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Multi-stimulus responsive properties of a Cd-MOF
based on tetraphenylethylenet}

Chen Wang,? Ting Zhang,? Li-Xian Sun,® Yong-Heng Xing (2 *® and
Feng-Ying Bai (2 *@

Multi-stimulus-responsive materials possess potential practical application capabilities in anti-counterfeit-
ing, sensing, information storage and other fields. Here, we have synthesized a crystalline material, Cd-
tcbpe MOF, based on a TPE derivative by a "two-step” method with a high yield. This crystalline MOF
material exhibits sensitive and reversible fluorescence color changes from cyan to yellow-green in
response to multiple stimuli including mechanical forces, water, some small molecules (ie. NHs,
CH3zCOOH, CFzCOOH, and HCl vapors) and temperature. Notably, the corresponding ligand alone does
not possess these multi-stimulus responsive properties. We found that the changes in fluorescence pro-
perties are benefited from the compression and extension of the ligand in the MOF framework structure.
This work also provides support for the development of white LED materials, mechanical flaw detection

rsc.li/frontiers-inorganic

1. Introduction

Multi-stimulus-responsive materials, which can undergo
changes in physical/chemical properties in response to more
than two stimulus conditions, such as light, electricity, temp-
erature and force,"* have shown great potential in sensing
and information storage.*”” Famous cases of organic small
molecules such as azo-benzene,® spiropyran® and viologen™’
have been widely studied for multi-stimulus responsive
materials, which could respond to multiple stimuli. However,
their tedious synthesis conditions and aggregation-caused
quenching (ACQ) in the solid state hinder their application
especially in the fluorescence area.™ In contrast to ACQ, aggre-
gation-induced emission (AIE) first reported by Tang et al. in
2001,"* due to the limitation of non-radiative transitions,
resulting in strong fluorescence in both solid and thin films,
was achieved. To date, molecules with AIE properties have
attracted widespread attention from many researchers and
have been applied in chemical sensing,"*** stimulus-respon-
sive materials,"® and other fields. As a molecule with a propel-
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materials and water vapor/temperature detection.

ler structure, tetraphenylethylene (TPE) is a star molecule in
the AIE field. However, TPE molecules only exhibit mechano-
chromic luminescence behavior and fluorescence properties.*®
Thus, to achieve responses to stimuli, the structural modifi-
cation of TPE molecules is inevitable, which however requires
complex synthesis and the use of expensive metal catalysts,"”
in some cases. In addition, some modified TPE molecules may
even lose their mechanochromic luminescence behavior.'®
Therefore, obtaining TPE derivatives with multi-stimulus
response properties remains a challenge.

Metal-organic frameworks (MOFs) are a fascinating class of
inorganic-organic hybrid crystalline materials with high poro-
sity, excellent surface areas and a tunable pore structure.*® >
And they are regarded as a platform for sensing,?® gas adsorp-
tion/separation,>”*® catalysis,> and so on. It is worth noting
that benefiting from the framework structure, some functiona-
lized MOFs display certain properties that the corresponding
ligands do not possess.*® Therefore, MOFs based on TPE mole-
cules might have the potential for the preparation of multi-
stimulus responsive materials,* which are however seldom
reported.*?

Herein, starting from a TPE based ligand H,tcbpe (4', 4", 4™,
4" (ethene-1,1,2,2-tetrayl)tetrakis(([1,1"-bipheny]-4-carboxylic
acid))), a three-dimensional porous network structure, Cd-
tchpe, was constructed with Cd*" as the metal source. The crys-
talline Cd-tcbpe exhibits obvious luminescence changes from
cyan to yellow-green under the stimulations of mechanical
forces, water, volatile acid/base small molecules and tempera-
ture. Nevertheless, this phenomenon cannot be found in the
ligand Hytcbpe. Benefiting from such multi-stimulus-respon-
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sive character, Cd-tcbpe has shown great potential for infor-
mation storage, anti-counterfeiting, white LED lighting,
luminescence sensing, etc.

