with multi-stimuli responsive properties. Its molecular structure, consisting
of a benzothiadiazole (BTD) core functionalized with ester groups and thiophene rings, results in a
highly flexible framework with dynamic conformational behavior and low rotational barriers. These
characteristics allow DTBTE to exhibit cold crystallization at 80 °C, accompanied by a pronounced and
reversible color change. This transition can be reversed, restoring the amorphous state via external
stimuli such as solvent fuming or mechanical shearing. Density functional theory (DFT) calculations,
combined with advanced characterization techniques such as single-crystal X-ray analysis and IR and
Raman spectroscopy, provide detailed insight into the mechanisms driving the phase transformations
and their associated color changes. In particular, the flexibility of the ester groups plays a crucial role in
enabling cold crystallization, as it facilitates the formation of a complex hydrogen bond network.
Additionally, the switchable emission colours are attributed to cis/trans conformational changes in the
thiophene groups during the transition between the crystalline and the amorphous phases. These
findings highlight DTBTE as a promising platform for designing efficient stimuli-responsive materials and

rsc.li/materials-c

Introduction

Luminescent solids that exhibit changes in their structural
arrangement and emission properties in response to external
stimuli such as pressure, temperature or solvent vapours repre-
sent a fascinating area of research with a wide range of
promising applications, such as sensors," security features,”™
optoelectronics,”® optical data storage and recording,””® bio-
medical applications,”° etc.

In the pursuit of developing stimuli-responsive light-emitting
materials, organic compounds offer clear advantages.'"' Their
luminescence arises from delocalized m-electrons along the mole-
cular backbone, where the extent of n-conjugation plays a critical
role in determining their optical properties.”> As a result,
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provide valuable guidelines for the development of new fluorophores exhibiting a dynamic behavior.

conjugated molecules with easily accessible conformers are particu-
larly appealing for designing stimuli-responsive fluorophores.
Additionally, the light-emission characteristics of m-conjugated mole-
cular solids are profoundly influenced by the supramolecular orga-
nization of their molecular components.'* This strong dependence
between emission characteristics and molecular or supramolecular
arrangement offers enormous versatility in designing fluorescent
materials capable of responding to external stimuli through phase
transformations. Furthermore, their inherent flexibility, solution
processability and compatibility with lightweight, large-area sub-
strates make them particularly attractive for most of the intended
applications.

To effectively optimize these functionalities, significant
efforts have been dedicated to understanding the underlying
mechanisms that govern the structural transformations and
resultant luminescence modulation in these materials.
Although many stimuli-responsive fluorophores are still dis-
covered serendipitously, recent advances in material synthesis,
state-of-the-art characterization techniques, and theoretical
modelling have significantly deepened our understanding of
the dynamic processes operating in these materials, unlocking
their potential for practical applications.'>*®

For instance, in the search for stimuli-responsive fluoro-
phores, molecules with a donor-acceptor (D-A) electronic
structure are of particular interest.””*° Small modifications in

This journal is © The Royal Society of Chemistry 2025
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their intramolecular configuration or intermolecular arrangement
can lead to substantial changes in their electronic delocalization,
giving rise to pronounced spectral shifts in their absorption or
emission properties. In this context, benzothiadiazole (BTD) is a
preferred moiety for designing responsive D-A light-emitting
compounds.'®'** This electron-deficient heterocycle exhibits high
fluorescence quantum yields and a strong propensity to adopt
quinoid conformations, which promotes charge transfer between
substituents and allows for tunable optical properties.>® Moreover,
the presence of N and S atoms in its structure, capable of forming
weak interactions,***” significantly enhances the propensity of BTD
derivatives for crystallization and polymorphism."***?® The inher-
ent weakness of these interactions facilitates solid-solid phase
transformations, leading to distinct supramolecular arrangements,
altered electronic delocalization, and, consequently, diverse optical
properties.’®?*” Particularly interesting are molecules containing
BTD moieties flanked by thiophene rings, owing to the low inter-
ring rotational barriers afforded by their molecular structure. This
structural feature facilitates access to both stable and metastable
states with varying degrees of electronic delocalization, enabling
the modulation of their light-emitting properties by external
stimuli such as grinding, thermal annealing, and solvent vapor
annealing.”>?*°

