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Luminescent liquid crystals have attracted attention over the past decades. In this study we introduce a
new concept for thermo-responsive luminescent materials. The unique combination of two classes of
luminophores, showing either aggregation-induced emission (AIE) or aggregation-caused quenching
(ACQ) within a liquid crystalline matrix, yielded an emission shift from green (534 nm) to red (619 nm).
Thereby, the emission color is controlled by the state of aggregation within the liquid crystalline
material, which can be controlled by temperature. This temperature-controlled material mimics an
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Introduction

Emissive liquid crystalline (LC) materials represent a combi-
nation of responsive mesomorphic structures with the ability to
emit light. Therefore, they are promising for the development of
e.g. optoelectronics (organic light emitting diodes, display tech-
nology, etc.), data storage and sensing applications."™ A com-
mon challenge in the design of emissive LC materials is
aggregation caused quenching (ACQ). This phenomenon is
observed due to strong m-m-interactions in ordered phases like
the mesophase and the crystalline state. In this context, lumino-
phores exhibiting aggregation induced emission (AIE) have
gained tremendous interest.”® The increased order in the LC-
phase leads to more and stronger interactions between the
molecular entities which restrict the intramolecular motion
and/or rotation of AIE luminophores and effectively prevent
nonradiative relaxation mechanisms. This supports the relaxa-
tion through the emission of light and leads to fluorescence or
phosphorescence.’®™® However, LC-materials may also show
properties of fluids with smaller intermolecular forces in com-
parison to the crystalline state, thereby supporting radiative
relaxation of ACQ luminophores. In the same context the emis-
sion of AIE luminophores is decreased or quenched. This emis-
sion phenomenon led to the development of thermo-responsive
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emissive materials. For example, in 2021, Ke Xue et al. developed
a fluorescent nanothermometer in the temperature range from
25 to 45 °C. They utilized a fatty acid as the host material for an
AIE luminophore. By increasing the temperature, the molecular
arrangement of the fatty acid was altered, yielding a change in
polarity. This change in the environment of the luminophore
resulted in a change of its emission properties."* In 2022, Wang
et al. prepared a single component material of difluoroboron
diphenyl p-diketonate, which changes its emission colour from
green to blue. The temperature change influences the intermo-
lecular forces between the molecular entities yielding excimeric
or monomeric species with different emission properties.*>

In 2018, our group started to investigate emissive liquid
crystalline materials and we developed different approaches to
overcome the design challenges of luminescent LCs with tune-
able fluorescence properties.'® In 2020, we utilized a supramo-
lecular approach with hydrogen-bonded LCs. As donor units
different hydroxybenzoic acids were used in combination with 4-
alkoxystilbazoles as hydrogen bond acceptors. These assemblies
exhibit turn-on fluorescence when irradiated with UV-light
(405 nm) in the mesophase. The reason for this phenomenon
is a photo-initiated proton transfer which is reversible by thermal
treatment.'® In another study dynamic covalent bonded liquid
crystals were used to develop materials with tuneable fluores-
cence. For this study we choose salicylimines which are known to
show photoluminescence caused by e.g excited-state intra-
molecular proton transfer (ESIPT) or crystallization enhanced
emission.'”*® This led to emissive LC materials that show the
characteristic AIE behaviour upon thermal treatment. The
dynamic nature of the imine bonds was employed for in situ
manipulation of the fluorescence behaviour, by making use of
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imine exchange reactions.® Recent work by us and Strassert et al.
showed an approach using phosphorescent metallomesogens to
yield luminescent liquid crystals. In this study two series of Pt()
complexes were synthesized with different aggregation possibi-
lities. This influences and controls the Pt-Pt coupling, which is
crucial for the design of photo functional Pt(i1) mesogens.’

