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rescence by photo-switched
spin-state conversions in an iron(II)-based SCO-
MOF†

Fei-Fei Yan, Wen-Jing Jiang, Nian-Tao Yao, Pan-Dong Mao, Liang Zhao,
Hui-Ying Sun, Yin-Shan Meng and Tao Liu *

Manipulating fluorescence by photo-switched spin-state conversions is an attractive prospect for

applications in smart magneto-optical materials and devices. The challenge is how to modulate the

energy transfer paths of the singlet excited state by light-induced spin-state conversions. In this work,

a spin crossover (SCO) FeII-based fluorophore was embedded into a metal–organic framework (MOF) to

tune the energy transfer paths. Compound 1 {Fe(TPA-diPy)[Ag(CN)2]2}$2EtOH (1) has an interpenetrated

Hofmann-type structure, wherein the FeII ion is coordinated by a bidentate fluorophore ligand (TPA-

diPy) and four cyanide nitrogen atoms and acts as the fluorescent-SCO unit. Magnetic susceptibility

measurements revealed that 1 underwent an incomplete and gradual spin crossover with T1/2 = 161 K.

Photomagnetic studies confirmed photo-induced spin state conversions between the low-spin (LS) and

high-spin (HS) states, where the irradiation of 532 and 808 nm laser lights converted the LS and HS

states to the HS and LS states, respectively. Variable-temperature fluorescence spectra study revealed an

anomalous decrease in emission intensity upon the HS / LS transition, confirming the synergetic

coupling between the fluorophore and SCO units. Alternating irradiation of 532 and 808 nm laser lights

resulted in reversible fluorescence intensity changes, confirming spin state-controlled fluorescence in

the SCO-MOF. Photo-monitored structural analyses and UV-vis spectroscopic studies demonstrated that

the photo-induced spin state conversions changed energy transfer paths from the TPA fluorophore to

the metal-centered charge transfer bands, ultimately leading to the switching of fluorescence intensities.

This work represents a new prototype compound showing bidirectional photo-switched fluorescence by

manipulating the spin states of iron(II).
Introduction

Fluorophores that can exhibit switchable uorescent emission in
response to external stimuli such as light, heat, pressure, and
magnetic or electric eld are promisingly applicable in informa-
tion storage,1–5 bio-sensing,6,7 uorescence imaging,8–12 and
molecular devices.13,14 It is highly desired to manipulate the uo-
rescent signal to fulll the demands for advanced photoelectric
technologies. Commonly, uorescence switching mechanisms
involve changes in the energy transfer path,15–17 excimer/exciplex
formation,18–20 or HOMO–LUMO gap,21,22 which can be attained
by chemical modications and stacking modes of component
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942
molecules. In particular, controlling or switching the uorescent
signal via a light stimulus is more interesting owing to its nonin-
vasive, supersensitive and accessible characteristics in comparison
to other physical stimuli.23,24 Among the reported light-responsive
molecular systems, photo-induced isomerization, such as cis/trans
and ring opening/closing transformations, are extensively studied.
These organic uorescent molecular systems commonly undergo
drastic molecular conformational transformation or bond
breaking/formation in solution in switching processes.25Moreover,
uorescence switching in these organic solids suffers from the
drawbacks of low conversion and repetition efficiency, slow
transformation rate and fatigue damage under UV light irradia-
tion, which hamper their further applications for optoelectronic
devices.26 It is, therefore, challenging to build molecular solids
whose uorescence properties can be manipulated without
signicant conformational changes, leading to high conversion
efficiency and durability.

Spin crossover (SCO) complexes are well-known switchable
materials, in which spin states of transition metals with 3d4–3d7

electron conguration can be interconverted between high-spin
(HS) and low-spin (LS) states under external stimuli such as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Coordination environment of the FeII center for compound 1
at 120 K. (b) A 3D Hofmann-type MOF with [Fe6{Ag(CN)2}6] grids. The
red dashed lines represent C–H/O interactions between the ligands
and EtOH molecules. Hydrogen atoms and solvent molecules were
omitted for clarity. Color codes: Fe, orange; Ag, pale green; N, violet;
C, pale gray; H, blue; O, red.
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View Article Online
temperature, light, pressure, and applied electric eld.27–31 Recent
studies have proven that the uorescence intensity of SCO
complexes can be effectively modulated by spin-state
conversions.32–39 The uorophore acts as a photosensitizer
responsible for absorbing photons and emitting uorescence,
while the SCO unit is a better energy acceptor. When a coupling
path is built between them, the energy transfer efficiency from the
uorophores to metal ions will be different for the HS and LS
states due to the varied overlaps of emission bands of the ligand
and absorption bands of the metal ion. It is noteworthy that an
SCO molecule changes its coordination bond lengths, but no
substantial conformational change occurs upon spin conversions,
suggesting high durability against electronic state conversions. In
addition, theHS and LS states of an SCOmetal ion can bemutually
manipulated by light irradiation, called light-induced excited spin
state trapping (LIESST) and reverse LIESST (RE-LIESST) effects.40,41