2. Experimental section
2.1 Synthesis of [Cd;(tcbpe), 5(DMF)(H,0),]-6DMF (Cd-tcbpe)

In a glass vial, 1 mL of DMF solvent was added to 8.1 mg
(0.01 mmol) of Hytcbpe ligand. The mixture was sonicated
until the solid was totally dissolved to form a transparent
yellow solution. Then 0.5 mL of ethanol was added, and the
mixture was heated at 85 °C for 12 hours. Before cooling down
to room temperature, 30.8 mg (0.1 mmol) of Cd(NO;),-4H,0
was added. The mixture was sonicated until the solid was
totally dissolved, and then was transferred to an 85 °C oven for
12 h to afford yellow solutions and pale-yellow crystals of Cd-
tebpe. Anal. caled (%) for Cy0,H191Cd30,;N5: C, 58.34; H, 4.81;
N, 4.67. Found (%): C, 58.37; H, 4.78; N, 4.63. IR data (cm™"):
3424, 3032, 2932, 1647, 1583, 1383, 1177, 1091, 835, 782.

2.2 Preparation of the Cd-tcbpe-B@PMMA film

The Cd-tcbpe-B@PMMA film adopts a three-layer sandwich
structure. The upper and bottom layers are pure PMMA poly-
mers to prevent the color change of Cd-tcbpe due to contact
with air. The preparation process of the middle layer is as
follows: PMMA (1.75 g) was added to CH;CN (10 mL) and
mixed at room temperature for 12 h. Then 1 mL of the above
solution and 25 mg of Cd-tcbpe-B were fully mixed and
applied to a glass slide, and dried in a glass dryer to finally
form a Cd-tcbpe-B@PMMA film (Scheme S17).

3. Results and discussion
3.1 Synthesis discussion

Generally, the TPE based MOFs reported are constructed by a
traditional “one pot” method, in which all the reactants
including the ligands, metal salts and solvents are added at
one time during the solvothermal and hydrothermal reactions.
However, here we adopted a modified “two-step” strategy to
synthesize Cd-tcbpe, that is, thoroughly heating and dissolving
the ligand before adding the metal salt, and subsequently
heating. Such a synthetic method greatly improved the yield of
MOFs by 1.17 times from the original 28.6% to 62.0%
(Scheme 1). The detailed “one pot” method of synthesizing
Cd-tcbpe is given in the ESL.{ To figure out the differences in
the apparent morphology, atomic force microscopy (AFM)
testing was conducted to analyse the surface morphology of
the solutions with and without preheating. As displayed in
Fig. S1,T the grain height of the preheated ligand solution is
much more uniform than that of the corresponding ligand
solution without heating. Thus, it is suggested that the pre-
heating procedure could help better disperse the ligand, which
is beneficial for the coordination reaction between the ligand
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Scheme 1 Synthesis route of Cd-tcbpe.

and the metal salt. We believe that our strategy might provide
an alternative to improve the yields of some MOFs.

3.2 Structural analysis of Cd-tcbpe

The coordination of Cd(NOj;),-4H,O and H,tcbpe has been
reported in the previous literature®® at 80 °C. And in our
attempt, the crystal obtained exhibits an identical structure
(Tables S1 and S2t) and the detailed structure description of
Cd-tcbpe is given in the ESI (Fig. S27). But it is worth noting
that there are two configurations of the deprotonated ligand
tcbpe®” in the obtained MOF structure (Fig. 1a). Compared to
the Hytcbpe in the free conformation,®® distortion occurs in
the ligand after the formation of the framework structure
(Fig. 1b). And two ligands with different coordination confor-
mations exist in the structure at an angle of 70.525° (Fig. S37).
In addition, there are plenty of intermolecular interactions in
the framework, such as C-H---x stacking interactions (Fig. S4
and Table S31) and C-H---O hydrogen bond interactions
(Fig. S5 and Table S4t). These intermolecular interactions can
not only synergistically stabilize the skeleton, but also poten-
tially facilitate the occurrence of intermolecular charge trans-
fer, leading to emission and reducing the energy loss caused
by non-radiative transition to a certain extent,** thus endowing
Cd-tcbpe with superior luminescence efficiency.