Cold crystallization is an intriguing and somewhat counter-
intuitive phase transition observed in certain organic materials.
Unlike conventional crystallization processes, which typically
occur as substances cool from a hot solution or melt, cold
crystallization involves crystallization during heating. This
phenomenon has generated significant interest as a mecha-
nism for developing heat storage materials®'~** or more active
pharmaceutical compounds.**** However, its potential has
only been recently investigated in the context of responsive
fluorochromic materials."”**

While cold crystallization behavior is relatively common in
semicrystalline polymers,®® it is far less frequent in small
molecules, although it can still be observed in certain glass-
forming compounds. This phenomenon typically requires func-
tional groups capable of forming different rotamers to inhibit
crystallization and facilitate supercooling, as well as long
molecular chains that enhance molecular mobility.*”** Upon
reheating, these molecules gain the necessary thermal energy
and increased molecular mobility, allowing them to reorganize
and form a crystalline structure.

The connection between cold-crystallization temperature
(Tce) and mechanochromic luminescence in organic materials
has been recently highlighted.*® In fact, the Tcc has been
proposed as a crucial parameter for reversion from the force-
induced amorphous metastable states.* However, controlling
Tcc based on the chemical structure of small molecules can be
complex. The length and branching of the attached alkyl
groups can effectively influence Tec,*™** but also the position
of alkyl substituents has been found to influence the steric
barrier that affects the cold-crystallization process and
polymorphism.*?

Building on this concept, we present dimethyl-4,7-di(2-thi
enyl)-2,1,3-benzothiadiazole-5,6-dicarboxylate (DTBTE) as a

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Chemical structure of DTBTE.

highly emissive multi-stimuli responsive fluorophore (see Fig. 1).
In this compound, cold crystallization effectively triggers changes
in both color and photoluminescence, inducing a phase transition
between amorphous and crystalline states, as confirmed by differ-
ential scanning calorimetry (DSC) and X-ray diffraction (XRD).
Notably, both shearing and solvent fuming produce the amorphi-
zation of this material, thereby reversing the color change and
further highlighting the dynamic and reversible nature of its
thermoresponsive behavior. Note that although this compound
has previously been reported as a monomer in the synthesis of D-A
polymers for photovoltaics, its detailed photophysical properties
remain unexplored.**

Results and discussion

DTBTE was synthesized by a Diels-Alder reaction between 4,
6-di(thien-2-yl)-thieno[3,4-c][1,2,5]- thiadiazole and dimethyl
acetylenedicarboxylate in anhydrous xylene under reflux, fol-
lowing a previously reported procedure?® (see Scheme S1 for the
detailed synthetic route, ESIT). After purification by column
chromatography using CH,Cl,, DTBTE was obtained as a
powdery solid in good yield. The compound was subsequently
characterized by NMR spectroscopy, which confirmed its pur-
ity. Interestingly, despite this confirmation, the solid exhibited
a non-homogeneous color, with distinct orange and yellow
regions. These differences were more pronounced when the
powder was illuminated under a UV lamp, revealing highly
emissive orange and green areas. Curiously, heating the sample
to 80 °C induced a transformation into the green-emitting form
(see Fig. 2a inset). Further heating of the green-emitting solid
resulted in melting, which takes place at around 140 °C. Inter-
estingly, upon heating the compound above its melting tem-
perature and cooling down to room temperature, it regains the
orange emission.

To shed light on this thermochromic behavior, the thermal
properties of DTBTE were investigated by DSC. As outlined in
Fig. 2a, the first heating cycle revealed a glass transition near
room temperature (26 °C), followed by an exothermic cold
crystallization transition at 86 °C and an endothermic peak
corresponding to the melting point at 136 °C. During the
cooling cycle, only the glass transition process was observed,
suggesting the formation of a supercooled amorphous state. As
shown in Fig. 2, powder X-ray diffraction (PXRD) analysis
further elucidated the cold crystallization process of DTBTE.
The as-prepared solid showed only a low intensity peak at low
angles and a broad diffuse halo at medium angles, indicating

