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smart responsive material with
multiple structural transformations†

Zixuan Xu, ‡a Linhan Su,‡b Xiaofen Chena and Ying Yang *a

A novel ionic liquid [TPE-Dim-DMe] (Br)2 was successfully synthesiszed. With the change of temperature,

quadruple transformations of structure were observed in the [TPE-Dim-DMe] (Br)2 crystal, and it

simultaneously displayed mechanochromic phenomena. In addition, its excellent solubility in water

makes it a novel bioimaging agent.
Smart luminescent materials, due to tunable luminescence
triggered by external stimuli (mechanical force, temperature,
pH, solvent polarity etc.),1–5 have widespread applications in
mechano-sensors, uorescent switches, security papers, and
data storage.6–13 However, conventional luminescent materials
suffer from aggregation-caused quenching (ACQ), which
hinders their development. However, the conventional lumi-
nescent materials suffer from aggregation-caused quenching
(ACQ), which hinders their development.

In 2001, Tang et al.14 introduced the concept of aggregation
induced emission (AIE), which was based on the restriction of
intramolecular rotations (RIR). AIE chromophores, such as
tetraphenylethene (TPE), exhibit strong uorescence in solid
state or as colloidal aggregates, showing good potential in this
eld.15–17

Some AIEgens exhibit specic mechano-stimuli luminescent
response, because grinding and squeezing transform them
from a stable structure into other metastable aggregations.
However, exible van der Waals forces allow AIEgens to spon-
taneously recover to their stable state. Therefore, AIEgens
generally show reversible luminescence. This phenomenon is
commonly seen during long-term storage or under the inu-
ence of external stimulus. Sometimes, the spontaneous trans-
formation is so fast that the emissions of AIEgens become
uncontrollable. This severely limits their applications. Hence,
restriction of structural transition is the focal point in the
development of smart luminescent materials. It is well known
that electrostatic forces of attraction are stronger than the van
der Waals forces.18–20
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Therefore, some researches introduced pyridinium salt into
TPE with the aim to enhance the structural stability and achieve
controllable luminescence.19 So far, the solid emissions of
imidazolyl ionic AIEgens have been seldom examined.

Visual thermosensitive materials have always been in
demand for temperature sensing and mapping. Though some
polymers, such as PNIPAMs derivatives,21 display thermo-
responsive uorescence, the response mechanism (the
thermal activation of nonradiative deactivation) becomes
a disadvantage in terms of a narrow responsive range.22,23

Thermosensitive materials, with sequential high-resolution
temperature response, are seldom reported. Recently, pro-
grammed emissions of AIEgens in their solution based on the
heating/cooling-driven aggregation transition, were reported.24

Since the collisions between solvent molecules promote non-
radiative decay, the result is a lower emission quantum yield.
Meanwhile, due to complexity of the solution system, it is
difficult to get an in-depth understanding of the uorescence
response mechanism. In addition, most of AIEgens are
endowed with poor sensitivity and regularity to temperature
response.21,25–27 Thus, search for novel thermosensitive mate-
rials has become highly challenging. Compared to neutral
molecules, organic salts show low melting points, and in fact
some of them are ionic liquids (ILs) at room temperature.
Hence, organic salts are more likely to undergo phase trans-
formations with broad temperature changes.

Herein, we report the synthese of a novel AIE ionic
compounds, [TPE-Dim-DMe] (Br)2, containing TPE and imida-
zolium bromide. The [TPE-Dim-DMe] (Br)2 crystal showed
unique mechanochromic response, wherein the strong blue
emissions of the single crystal changed to cyan emissions of the
metastable stacks through grinding. The transformation of
stacked states is irreversible and even endures thermal
annealing and solvent vapor fumigation. Meanwhile, the single
crystal of [TPE-Dim-DMe] (Br)2 shows ultra-sensitivity towards
temperature. Surprisingly, quadruple transformations were
observed in the single crystal with increasing temperature. This
variable luminescence was attributed to the synergetic effects
between non-radiative transition from molecular thermal
RSC Adv., 2021, 11, 20911–20915 | 20911
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Fig. 2 (a). Single crystal structure and (b). Packing arrangements of
[TPE-Dim-DMe] (Br)2, and its (c). HOMO Frontier orbitals and (d).
LUMO Frontier orbitals.