3.3 Mechanochromic luminescence behavior of Cd-tcbpe

The obtained MOFs are pale yellow (Fig. 2a), with an absorp-
tion centred at 428 nm (Fig. 2b). In contrast, the absorption

(b) Cc=C
P1-P2(°) PI1-P3(°) double
bond (A)
Hjtcbpe® 5020 | 12.26 1.341

53.12 43.97 1.350

Cd-tcbpe
55.13 87.70 1.336

Fig. 1 (a) Connection modes of the Hjtcbpe ligand in Cd-tcbpe; (b)
average dihedral angles and the distance of the C—=C double bond of
Hatcbpe in the Cd-tcbpe conformation and in free conformation.°
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Fig. 2 (a) Emissive photographs of Cd-tcbpe and Hjtcbpe under a
hand UV light of 365 nm; (b) UV-vis spectra of Cd-tcbpe-B and Htcbpe
ligand; (c) comparison of tcbpe linkers in Cd-tcbpe (red, blue) and
Hatcbpe (green); (d) fluorescence emission spectra of Cd-tcbpe (lex =
370 nm) and Hatcbpe (1ex = 390 nm).

spectrum of the bright yellow Htcbpe ligand has an
additional shoulder peak at 501 nm (Fig. 2b). In the structure
of the ligand H,tcbpe, benzene rings connect through flexible
o bonds, and the change of the dihedral angle between the
benzene ring and the plane will affect the color of the com-
pounds. Therefore, the corresponding dihedral angles in the
MOFs and ligand were measured respectively (as displayed in
Fig. 1b); the free ligand has a higher degree of planarization
compared to the ligand in MOFs, resulting in a more red-
shifted absorption. In addition, the sizes of the rectangle
formed by four oxygen atoms in the tcbpe®” linker are
different, with 11.76 A x 18.76 A for Hytcbpe (Fig. 2c, green)
and 14.56 A x 17.29 A, 12.10 A x 18.33 A for Cd-tcbpe (Fig. 2c,
red and blue). Thus, after being coordinated with the metal,
the ligand undergoes an extension along a direction. This
difference also leads to significant fluorescence differences®”
(Fig. 2d). Cd-tcbpe exhibits cyan colored emission at 475 nm
with the coordinate (0.16, 0.29), whereas the H,tcbpe ligand
shows a yellow—green emission at 532 nm with the coordinate
(0.33, 0.57) (Fig. S8bt). Moreover, DFT calculations were con-
ducted to explain such differences.>® The energy levels of the
ligand and the protonated ligand in MOFs were calculated.>®
As displayed in Fig. S6,7 the formation of the MOF increases
the energy gap between the HOMO and LUMO of the ligand,
leading to the blue shift of the emission peak. The fluo-
rescence quantum yield of Cd-tcbpe is stable and reaches as
high as 64.3%. In addition, Cd-tcbpe in crystalline state exhi-
bits fluorescence emission at 475 nm at different excitation
wavelengths (Fig. S77).

Mechanochromic luminescence behavior represents one
outstanding characteristic of TPE-based compounds. Hence,
we investigated the fluorescence of crystalline Cd-tcbpe at
different grinding levels. As shown in Fig. 3a, as the grinding
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Fig. 3 (a) Fluorescence emission of Cd-tcbpe with the increase in
grinding; (b) corresponding CIE coordinate changes; (c) recycling test of
mechanochromic luminescence with grinding/restoring cycles; (d)
representative color changes during the grinding process; (e) PXRD pat-
terns of Cd-tcbpe-B, Cd-tcbpe-Y, recovered Cd-tcbpe and the simu-
lated Cd-tcbpe.