J. Mater. Chem. C, 2025, 13, 11052-11059 | 11053
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Fig. 2 (a) DSC curves of DTBTE during heating (red) and cooling (blue) at 10 °C min~%, with exothermic events directed upward. Inset: Color
transformation observed under UV-light. (b) Evolution of the PXRD patterns upon annealing at 80 °C. (c) PXRD patterns showing the interconversion from
amorphous to crystalline upon heating and from crystalline to amorphous upon shearing.

that it predominantly corresponded to an amorphous phase.
However, heating the sample for different periods of time
showed the emergence of a larger number of additional peaks,
clearly indicating that crystallization was taking place (Fig. 2b).
Scanning electron microscopy (SEM) images clearly demon-
strate the textural changes undergone by DTBTE films during
the transition from the amorphous to the crystalline phase after
annealing (Fig. S23, ESIY), further supporting the conclusions
reached by PXRD analysis. Interestingly, simply shearing the
crystallized material with a spatula induces its amorphization
once again, as confirmed by X-ray diffraction, resulting in the
reversal of the color change (Fig. 2c and Fig. S24, ESIY).
Alternatively, amorphization can be induced by solvent fuming,
probably involving a solution/supercooling process upon sol-
vent evaporation. Such reversibility of the thermochromic
behavior is of critical importance for its practical applications.

The photophysical properties of DTBTE were initially stu-
died in solution using UV-vis and fluorescence spectroscopy
(Fig. S5, ESIt). The UV-vis absorption spectrum of a 10™* M
solution of DTBTE in CH,Cl, shows four predominant absorp-
tion bands at 266, 312, 325 and 406 nm. According to time-
dependent DFT (TD-DFT) calculations, the bands localized at
higher energies (266, 312 and 325 nm) are assigned to
n-n* electronic excitations, whereas the lowest-energy band
(So — S1) centered at 406 nm corresponds to an intramolecular
charge transfer (ICT) transition from the HOMO, delocalized on
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Fig. 3 (a) Fluorescence spectra of DTBTE in various solvents. (b) UV-vis
absorption (solid line) and fluorescence (dashed line) spectra for both the
amorphous (orange) and crystalline (green) states of DTBTE. The fluores-
cence spectra were recorded using an excitation wavelength of 400 nm.
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the thiophene rings and the phenyl group of the BTD unit, to
the LUMO, which is mainly localized on the central BTD
unit but also delocalizes along the flanking thiophene rings
(see Fig. S9 and S10, ESIT). Calculations reveal that the position
of this absorption band is notably influenced by the relative
orientation of the flanking thiophene rings with respect to the
central BTD unit. In fact, a progressive redshift is observed
when going from a cis—cis to a cis-trans or trans-trans confor-
mation (see Fig. S11, ESIY), attributed to enhanced intra-
molecular electronic communication between the electron-
deficient BTD unit and the electron-rich thienyl rings.

Interestingly, the dichloromethane solution of DTBTE exhi-
bits strong fluorescence when irradiated at 400 nm, with an
emission band centered at 577 nm and a high photolumines-
cence quantum yield of ®r = 66.9%. As shown in Fig. 3a, the
fluorescence of DTBTE undergoes a redshift as the solvent
polarity increases from cyclohexane to DMSO. This solvatochro-
mic behavior suggests the presence of a highly polar excited
state. In polar solvents like DMSO, the excited state is more
stabilized than the ground state due to stronger solvent-solute
interactions, likely involving dipole-dipole interactions and
hydrogen bonding. This stabilization reduces the energy gap
between the excited and ground states, resulting in emission at
longer wavelengths as the solvent polarity increases. Conver-
sely, in aqueous environments, DTBTE exhibits a distinctly
different behavior characterized by a marked blueshift in
fluorescence. This opposite trend suggests the involvement of
unique intermolecular interactions in this solvent, and in fact
visualization of the aqueous solution under a microscope
reveals the presence of nanocrystals in suspension. The stabi-
lity of the crystalline phase in water may lead to distinct
packing arrangements that alter intermolecular interactions,
thereby altering the photophysical properties of DTBTE com-
pared to its behavior in other solvents.