Fig. 1 (a) PL spectra of [TPE-Dim-DMe] (Br)2 in water/THF mixtures
with different THF fraction (fT) concentration: 10

�4 M; lex: 360 nm. (b)
Plot of relative emission intensities (Imax/I0) relative to fT.

Fig. 3 (a) The solid FL spectra, (b) normalized patterns, and (c) PXRD of
[TPE-Dim-DMe]2+[Br]2

2 in its amorphous powder, crystal and grinding
powder. (d) Fluorescent photo of [TPE-Dim-DMe]2+[Br]2

2 in the
amorphous powder and single crystal (illuminating at 365 nm).
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motions and structural transformation. In addition, [TPE-Dim-
DMe] (Br)2 showed excellent water solubility and low toxicity. It
can also be used in bioimaging.

The synthesis of [TPE-Dim-DMe] (Br)2 was carried out by
facile three steps, as shown in Scheme S1.† The chemical
structure of [TPE-Dim-DMe] (Br)2 was conrmed by 1H NMR,
13C NMR, HRMS, FT-IR and X-ray single crystal diffraction
(Fig. S3–S6† and 2).

The amphiphilic nature enabled [TPE-Dim-DMe] (Br)2 to
dissolve in various organic solvents and water. As shown in
Fig. 1, [TPE-Dim-DMe] (Br)2 showed relatively weak uorescence
emissions in most organic solvents and water, irrespective of
the solvent polarity. Interestingly, [TPE-Dim-DMe] (Br)2 showed
a bright blue emission (at �470 nm) in pure THF. This
phenomenon could be attributed to the formation of nano-
aggregates. When 5% water was added, the emission decreased
remarkably (90% loss). This nding showed that water is an
excellent solvent and THF is a poor solvent for the imidazolyl
salt. It became evident that [TPE-Dim-DMe] (Br)2 is abnormal
AIE molecules. Interestingly, compared to traditional AIEgens,
[TPE-Dim-DMe] (Br)2 displayed relatively good solubility in
water. Thus, they have great potential for use in bioimaging.

Aer slow recrystallizing from CH3CN solution at 25 �C,
transparent crystal of [TPE-Dim-DMe] (Br)2 was obtained. As
shown in Fig. 2a, XRD classied it to a monoclinic space group
P21/c [TPE-Dim-DMe] (Br)2 appeared as a highly twisted struc-
ture, in which the propeller-like TPE moiety was orthogonally
linked with two imidazole rings, forming angles of 85.8� and
82.8� between the planes. Due to the twisted structure, there
was no p–p stacking observed between the benzene rings of
adjacent AIEgens (Fig. 2b). Meanwhile, the two 1-methyl-
imidazole groups partially overlapped with vertical distance of
3.380 Å. Therefore, J-type aggregate was identied for [TPE-Dim-
DMe] (Br)2. The monomers were linked within well-organized
cells through C–H/p interactions (between the methyl of
imidazole and benzene ring of another TPE skeleton) and
multiple hydrogen bonds of C–H/O, as well as two kinds of
unique bridges: H2O/Br�$$$H2O and H2O/Br�$$$H2O/Br�.

The distribution of electron density of the frontier molecular
orbitals of [TPE-Dim-DMe] (Br)2 was calculated by density
functional theory (DFT) at the B3LYP/6-31+G(d)* level (Fig. 2c
and d). The HOMO of [TPE-Dim-DMe] (Br)2 was located on a p-
type orbital of bromine (�4.81 eV), whereas the LUMO was
distributed mainly on [TPE-Dim-DMe]2+ (�1.39 eV). This
20912 | RSC Adv., 2021, 11, 20911–20915
indicated that Br� acted as an electron donor in our study, and
[TPE-Dim-DMe]2+ served as the electron acceptor. A novel
charge transfer thus occurred from Br� to [TPE-Dim-DMe]2+.25

This process was distinct from the one present in neutral TPE
molecules, wherein the charges were usually transferred from
TPE core to the terminal groups.26,27