frequency increases, the luminescence of Cd-tcbpe changes
from cyan to yellow-green (Fig. 3b), and the corresponding
emission spectra undergo a gradual red shift, with a
maximum redshift of 60 nm. Meanwhile, the color of Cd-tcbpe
also changes from pale yellow to bright yellow (Fig. 3d). Here,
for convenience, we named the pre-grinding sample Cd-tcbpe-
B and the maximum grinding sample Cd-tcbpe-Y based on the
fluorescence color. It is worth mentioning that the fluo-
rescence emission spectrum and CIE coordinate of Cd-tcbpe-Y
are almost consistent with those of the ligand (Fig. S8bf¥),
along with the UV-vis absorption spectrum (Fig. S8aft).
Therefore, combined with Fig. 2c, it is believed that grinding
leads to the compression of the ligand skeleton in MOFs,
accompanied by the changes of color and luminescence. In
contrast, the pure ligand could not change its own color and
emission color, no matter how it was ground (Fig. S97). So, the
mechanochromic luminescence behavior of MOFs could be
attributed to the coordinated framework structure, which
could enable the existence of the unstable structure. Besides,
as shown in Fig. S10a,} the photoluminescence quantum yield
(PLQY) value of Cd-tcbpe-Y is 125.59%, higher than that of Cd-
tcbpe-B (64.30%), and detailed descriptions of PLQY determi-
nation are shown in the ESI.{ The fluorescence lifetime of Cd-
tcbpe-B increased from 1.45 ns to 2.52 ns of Cd-tcbpe-Y, which
means that the grinding process may lead to a slightly pro-
longed excitation state® (Fig. S10bt). The FT-IR spectrum of
Cd-tcbpe-Y is almost identical to that of Cd-tcbpe-B, proving
that the structure is maintained after grinding (Fig. S117).
Thermal analysis reveals smaller weight loss after grinding,
indicating that the solvent molecules in the crystalline Cd-
tcbpe-B are continuously lost during the grinding process
(Fig. S12t). However, the PXRD pattern shows that after grind-
ing, Cd-tcbpe-Y becomes amorphous (Fig. 3e), which is similar
to the reported literature.*

The apparent color as well as fluorescence color of the
ground MOFs could return to the initial color after treatment

Inorg. Chem. Front., 2023,10, 7351-7358 | 7353
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with some solvents such as dichloromethane (DCM). Besides,
it is found that the yellow powder could quickly change to the
cyan one when immersed in the supernatant of the mixture
after reaction. The use of such a solution is in accordance with
the concept of green chemistry. The fluorescence spectrum
and PXRD pattern of the solution treated Cd-tcbpe-Y are
almost the same as those of the initial Cd-tcbpe-B, indicating
that the reaction solution could help the recrystallization
process and further restore cyan luminescence (Fig. 3e and
S137). Then the reversibility of such mechanochromic lumine-
scence behavior was evaluated via alternately grinding and dis-
persing the ground powders into the reaction solution. As dis-
played in Fig. 3c, the ground powders could almost entirely
recover to their initial color and fluorescence color after five-
cycle experiments, revealing excellent reversibility. Besides, the
FT-IR spectrum proves that the structure of Cd-tcbpe is main-
tained after cycling (Fig. S11,} blue). And the crystallinity of
Cd-tcbpe recovered to 56.05% after cycling (the crystallinity of
Cd-tcbpe-B is 87.65%) (Fig. 3e, green), which was calculated
using Jade 6 software. Such good mechanochromic lumine-
scence behaviors (i.e., high sensitivity, excellent reversibility
and obvious fluorescence difference before and after grinding)
of Cd-tcbpe make it attractive for pressure sensing, anti-coun-
terfeiting, etc.

To explore the further application of Cd-tcbpe-B, its paper-
film based material was first prepared (see the details in the
ESIT). The Cd-tcbpe-B powder was used to uniformly cover the
surface of filter paper, which appears pale yellow in daylight,
and shows cyan luminescence under UV light. By applying
local pressure, the letters “ABCD” and the pattern of “heart”
could be displayed and produce obviously different yellow fluo-
rescence (Fig. 4a), thereby achieving patterning. Additionally, a
flexible Cd-tcbpe-B@PMMA film was prepared via dispersing
Cd-tcbpe-B into PMMA. Then the Chinese character “force”
was written on such a film using a gel pen. It can be seen from