Results and discussion

Since we are interested in materials with tuneable fluorescence
behaviour we were curious to know how two classes of lumino-
phores, namely ACQ and AIE luminophores, mutually effect the
emissive properties. While common systems employ either an
AIE or an ACQ luminophore for the introduction of fluorescence,
we herein combine both classes of luminophores, in order to
tune the emission behaviour of liquid crystalline materials.
Thereby, we use the unique features between order and fluidity
of the liquid crystalline state with the characteristic behaviour of
ACQ and AIE emitters. For this we use a liquid crystalline AIE
luminophore as the host which emits green light and dope the
material with a red-emitting ACQ luminophore. In the crystalline
state the emission of the material is dominated by the AIE
luminophore while in the isotropic state the ACQ emitter con-
trols the emission behaviour. Consequently, the fluorescence
behaviour of the hybrid material will be controlled by the state of
aggregation, which can be tuned by temperature. The underlying
concept and the specific luminophores for the present study are
depicted in Fig. 1. Im-CN-Cg (yellow, Fig. 1) and Im-CI-Cg (green,
Fig. 1) are new mesomorphic materials which are structurally
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related to previously reported systems of our group. They show
the characteristic behaviour of an AIE emitter in THF/H,O
mixtures with varying amounts of water (ESL} Fig. $20).° As an
ACQ luminophore we chose the maleonitrile-based salen cis-Sal
(red, Fig. 1) which is known in the literature and exhibits red
emission in solution, but no emission in the solid state.'® By
balancing the composition of the system and fine-tuning of the
emission and liquid crystalline behaviour, a system was created
to mimic a traffic light. This mimic shows a change in fluores-
cence from green (not hot, can be touched) to red (hot, do not
touch) upon heating to 60 °C.

The salicylimines and salen used in the present manuscript
were synthesized vig literature known procedures (see the ESIT
for details).?® Subsequently the obtained salicylimines (Im-CN-
Cg, Im-CI-Cg) and cis-Sal were investigated with respect to their
mesophase and temperature-dependent fluorescence beha-
viour. The phase behaviour under a polarized optical micro-
scope (POM) is summarized in Fig. 2. Upon heating Im-CN-Cg
exhibits a smectic phase from 82 to 85 °C, followed by a
transition into the nematic phase at 85 °C. The clearing point
of the material is reached at 95 °C (see the ESIL, T Fig. S7 and S9).
Upon cooling from the isotropic phase liquid crystallinity is
restored at 92 °C, showing a nematic texture under the POM.
After transition to the smectic phase at 82 °C the mesophase
remains until 57 °C where crystallization takes place (Fig. 2 and
the ESI, T Fig. S7G). In contrast Im-Cl-Cg shows an enantiotropic
smectic phase (Fig. 2 and the ESI,} Fig. S5B, D, S9) from 59 to
94 °C on heating and from 88 to 24 °C on cooling and therefore
shows liquid crystallinity around room temperature. All transi-
tion temperatures were confirmed via differential scanning
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Fig.1 Scheme of thermal fluorescence tuning due to phase transitions of the AIE host mesogens Im-Cl-C8 (green) and Im-CN-Cg (yellow) in

combination with the ACQ luminophore cis-Sal (red).
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Fig. 2 Mesomorphic properties of the investigated imines and their
respective host—guest materials with cis-Sal. Phase transitions and transi-

tion temperatures were obtained using a POM upon cooling at a rate of
10 °C min~! (Cr: crystalline, Sm: smectic, N: nematic.).

calorimetry (DSC) (see the ESI, Fig. S10 and S11). Cis-Sal does
not show mesomorphism and decomposes at ~300 °C.
Salicylimines are known to show aggregation and crystal-
lization dependent luminescence, which is caused by excited
state intramolecular proton transfer (ESIPT), restriction of
intramolecular motion/vibration or/and aggregation enhanced
emission."”"®*"?> Therefore, a change in the emission beha-
viour is expected by changing the order and state of aggrega-
tion. To investigate this, variable temperature fluorescence
spectroscopy was performed. To this end, the samples were
heated/cooled between 30 and 110 °C and the change in
emission was investigated via fluorescence spectroscopy. At
room temperature Im-Cl-C8 shows a green emission with a
maximum at 537 nm (see Fig. 3), while Im-CN-Cg emits yellow/
green light at 560 nm (see ESL{ Fig. S15). During the heating
and cooling cycles both materials show a similar change in
their emission behaviour. Upon heating Im-Cl-Cg exhibits a
decreasing emission intensity. Up to 50 °C the emission inten-
sity decreases slowly and drops drastically at 60 °C. This drop in
emission intensity is correlated with a phase transition from
the crystalline to the smectic phase (Fig. 2 and the ESL¥
Fig. S5B). At 110 °C the emission intensity is almost vanished
(4% of the initial intensity). Upon cooling the intensity of the
emission maximum slowly increases between 110 and 40 °C. A
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Fig. 3 Fluorescence spectra of Im-Cl-Cg on heating (A) and cooling (B)
into the isotropic state. Excitation wavelength: 405 nm.
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significant increase in the emission intensity is observable at
30 °C, which correlates with the crystallization of the material
(see Fig. 2 and the ESI,f Fig. S5E). For Im-CN-Cg a similar
behaviour was observed with drastic changes in the intensity at
90 and 60 °C upon heating/cooling (see the ESL, Fig. S14). For
further characterization of the photophysical properties of the
two AIE emitters we measured photoluminescence quantum
yields at room temperature in the solid state. Im-Cl-Cg showed
a moderate quantum yield of &, = 0.22 £+ 0.02. Im-CN-Cg
exhibits a similar value with a quantum yield of @;, = 0.23 £
0.02. Accordingly, both salicylimines are suitable host materials
for the development of the fluorescent traffic light. For the ACQ
luminophore cis-Sal we did not measure temperature-
dependent fluorescence data, since the compound did not
show mesomorphism and decomposed at 300 °C.