The [TPE-Dim-DMe] (Br)2 crystal showed bright deep-blue
uorescence at 450 nm. Compared with the crystal form, the
emission of grinding powder became sky blue in colour and
shi to 475 nm (Fig. 3a and b). In the PXRD analyses some
diffraction bands for the powder sample were missing, when
compared to the crystal form (Fig. 3c). The variation in emis-
sions was due to the structural transformations. Grinding
caused the TPE moiety to change from a highly twisted
conformation into a atter structure. Consequently, the well-
organized crystal with J-type aggregates underwent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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transformation into closer aggregates.28–30 Meanwhile, the
multiple hydrogen bonds and C–H/p interactions, which
acted as bridges to stabilize the conformation of [TPE-Dim-
DMe] (Br)2, were disrupted by mechanical stress to some
extent. This caused an increase in disorderliness and rotation of
TPE skeleton. The nonradiative decay was therefore enhanced,
and the emissions of [TPE-Dim-DMe] (Br)2 powder showed a red
shi of 25 nm with weak intensity. The quantum yield FF

reduced correspondingly from 57.75% for the crystal form to
46.9% for the powdered sample. In addition, when the solvents
evaporated rapidly, a viscous [TPE-Dim-DMe] (Br)2 substance
was obtained. The intercalation of residual solvent molecules
endowed [TPE-Dim-DMe] (Br)2 with an amorphous structure.
The more exibility in the rotation of TPE skeleton led to cyan
emission at �495 nm with 32.1% quantum yield. Interestingly,
the structural transformation from the grinding powder and
amorphous state to the single crystal was strongly inhibited,
despite vapor fumes and heat. Due to the insensitivity towards
environmental interference, [TPE-Dim-DMe] (Br)2 shows
promising applications in security papers.

Benetting from the electrostatic interactions and multiple
hydrogen bonds, a relatively stable structure was identied in
[TPE-Dim-DMe] (Br)2 crystal. It showed sensitive thermo-
response uorescence over a wide temperature range (Fig. 4a).
As the temperature increased from 24 �C to 72 �C, the emissions
showed a gradual decline and slight bathochromic shi. The
lifetimes diminished simultaneously (Fig. 4b and S10†).
Previous reports suggest that high temperature accelerates
Fig. 4 (a) Temperature-dependent steady-state and (b) transient-
state photoluminescence, (c) XRD patterns and (d) TGA of [TPE-Dim-
DMe] (Br)2 crystal. (e) Effect of temperature on fluorescent intensity of
[TPE-Dim-DMe] (Br)2 crystal.

© 2021 The Author(s). Published by the Royal Society of Chemistry
intramolecular motions or rotations, resulting in decreased
energy of excited state by non-radiative transitions.22,31 Inter-
estingly, the emission intensities depicted a quadruple linear
decline over the entire test range (Fig. 4e). The slopes were
found to be �161.5 from 24 to 42 �C, �266.43 from 42 to 56 �C,
�216.33 from 54 to 60 �C, and-789.71 from 60 to 72 �C. TGA data
suggested a negligible mass loss in the tested range. Differential
scanning calorimetry (DSC) results also indicated quadruple
effect in thermodynamic procedures, consistent with uores-
cence transformations in the crystal (Fig. 4d). According to
Fig. S10 and Table S3,† the lifetime also exhibited a quadruple
linear decline over the entire test range (the slopes were found
to be �0.01972 from 24 to 42 �C, �0.0258 from 42 to 56 �C,
�0.0206 from 60 to 78 �C.). To further investigate the correla-
tion between emissions and structures, temperature-dependent
X-ray diffraction (XRD) analysis of [TPE-Dim-DMe] (Br)2 crystal
was performed. Results conrmed that the crystal could endure
quadruple structural transformations within their correspond-
ing temperature ranges. At low temperature (from 24 to 42 �C),
heat accelerated the vibrations and rotations of covalent bonds
and intermolecular forces. The structure hardly showed
changes in the monoclinic crystal form. With increase in
temperature (from 42 to 48 �C), sharp reections at 20.2�, 27.3�

and 34.6� almost disappeared and a new peak appeared at 24.6�,
which indicated the rst structural transformation. When the
temperature reached 54 �C, the peak at 24.6� disappeared and
new reections appeared at 15.1� and 17.2�, suggesting
a second structural transformation. At 60 �C, [TPE-Dim-DMe]
(Br)2 showed the third transformation with strong reections
at 20.1�, 22.8�, 24.0�, and 25.4�. Meanwhile, the noise became
obvious, because of the increasing disorderliness in the crystal.
In addition, the pattern was similar to the XRD pattern of [TPE-
Dim-DMe] (Br)2 powder. This suggested that the crystal trans-
forms from the J-type aggregate to disordered closer aggregate.
The amazing correlations between quarter structures, decline in
emissions, uorescence lifetimes, and endothermic procedures
indicated changes in intermolecular forces and the consequent
transformations of crystal phases.