Cd-tcbpe

UV light Flexible

Sunlight

PMMA film

Fig. 4 (a) Seal photograph of "ABCD" and the pattern of a heart
pressed on Cd-tcbpe-B under sunlight and UV light (365 nm); the
picture on the left is a diagrammatic sketch, and in the upper left corner
is a photograph of the seal with the letters "ABCD" and pattern of a
heart; (b) images of Cd-tcbpe-B@PMMA films with the Chinese charac-
ter “force” written using a gel pen.
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Fig. 4b that the color and emission color of the Chinese char-
acter create a strong contrast with the background color. As
mechanical scratches are one of the reasons that affect the
service life of solid materials,®” this sensitive material could
also become one of the best choices to realize early detection
of damage and also reduce the damage rate. We also tried to
prepare a Cd-tcbpe-B@PDMS film with elasticity, but unfortu-
nately Cd-tcbpe could not maintain its initial cyan color emis-
sion, displaying yellow-green fluorescence when being dis-
persed into PDMS, which leads to poor mechanochromic
luminescence behavior (Fig. S147). As a result, it is inferred
that the polarity of the surroundings around Cd-tcbpe might
affect the fluorescence of Cd-tcbpe. To confirm our conjecture,
Cd-tcbpe was added to five different solvents with distinct
polarities. It was found that on increasing the polarity of the
solvent, the emission peaks of Cd-tcbpe gradually red shifted
until it showed the maximum emission wavelength in water
(Fig. S15%). Therefore, Cd-tcbpe-B exhibits yellow-green
luminescence in the polymer PDMS with high polarity, while it
displays cyan luminescence in the polymer PMMA with low

polarity.

3.4 White LED application of Cd-tcbpe-Y

Solid-state white LEDs*® have opened up a promising path for
green and environmentally friendly lighting due to their
advantages of high efficiency, energy conservation, environ-
mental friendliness, long durability and easy packaging.*®
They do not generate a large amount of energy waste compared
to incandescent bulbs, nor do they pose a potential threat to
the environment due to the leakage of mercury in fluorescence
tubes.*® Benefiting from the strong yellow-green emission of
Cd-tcbpe-Y with high PLQY, its potential application for white
LEDs was considered. According to the construction principle
of white-emitting diodes, the MOF was first applied to a blue
light LED. Unfortunately, no matter how much MOF was
applied, when the LED was turned on, the Cd-tcbpe-Y based
LED exhibited an emission with a CIE coordinate (0.25, 0.45),
which is far away from the white light region. Due to a slight
blue shift in the luminescence of Cd-tcbpe-Y compared to the
yellow emission, the obtained Cd-tcbpe-Y based LED displayed
green luminescence. For supplementing the luminescence in
the range of 600 nm, a rose red LED was chosen instead.
Notably, the emission of the rose red LED contains two parts:
one emitting blue light centered at 450 nm and the other emit-
ting pink light centered at 614 nm. The emission of blue light
can stimulate the MOF to emit yellow-green fluorescence, due
to the overlap between the luminescence and MOF absorption,
while pink light could act as a supplement, rendering a white
light emission. In considering this, the Cd-tcbpe-Y powder was
integrated into a rose red light LED. As shown in Fig. 5a, when
the additional amount is 10 mg, the Cd-tcbpe-Y based LED
exhibits a white emission with a wide wavelength range and
the CIE coordinate calculated was (0.30, 0.31) (Fig. 5b).
Compared to the uncoated LED, the relative intensity of blue
and pink light emission decreases when the Cd-tcbpe-Y based
LED was lit, indicating the occurrence of an energy transfer

This journal is © the Partner Organisations 2023
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Fig. 5 (a) Fluorescence emission spectra of LED with a rose red chip
and the Cd-tcbpe-Y based LED; (b) CIE coordinate for the Cd-tcbpe-Y
based LED.

process. Cd-tcbpe-Y displayed a steady emission even on
heating to 100 °C, which is beneficial for practical applications
(Fig. s16%).

3.5 Hydrochromic luminescence behavior of Cd-tcbpe

It is worth noting that the dry Cd-tcbpe-B crystalline sample
gradually changes from pale yellow to bright yellow
accompanied by obvious fluorescence changes from cyan to
yellow-green when exposed to air for 2 hours (Fig. S17 and
S18,T yellow line), whereas it could still maintain its initial
color when kept in a relatively dry environment. Thus, it is
inferred that the water vapor in air might induce the color
change. To confirm our supposition, Cd-tcbpe-B was soaked in
ethanol solutions with different water contents for 5 min, and
its solid-state fluorescence emission spectra were measured. As
shown in Fig. 6, with increasing water content, the emission
spectra peaks showed an apparent red shift from 475 to
517 nm, and the corresponding color changed from pale
yellow to bright yellow, accompanied by an emission color
change from cyan to yellow-green. In particular, when the
water content exceeds 40%, the color change is very obvious.
Nevertheless, we found that the color change rate during the
grinding process was faster than that when it was placed in

Sun light
Y Y ETTTTT M T Ty

water content (%)

Normalized Intensity

T T
400 450 500

T T T T
550 600 650 700

Wavelength (nm)
Fig. 6 Changes of fluorescence emission spectra of Cd-tcbpe-B with

increasing water content (insert: the sunlight and UV light images of Cd-
tcbpe-B in ethanol solutions with different water contents).