In order to prepare responsive materials for thermo sensing
Im-CI-Cg or Im-CN-Cg were used as LC host materials and
doped with cis-Sal (for details see the ESIT). The final mixtures
cis-Sal@Im-Cl-Cg and cis-Sal@Im-CN-Cg contain 0.025 mol% of
cis-Sal as the ACQ emitter. It should be noted that the mixtures
did not show any exchange reactions between the components.
Initially the effect of doping, on the phase sequence and
transition temperatures, has been investigated by POM and
DSC measurements. The mixtures cis-Sal@Im-Cl-Cg and
cis-Sal@Im-CN-Cg show no significant change in the phase
sequence or transition temperatures in comparison to the
pristine host materials Im-Cl-Cg and Im-CN-Cg (see Fig. 2 and
Fig. S5-S13, ESIt). To get a first insight into the emission
properties when the ACQ luminophore is “off”” and the ACQ
luminophore is “on” we performed fluorescence measure-
ments in DCM solution (see Fig. S20, ESIt). There we could
observe as expected the emission signals of the AIE (~530 nm
Im-Cl-Cg and ~ 550 nm Im-CN-Cg) and ACQ (613 nm cis-Sal)
luminophores where the ACQ emitter shows a higher emis-
sion intensity. To get further insight, for two luminophores
influencing the emission behaviour of one another, we inves-
tigated the possibility of Forster resonance energy transfer in
the solid state. In general, FRET is evaluated by comparing the
fluorescence lifetime of the donor in the absence and
presence of an acceptor.>*>® To assess the possibility of FRET
in our system, time-resolved photoluminescence measure-
ments were performed for the AlE-active luminophores
Im-Cl-Cg and Im-CN-Cg, both in the presence and absence of
the cis-Sal.

As shown in Fig. 4A, the fluorescence lifetime of Im-Cl-Cg
remains effectively unchanged in the presence of cis-Sal. The
measured lifetime of Im-Cl-Cg in the cis-Sal@Im-Cl-Cg was
2.61 £+ 0.01 ns, which is nearly identical to that of Im-Cl-Cg in
the absence of cis-Sal (2.62 &+ 0.09 ns, see the ESL Fig. S21 and
22). A similar trend was observed for Im-CN-Cg (see Fig. 4B), where
no significant change in fluorescence lifetime was detected upon
addition of cis-Sal (see the ESL Fig. S23 and S24). These results
indicate that the presence of cis-Sal does not alter the fluorescence
lifetimes of Im-Cl-Cg and Im-CN-Cg. Therefore, we conclude that
FRET between the AIE luminophores and cis-Sal is negligible
under the investigated conditions.
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Fig. 4 Time-resolved fluorescence decay curves of (A) Im-Cl-Cg and
cis-Sal@Im-Cl-Cg; (B) Im-CN-Cg and cis-Sal@Im-CN-Cg. As the fluores-
cence lifetime is shorter, the instrument response function (IRF) was
measured to minimize errors via deconvolution.