Curiously, in the solid state, the as-prepared amorphous
phase shows optical properties remarkably similar to those
observed in solution, with an emission maximum (4max) at
579 nm and a quantum yield of @y = 68.4% (see Fig. 3b). This
behavior is likely attributed to the random conformational
distribution and lack of molecular ordering in the amorphous

This journal is © The Royal Society of Chemistry 2025
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phase, which in some ways resembles the dynamic nature of
the solution state. Importantly, heating the sample for
60 minutes leads to a crystallization-induced emission
enhancement (CIEE) effect, with the crystalline state achieving
a quantum yield of ¢ =77.4% and notable blueshifts of 14 nm
in the lowest-energy absorption band and 31 nm in the emis-
sion maximum (Ayax = 548 nm). Interestingly, similar lifetimes
(tr & 7-8 ns) are observed in solution, crystalline, and amor-
phous phases (Fig. S7-S9, ESIf), thus suggesting that the
radiative decay is an intrinsic property of the molecule itself,
and is not heavily influenced by the surrounding environment.

To shed light on the origin of the color changes accompany-
ing the phase transformation, we attempted to grow single
crystals suitable for X-ray analysis. Green-emitting crystals were
obtained by the slow evaporation of a solution of DTBTE in
THF:MeOH (1:1). Single crystal structure determination
revealed that DTBTE crystallizes in the orthorhombic space
group Pna2,, with two independent molecules per unit cell.
These molecules differ primarily in the dihedral angles between
the flanking thiophene rings and the BTD moiety, which are
situated one above and one below the BTD plane (60.9° and
44.5° in one molecule vs. 56.5° and 43.5° in the other; Fig. S3,
ESIY). In both independent molecules, the sulphur atoms of the
thiophene rings align in the same direction as the sulphur
atom of the BTD core, thereby assuming a cis—cis conformation
with respect to the BTD unit. The two independent molecules
crystallize with BTD groups oriented oppositely, resulting in the
formation of dimers via 2S-2N square chalcogen interactions, a
common motif in the crystallization of BTD moieties.>* The
dimers further organize into slipped stacks, stabilized by CH-n
interactions involving the six-membered ring of the BTD moiety
and one of the flanking thiophene rings of a neighboring
molecule in the stack (Fig. 4a). These stacks subsequently
arrange into layers (Fig. 4b), where the peripheral ester groups

Fig. 4
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participate in additional interactions, creating a complex net-
work of non-covalent bonds (Fig. 4c). It should be noted that a
different polymorph of this compound was previously
reported;*® however, in our hands, only this form could be
obtained. In fact, the powder X-ray diffractogram simulated
from the single crystal data matches perfectly with that
obtained through cold crystallization (see Fig. S4, ESIt).

It should be noted that although DFT calculations for an
isolated DTBTE molecule (at both B3LYP/6-31G** and ®B97X-D/
6-31G** levels of theory) predict an asymmetric cis—cis conforma-
tion as the most stable structure, in agreement with the conforma-
tion observed in the crystal, the calculated potential energy surface
probes the flexibility of DTBTE around the C-C inter-ring between
the BTD and thienyl rings (see Fig. 5a and Fig. S12, S13, S16-518,
ESI%). In fact, a very low potential energy barrier of 1.86 kcal mol
is predicted for the rotation of one external thiophene ring relative
to the central BTD unit to reach the cis-trans conformation, which
is subsequently doubled (3.34 kcal mol™") when the trans-trans
disposition is achieved (Fig. 5b).

Considering the high rotational flexibility between the BTD
and thienyl rings, and the significant influence of their con-
formation on the photophysical properties of DTBTE, it seems
reasonable to consider that the red-shifting observed in the
absorption and emission bands during the crystalline to amor-
phous phase transformation is the result of cis/trans conforma-
tional changes.

Interestingly, the conformational flexibility of the carbonyl
ester groups with respect to the BTD unit has also been
explored, resulting in energy barriers of ~4 kcal mol™*
(Fig. S14 and S15, ESIf). These results highlight that the
molecular motion of the ester groups might also play a relevant
role in the responsive transformation.