This journal is © the Partner Organisations 2023

View Article Online

Research Article

air, so it is speculated that water molecules have a little impact
on the grinding process. As a result, on grinding Cd-tcbpe-B in
a vacuum glovebox, the color and fluorescence changes still
occurred (Fig. S18,1 green line). Compared with the FT-IR
spectra and PXRD pattern, before and after adding water, the
crystallinity of the powder after hydrochromic luminescence
decreased, but the structure did not show significant changes
(Fig. S197). As displayed in Fig. S19a,f the O-H stretching
vibration peak around 3400 cm™' ascribed to the OH func-
tional groups red-shifted after addition of water, demonstrat-
ing the formation of hydrogen bonds in Cd-tcbpe after soaking
in water. Moreover, the decrease of the O-H bending vibration
peak (5o11) at 1648 cm™" also confirms this viewpoint. After
solution treatment, the crystallinity and fluorescence could be
restored. In addition, the obvious changes in color and fluo-
rescence are still observed when placing the powder in an
environment with low relative humidity (R.H. = 30%), revealing
its potential to be applied in water vapor detection. Moreover,
the hydrochromic luminescence mechanism is also compre-
hended that the exchange of H,0 molecules with a small size
with internal DMF molecules caused the compression of the
framework structure, leading to changes in the fluorescence
spectra.

In addition to water, we found that some volatile acids or
bases such as Et;N, NH;, CH;COOH, CF;COOH, and HCI all
can induce color and fluorescence changes (Fig. 7a). Although
the alkalinity of Et;N is higher than that of NH3, no obvious
color changes occur. The color and fluorescence color changes
rely on the exchange of the outside vapor and DMF molecules
inside the MOF. NH3;, CH;COOH, CF;COOH, and HCI possess
molecular sizes smaller than that of DMF; thus they could
replace the DMF molecules in the structure and lead to a com-
pression of the framework, leading a change of the emission
color from cyan to yellow-green. In contrast, Et;N with a size
larger than that of DMF could not induce such conversion
(Fig. S207). Furthermore, different vapors cause different fluo-
rescence displays (Fig. 7b). Such distinct fluorescence color
differences detectable by the naked eye render Cd-tcbpe prom-
ising for acid/base vapor detection, and help quickly detect
some vapors with molecular sizes larger than that of the DMF
molecule. Besides, the thermochromic behavior of Cd-tcbpe
has also been found (Fig. S21%). In addition, from the PXRD
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Fig. 7 Image (a) and fluorescence emission spectra (b) of Cd-tcbpe-B
placed under five acid/base vapor environments with different sizes.
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patterns (Fig. S22b¥), it could be seen that Cd-tcbpe-B treated
at lower temperatures could maintain its crystalline structure;
however, once the temperature increased, Cd-tcbpe-B became
amorphous; the IR spectra (Fig. S22at) indicate that its struc-
ture has not changed after thermochromism. And the occur-
rence of thermochromic behavior could also be attributed to
the compression of the framework due to the loss of solvent.
Therefore, Cd-tcbpe, as a kind of multi-stimulus responsive
MOF material, could be widely used in practical fields such as
anti-counterfeiting, fluorescence sensing, vapor/temperature
detection, etc.

4. Conclusion

In this work, we employed a “two-step” method, namely the
ligand pre-heating method, to prepare a crystalline MOF
material Cd-tcbpe with a three-dimensional porous network
structure in a high yield. This type of crystalline material
shows susceptible fluorescence color changes in response to
mechanical forces, water, some small acid/base molecules and
temperature. However, the above properties are not found in
the ligand molecule. The emergence of this phenomenon is
attributed to the configuration transformation of ligands in
the framework structure. Therefore, the successful develop-
ment of the multi-stimulus responsive properties of Cd-tcbpe
has great potential in the field of anti-counterfeiting, infor-
mation storage, white LEDs and fluorescence sensing.
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