The light-induced process usually occurs on a picosecond scale,
enabling a rapid response upon light irradiation.42 The SCO units
are, therefore, expected to provide a feasible approach to manip-
ulate the uorescence properties by the LIESST and RE-LIESST
effects. To date, several uorescence–SCO complexes showed
synergy of spin crossover and emission behavior, among which
only two SCO complexes exhibited the modulation of uorescence
upon light-induced LS / HS transition but the recovery of uo-
rescence requires time-consuming thermal treatment.43,44 In 2018,
our group reported a mononuclear complex [FeL2(NCS)2], where L
is a uorophore ligand of (pyrene-1-yl)-N-(3,5-di(pyridin-2-yl)-4H-
1,2,4-triazol-4-yl)methanimine, with the photoinduced spin cross-
over accompanied by a 20% change in the uorescence emission
intensity from the uorophore.44 As far as we know, the SCO
complex showing reversible modulation in uorescence intensity
upon light-induced spin-state conversions has not been reported.
One reason is that the photo-responsive properties of the SCO unit
are ultra-sensitive to subtle structural changes. In addition, the
uorophore is also easily quenched when embedded into para-
magneticmetal complexes. Therefore, the state-of-the-art design of
uorescence–SCO molecules should be paid attention to preserve
both the uorescence and photo-induced SCO properties.45 The
coupling of the uorophore and SCO unit is key to managing an
effective energy transfer for varying uorescence intensities.

Hofmann-type FeII-based metal–organic frameworks (MOFs)
are potential candidates to achieve the synergy of the SCO and
uorescence properties, because they have the advantages of ex-
ible porous structures, high thermal stability, and multifunctional
coupling properties, which can be pre-designed purposefully by
the incorporation of appropriate functional ligands and guest
molecules.46–51 In addition, a considerable number of Hofmann-
type FeII-based SCO-MOFs were reported to show the LIESST
effect,48,52 which makes us condent in realizing the bidirectional
controls of the SCO and uorescence properties by the LIESST and
RE-LIESST effects. With these concerns, we designed a new uo-
rescent ligand N-phenyl-4-(4-pyridinyl)-N-[4-(4-pyridinyl)phenyl]
aniline (TPA-diPy) with a strong uorescence emission at 470 nm,
and [Ag(CN)2]

− was chosen as a building block to construct the
uorescent SCO-MOF. A newly designed Fe(II) complex of {Fe(TPA-
diPy)[Ag(CN)2]2}$2EtOH (1) displays synergetic SCO-uorescence
properties, where the reversible and bidirectional modulations of
© 2023 The Author(s). Published by the Royal Society of Chemistry
uorescence intensity upon spin-state conversions by alternating
532 and 808 nm light irradiation are realized. To our knowledge, 1
is the rst example exhibiting reversibly switched uorescence by
light-induced spin-state conversions.
Results and discussion

The reaction of Fe(ClO4)2$6H2O and a bidentate ligand TPA-diPy
with K[Ag(CN)2] in a mixed solvent of ethanol and DMF yielded
{Fe(TPA-diPy)[Ag(CN)2]2}$2EtOH (1). Pale yellow crystals of 1 suit-
able for single crystal X-ray analyses were obtained by slow diffu-
sion of component solutions using an H-shaped tube. The powder
X-ray diffraction (XRD) measurement at room temperature
conrmed the phase purity (Fig. S1†), and the thermogravimetric
analysis (TGA) showed that 1 is stable below 360 K (Fig. S2†). The
single crystal X-ray diffraction data were collected at 60, 120, and
270 K, and the crystallographic data are listed in Table S1–3.†
Single crystal structure analyses show that 1 crystallizes in the
monoclinic space group C2/c at the measured temperatures. The
asymmetric unit contains one independent FeII ion, half of the
TPA-diPy ligand, one [Ag(CN)2]

− unit, and one guest EtOH mole-
cule (Fig. S3†). The FeII ion adopts a slightly distorted octahedral
coordination geometry, in which the equatorial positions are
occupied by four cyanide nitrogen atoms from the [Ag(CN)2]

−

entities, and the apical positions are coordinated by two nitrogen
atoms from the TPA-diPy ligands (Fig. 1a). The [Ag(CN)2]

− units
bridge the FeII ions to form a 3D Hoffmann-type framework,
composed of [Fe6{Ag(CN)2}6] grids, in which the TPA-diPy ligands,
running across the MOF frameworks, bridge the FeII ions (Fig. 1b
and S4†). Uncoordinated ethanol molecules are located in the
voids and form hydrogen bonds with the aniline groups. At 270 K,
the Fe–NTPA-diPy and Fe–Ncyanide bond lengths are in the range of
2.195(5) and 2.131(7)-2.157(5) Å, respectively, characteristic of HS
FeII ions. As the temperature was decreased to 120 K, the Fe–NTPA-

diPy and Fe–Ncyanide bond lengths decreased to 2.092(6) and
2.035(7)-2.064(5) Å, respectively. Upon further cooling the sample
to 60 K, 1 experienced subtle shortenings in the Fe–NTPA-diPy (0.011
Å) and Fe–Ncyanide (<0.016 Å) bond lengths. These variations in
bond lengths suggested that 1 underwent an incomplete thermally
Chem. Sci., 2023, 14, 6936–6942 | 6937
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induced SCO behavior.53–55 Based on the structural analyses, we
conclude that the distorted octahedral geometry [FeIIN6] is a typical
SCO coordination moiety, and the TPA-diPy ligand synthesized by
graing pyridyl groups onto the triphenylamine is theuorophore.