To prove the tuning of the emissive behaviour by phase
transition, the mixtures of AIE and ACQ luminophores
cis-Sal@Im-Cl-Cg and cis-Sal@Im-CN-Cg were investigated
via variable temperature fluorescence spectroscopy. In addi-
tion to that photographs were taken during heating and
cooling under UV-light (see Fig. 5 and the ESI,i Fig. S18).
The fluorescence spectrum of cis-Sal@Im-CIl-Cg at 30 °C shows
two emission maxima, one at 534 nm and one with a lower
relative intensity at 639 nm (see Fig. 5B). The maximum at
534 nm can be correlated to Im-Cl-Cg while the maximum at
639 nm is caused by the ACQ luminophore cis-Sal. An emis-
sion signal of the ACQ luminophore in the crystalline state
could be caused by weaker interactions in the mixture than in
the pure crystal of cis-Sal which counteracts full quenching of
the fluorescence.’®>® Photographs under UV-light at 30 °C
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clearly show a green emission visible by the naked eye (see
Fig. 4A). Upon heating the emission maximum at 534 nm
slowly decreases, while the maximum at 639 nm exhibits no
significant change. At 60 °C the liquid crystalline host passes
into the smectic phase which is correlated with a drastic
change in emission intensity of the signal at 534 nm. This is
accompanied by an increase of the emission intensity and a
hypsochromic shift to 619 nm of the signal at 639 nm (see
Fig. 5B). Both luminophores show the expected change in
emission intensity by entering the LC phase and the related
change in aggregation and order. This leads to a bathochro-
mic shift of the global emission maxima from 539 nm to
619 nm which is also visible to the naked eye (see Fig. 5A).
With the crystallization process starting at 30 °C a hypsochro-
mic shift of the global emission maximum to 534 nm is
observed. The wavelength of the maximum in the red region
of the visible spectrum shifts back to 639 nm and recovers its
initial emission intensity (see Fig. 5C). The emission returns
to its initial green colour as proven by photographs (see
Fig. 5A). In order to prove that the temperature-dependent
change in the fluorescence is reversible five heating/cooling
cycles were performed, showing no significant changes of the
starting and final emission behaviour (see Fig. S17, ESIt).
These results show that the combination of different types of
luminophores in a liquid crystalline material provide access to
luminescent materials with thermal response. The obtained
emission spectra indicate that in the mixture of cis-Sal@Im-
Cl-Cg both luminophores seem to act independently and do
not interfere with each other. The global emission behaviour
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Fig. 5 Photographs (A) and fluorescence spectra of cis-Sal@lm-Cl-Cg on heating (B) and cooling (C) into the isotropic state. Excitation wavelength: 405 nm.
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is dominated by the AIE or the ACQ emitter, yielding a red
emission at higher temperatures and a green emission at
lower temperatures. In order to prove that this approach can
be transferred to related systems, we produced the cis-
Sal@Im-CN-Cg mixture. At 30 °C the cis-Sal@Im-CN-Cg mix-
ture shows two distinct emission maxima one at 545 nm
which correlates with the AIE luminophore Im-CN-Cg and
the second at 628 nm corresponding to the ACQ dopant (see
the ESI,¥ Fig. S18). In comparison to the cis-Sal@Im-Cl-Cg
system the cis-Sal@Im-CN-Cg mixture shows a relatively stron-
ger emission intensity at 628 nm with a hypsochromic shift of
11 nm. A possible explanation is that the ACQ luminophore is
incorporated in the host material with weak intermolecular
interactions which enhance the fluorescence in comparison to
the quenching of strong n-m interactions (see Fig. S18B,
ESIT).>”?*° With the naked eye an overlay of both lumino-
phores is observed yielding a yellow/orange emission (see
Fig. S18A, ESIf). Upon heating, initially both local maxima
decrease slightly in emission intensity (see Fig. S18B, ESIT).
This could be associated with the increased nonradiative
relaxation of the excited electrons due to more intramolecular
motion, internal conversion or similar processes.* At around
80 °C the sample passes into the LC-phase, with the lower
order yielding a strong decrease of the emission signal of the
AIE luminophore at 545 nm. In contrast, the global maximum
at 628 nm, which can be associated with the ACQ lumino-
phore cis-Sal, undergoes a bathochromic shift and increase in
the emission intensity. This is attributed to weaker
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interactions in the LC-phase facilitating radiative relaxation
of cis-Sal. For the naked eye this leads to a colour change of
the visible emission from yellow/orange to red (see Fig. S184,
ESIt). Upon further heating to 110 °C the material exhibits an
overall decrease of emission intensity. For the cooling cycle
the process is reversed (see Fig. S18C, ESIf) showing an
increase of both emission signals in the temperature range
from 110 to 60 °C. At the start of the crystallization process
below 60 °C the fluorescence spectra of cis-Sal@Im-CN-Cg
exhibits a hypsochromic shift of the global emission maxima
and both maxima return to their initial emission intensity,
leading to the change of the visible emission colour from red
to yellow/orange at 50 °C and below. The whole process of
tuning the emission colour of the material cis-Sal@Im-CN-Cg
from yellow/orange to red is reversible for at least 5 heating/
cooling cycles. To test the thermosensing potential of the
material we created a dual sensor array of thin films of cis-
Sal@Im-Cl-Cg (left) and cis-Sal@Im-CN-Cg (right) on a glass
slide. The glass slide was placed on a metal block and the
right part of the metal block was heated to create a tempera-
ture gradient (see Fig. 6). Initially, at room temperature, the
sensor shows green and yellow fluorescence displaying that
the sample is cold and can be touched (see Fig. 6A). After a few
minutes of heating red emission propagates through the
green material showing that the sample undergoes a phase
transition at an elevated temperature (see Fig. 6B). After a few
seconds the green emission is fully vanished and the left part
of the sensor appears red emissive, while the right part of the