Raman spectroscopy has proven to be a powerful tool for
providing valuable molecular structural information on BTD

| e ~—

S NN NN 0N

(a) View of the 25-2N square interactions responsible for the formation of the dimers and the close contacts involved in the formation of slipped

stacks. (b) Layered arrangement of the molecules, viewed along the a-axis. (c) Close contacts between the peripheral ester groups.
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derivatives, including insights into n-conjugation efficiency and
backbone planarity,”>*” while indirectly revealing intermolecu-
lar changes during phase transitions.'®***®% In this study,
Raman spectroscopy was utilized to investigate conformational
changes occurring during the interconversion between crystal-
line and amorphous states. As shown in Fig. 7a, notable
differences are observed in the Raman spectra of the two
phases. The Raman band located at 1567 cm ™" in the crystal,
ascribed to the C-C/C=C stretching vibrations of the phenyl
ring of BTD, downshifts 5 cm™ ! when transitioning from the
crystalline to the amorphous phase. A similar downshift is
observed in the bands localized at 1541 and 1525 cm™ %, which
correspond to C-C/C—C stretching vibrations mainly deloca-
lized on the thiophene rings with contribution from the phenyl
ring of BTD (see Fig. S19 and S20, ESIY), together with an
increase in the I s541/I15,5 intensity ratio in the amorphous
phase. These frequency shifts point to alterations in the elec-
tronic communication between the central BTD unit and the
external thiophene rings, leading to an increased m-electron
delocalization in the amorphous phase. These spectral changes
are nicely reproduced by DFT-calculations when rotating from
cis to trans conformation (see Fig. 6a), which also predict
a decrease in the intensity of the low frequency band at

~1525 cm™ ' for the trans conformers. This supports the
hypothesis that the increased Is541/I15,5 intensity ratio in the
amorphous phase is due to a higher ratio of ¢trans-conformers
compared to the crystalline state, where molecules predomi-
nantly adopt the cis conformation.

Furthermore, the crystalline-to-amorphous transformation
induces an interconversion in the relative intensity ratio of the
bands at 1328 and 1318 cm ™ '. These bands correspond to CC
and CO stretching vibrations localized on the thiophene rings
and ester groups, and CC and CN vibrations of the BTD unit,
respectively (see Fig. S20, ESIt). Notably, these vibrations are
highly sensitive to the surrounding chemical environment. In
fact, different intramolecular close contacts (i.e., S-N vs. S-O
and N-H vs. O-H) are expected depending on whether the
thiophene rings align in the same or opposite orientation
relative to the ester groups. This observation further supports
the idea of increased conformational changes involving the
thiophene groups during the phase transformation.

The low rotation barrier predicted for the carbonyl groups in
DTBTE (see Fig. S14 and S15, ESIt), along with the complex
network of hydrogen bonds observed involving the ester groups
at positions 4 and 5, suggests that the molecular motion of
these moieties may also play a fundamental role during the
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Fig. 6 Comparison of experimental (a) Raman and (b) IR spectra for the amorphous (orange line) and crystalline (green line) phases of DTBTE, as well as
the DFT-predicted spectra (#B97X-D/6-31G**) considering the three possible conformations.
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Fig. 7 Messages written and decorated on various substrates using a DTBTE solution (0.5% wt) in THF as ink, illustrating emission colour changes upon
heating. Photographs were taken under irradiation with a 365 nm UV lamp. Top row: Images of paper, al foil, glass, wood, and flexible polypropylene film

(PP) at 25 °C; Bottom row: Images obtained after heating at 80 °C.

amorphous-to-crystal transition. Heating is expected to facil-
itate their mobility, allowing them to reorganize and establish
interactions among themselves, which could induce crystal-
lization. It is important to note that, even though the carbonyl
groups in esters are not typically considered strong hydrogen
bond acceptors, their involvement in the induction of cold
crystallization in polymers via hydrogen bonding has been
previously reported.>®

With the aim of deepening the knowledge of the role played
by ester groups in the molecular arrangement of these phases,
infrared spectroscopy (IR) was used. Interestingly, remarkable
differences are observed in the carbonyl ©(C—O0) stretching
vibrations of the ester groups when comparing the two phases
(see Fig. 7b and Fig. S21, ESIt). Specifically, upon amorphiza-
tion, a substantial narrowing of these bands is observed
together with an upshifting of the higher-energy peak located
at 1740 cm ! in the crystal, suggesting a distinct chemical
environment surrounding the ester groups in the two phases.
This effect is likely attributed to the disappearance of C=0- - -H
bonds between the ester groups present in the DTBTE crystal.
Note that these hydrogen bonds might facilitate partial electron
density delocalization from C—O, weakening the bond and
reducing the ©(C=0) frequency.’""*?