The aqueous solution of [TPE-Dim-DMe] (Br)2 showed
extremely weak uorescence emissions. In order to further
study its aggregation behavior in aqueous medium, a 500 mM
aqueous solution of [TPE-Dim-DMe] (Br)2 was used for dynamic
light scattering (DLS) testing. Results showed that the average
particle size of [TPE-Dim-DMe] (Br)2 in aqueous solution was
30.6 nm, indicating that [TPE-Dim-DMe] (Br)2 had good dis-
persibility in aqueous solution (Fig. 5). According to the AIE
mechanism, [TPE-Dim-DMe] (Br)2 could not form a large
supramolecular aggregate in the aqueous medium, which
affected its uorescence emission intensity. It is well-known
that cell uid is a complex water environment. Hence, using
[TPE-Dim-DMe] (Br)2 as cell staining agent, it is possible to
prevent simultaneously “lighting up” of cells and cell uids,
thereby showing an extremely high signal-to-noise ratio.

In addition, the MTT experiment was conducted to study the
cytotoxicity of [TPE-Dim-DMe] (Br)2. As shown in Fig. 6, when
the concentration of [TPE-Dim-DMe] (Br)2 was 500 mM, its
RSC Adv., 2021, 11, 20911–20915 | 20913
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Fig. 5 DLS of [TPE-Dim-DMe] (Br)2 (0.5 mM) in water.
Fig. 7 (a) Bright-field and (b and c) double channel fluorescence and
images of HepG2 cells with [TPE-Dim-DMe] (Br)2 (0.50 mM) for 2 min.
(d) The merged image of (a–c). Conditions: lex ¼ 405 nm (b) and lex ¼
488 nm (c).
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toxicity to HepG2 cells was very low, and the cell survival rate
was still above 90%.

[TPE-Dim-DMe]2+ ions could be electrostatically enriched by
phosphate moieties of cell and mitochondrial membrane,
which aroused a bright AIE uorescence inside/on the cell
surface. Meanwhile, the excellent water solubility provided
[TPE-Dim-DMe] (Br)2 with quenching emissions in the cyto-
plasm. [TPE-Dim-DMe] (Br)2 could thus be used as an effective
bioimaging agent, thereby avoiding the tedious washing procedure
to remove the residuals.32–34 As shown in Fig. 7b and c, clear outlines
were seen for cells at 405 (blue) and 488 nm (green) of the double
uorescent channels, aer treatment with [TPE-Dim-DMe] (Br)2.
Meanwhile, they could be identied against a completely dark
background. The high signal-to-noise ratio of cell imaging indicated
the superior biological compatibility of [TPE-Dim-DMe] (Br)2.

In summary, a TPE-based ionic compound, [TPE-Dim-DMe]
(Br)2 was designed and synthesized. [TPE-Dim-DMe] (Br)2 dis-
played abnormal AIE characteristics in THF and irreversible
mechano-chromic behavior. A thermo-responsive behavior was
identied in its crystal form over a wide temperature range.
Interestingly, the uorescence intensities depicted a quadruple
linear decline from 24 to 78 �C, which was well consistent with
the multi-stage transformations in its uorescence, TGA, and
XRD proles. The result clearly discloses a close correction
among the intermolecular forces, stacking of structure, and
Fig. 6 The cytotoxicity of [TPE-Dim-DMe] (Br)2 in living HepG2 cells
for 24 h: 10.0 mM, 20.0 mM, 50.0 mM, 100.0 mM, 200.0 mM and 500.0
mM.

20914 | RSC Adv., 2021, 11, 20911–20915
uorescence emissions. Moreover, due to its excellent solubility
in water and uorescence features in water, [TPE-Dim-DMe]
(Br)2 can be used as wash-free bioimaging agent.
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