D) >80°C

Cooling

F)

Fig. 6 Schematic representation of the thermosensor of cis-Sal@Im-Cl-Cg and cis-Sal@Im-CN-Cg on a glass slide (upper image) as well as photographs
of the fluorescent sample (lower images). (A) Sensor materials without heating showing green/yellow emission (room temperature). (B) Sensor materials
after connecting the glass slide with a heat source from the right showing red/yellow emission (temperature ~ 60 °C). (C) Sensor materials after further
heating time showing red/red emission (temperature ~80 °C). (D) Sensor materials after disconnecting the glass slide from the heating source showing
red/red emission (temperature >80 °C). (E) Sensor materials after cooling showing red/yellow emission (temperature >60 °C). (F) Sensor materials after
further cooling time showing green/yellow emission (temperature ~ 25 °C).
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sensor shows yellow emission. This represents a temperature
of around 60 °C (see Fig. 6B) and asks for caution when
touching the material. At temperatures above 80 °C both parts
of the sensor appear red, providing a heat warning (see
Fig. 6C). After removing the heat source, the right part of
the sensor switches back to a yellow fluorescence between 80
and 60 °C (see Fig. 6E). Further cooling restores the initial
green/yellow emission state at temperatures below 60 °C (see
Fig. 6F).

Conclusions

In conclusion, we reported a new approach towards thermosensing
based on luminescent materials. By combining two types of
luminophores in a liquid crystalline environment we were able to
mimick a traffic light for heat warning. The mixture of an AIE and
ACQ emitter combined with the temperature-dependent order of
the liquid crystalline state allowed tuning of the fluorescence
colour from green (534 nm) at lower temperature to red
(639 nm) at higher temperatures (for the cis-Sal@Im-CI-C8 system).
The shift of the emission wavelength by 105 nm was possible due
to the temperature-controlled adjustment of the intermolecular
interactions in the different phases. The emission behaviour of AIE
and ACQ emitters strongly depend on the local environment and
the interactions between the emitter and the molecular environ-
ment. Therefore, a temperature induced change in the local
surrounding of the luminophores allows tuning of the emission
behaviour, while the luminescence behaviour at room temperature
is dominated by the emission of the AIE luminophore in the highly
ordered and confined environment of the crystalline state. The red
emission at elevated temperatures is dictated by the ACQ emitter.
The liquid crystalline and isotropic phase exhibit weakened inter-
molecular interactions in the local environment, allowing radiative
relaxation. This first proof-of-concept indicates that the combi-
nation of different types of luminophores in a liquid crystalline
matrix provides a promising route for the development of thermo-
responsive materials with tuneable emission. Further activities in
our group will focus on the transfer and generalization of this
approach to other luminophores and liquid crystalline materials.
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