Interestingly, IR spectral features, whose trends are well
reproduced by molecular modelling (see Fig. 7b and Fig. S21,
S22, ESIt), also support a predominant cis-trans distribution in
the amorphous phase (see ESIt for more details). These include
the 9 em ™" downshift observed in the band at 1209 em™" and
the increased separation between the two bands at 1024 and
989 cm ™' going from the crystalline to the amorphous phase,
all of them strongly associated with C-H bending of the
thiophene rings and C-O stretching vibrations of the ester
groups. It is important to highlight that, unlike the typical
crystallization observed during solvent vapor exposure, DTBTE
experiences a transition from a crystalline to an amorphous
phase. This atypical behavior is likely due to a solvent-induced
disruption of the hydrogen bond network, particularly invol-
ving the ester groups,”>** as well as conformational changes
around the BTD-thiophene dihedral angle triggered by solvent

This journal is © The Royal Society of Chemistry 2025

interactions during the transition from crystalline to amor-
phous phases®>”° as supported by Raman and IR spectroscopy
studies, along with DFT calculations. This study clearly under-
scores the critical role of the ester moieties in facilitating cold
crystallization and driving the thermo/mechanochromic beha-
vior of DTBTE.

DTBTE, with its multi-stimuli responsiveness and reversible
fluorochromic properties, shows significant potential as a
security ink due to its dynamic features. Security inks that
enable the creation of thermally activated, color-changing
messages, arouse much interest as they are difficult to repro-
duce yet easily recognizable. Notably, messages written on
paper using a damp cotton swab soaked in a THF solution of
DTBTE (0.5% wt) changed their emission color when heated to
80 °C (Fig. 7a and b) demonstrating the material’s responsive-
ness and potential applications in security ink technologies.

To further investigate the versatility of highly emissive
DTBTE, we evaluated whether its stimuli-responsive properties
were preserved across different substrates. Orange-emitting
amorphous films were cast on various materials, including
glass, wood, and flexible polypropylene sheets. Upon controlled
heating, these films transformed into crystalline green-emitting
phases (Fig. 7c-j). Interestingly, vapor fuming using a mask
allowed us to reverse the color changes in the uncovered areas,
enabling the creation of messages or motifs that could subse-
quently be erased by reheating the films (Fig. S27, ESIt). The
high compatibility of this material with various substrates,
while maintaining its switchable emission, demonstrates the
adaptability and potential of DTBTE for applications such as
responsive security labels and erasable recording or sensing
technologies.

Conclusion

In conclusion, this study establishes DTBTE, a highly flexible
compound consisting of a BTD core functionalized at the 4,
7-positions with thiophene rings and at the 5,6-positions with
ester groups, as a highly efficient multi-stimuli responsive
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fluorophore. The combination of low rotational barriers of
groups able to establish hydrogen-bond networks, and dynamic
conformational behavior enables DTBTE to exhibit cold crystal-
lization at 80 °C, which can be easily reversed by solvent fuming
and mechanical shearing. Interestingly, this reversible amor-
phous/crystalline phase is accompanied by pronounced emis-
sion color changes. Through a combined study involving DFT
and TD-DFT calculations, single crystal X-ray analysis and
advanced spectroscopic techniques, valuable insights on the
molecular dynamics responsible for these reversible fluoro-
chromic transformations have been achieved. Particularly, this
study has allowed us to identify the molecular motion of ester
groups as a key driver of these phase transformations, while
the accompanying switchable emission color is attributed to
cis/trans conformational changes involving the thiophene
groups. Interestingly, the ability of DTBTE to maintain its
multi-stimuli responsive properties across a variety of sub-
strates, from paper to glass, wood, and flexible polymers,
highlights its potential for practical applications in fields
ranging from security inks, sensing, security labels, and
erasable recording. These findings position DTBTE as a versa-
tile and innovative material for next-generation luminescent
technologies.
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