Magnetic susceptibility measurements were performed on
the polycrystalline sample 1 in the temperature range from 2 to
300 K under a DC eld of 1000 Oe (Fig. 2a). At 300 K, the cMT
value is 3.82 cm3 mol−1 K, which is characteristic of an HS FeII

ion (S = 2 and g = 2.26). As the temperature was lowered, the
cMT products gradually decreased to 1.37 cm3 mol−1 K at 20 K,
followed by a sudden decrease to 0.73 cm3 mol−1 K at 2 K. The
results suggest an incomplete spin crossover to the LS state with
T1/2 = 161 K. Considering the closest interatomic distance (Fe/
Fe) of 10.207 Å, the antiferromagnetic contribution to the cMT
values is negligibly small above 20 K, and the sudden decrease
of the cMT values below 20 K is mainly attributed to the zero-
eld splitting of the remaining HS FeII species. The cMT
values in the heating mode traced the same temperature prole
as in the cooling mode, suggesting no apparent thermal
hysteresis.

57Fe Mössbauer spectra of 1 were recorded at 275 and 40 K to
characterize the spin states of the FeII centers (Fig. S5 and Table
S5†). In the high-temperature phase at 275 K, a Mössbauer spec-
trum is composed of one quadrupole doublet, of whichMössbauer
parameters are d (isomer shi) = 0.96 mm s−1 and DEQ (quadru-
pole splitting)= 1.15 mm s−1, characteristic of the HS-FeII species.
As the temperature was lowered to 40 K, the quadruple doublet (d
Fig. 2 (a) Temperature-dependent susceptibilities of 1 under a DC
field of 1000 Oe. (b) Plots of cMT vs. time under cycles of successive
irradiation at 532 nm and 808 nm lasers at 10 K for 1.

6938 | Chem. Sci., 2023, 14, 6936–6942
= 1.07 mm s−1 and DEQ = 2.01 mm s−1) assigned to the HS FeII

component was decreased, and an additional quadrupole singlet
(d = 0.38 mm s−1 and DEQ = 0.17 mm s−1) was observed,
assignable to the LS-FeII species. The peak area ratio for theHS and
LS species is HS/LS = 0.39/0.61, consistent with the value (0.40/
0.60) estimated from the magnetic susceptibility data at 40 K.

Variable temperature UV-vis absorption spectra were measured
rst because they can provide guidelines for choosing excitation
light wavelengths suitable for photomagnetic experiments.
According to UV-vis absorption spectra, we found that 1 in the high
temperature (HT) phase at 300 K showed a broad absorption band
at 840 nm, while in the low temperature (LT) phase at 100 K two
absorption bands around 410–450 and 500–590 nm were observed
(Fig. 3). Therefore, we decided to use 532 and 808 nm laser lights to
investigate the photo-responsive properties of 1. Excitation around
532 nm, corresponding to MLCT or d–d (1A1/

1T1) transitions in
many LS-FeII materials, induces a dynamical sub-ps spin transition
towards the metastable high spin (HS*) state,40,41 while excitation
around 808 nm (d–d (5T2/

5E)) in some HS-FeII materials induces
a LS excited state (LS*), which kinetically decays to the LS* state
within 40 ps.42 Photomagnetic measurements were then per-
formed to study the LIESST and RE-LIESST effects (Fig. 2b). When
1 in the LT phase was irradiated using the 532 nm laser light at 10
K, the cMT values increased from 0.56 to 2.36 cm3 mol−1 K within
90 min. Aer turning off the laser light and raising the tempera-
ture to 30 K, the cMT values increased to a maximum of 3.50 cm3

mol−1 K. This suggests that most LS FeII species turned to
a metastable HS*-FeII state in the metastable high temperature
(HT*) phase by the LIESST effect. Upon heating the sample in the
HT* phase, the cMT values decreased and merged with the values
for the non-irradiated sample at 75 K, indicative of the thermal
relaxation to the LT phase. In contrast, the 808 nm laser light
irradiation on the HT* phase at 10 K for 90min decreased the cMT
values from 2.36 to 0.69 cm3mol−1 K. These results clearly indicate
that the HS*-FeII state (generated aer irradiation with 532 nm
light) can be reversibly transformed into the LS state using 808 nm
light, thus conrming the RE-LIESST effect. It is worth noting that
magnetic susceptibility switching by alternating the 532 and
808 nm laser lights can be well repeated three times, suggesting
the repeatability and durable stability of 1 in the photo-switching.
Fig. 3 Temperature-dependent UV-vis spectra of 1 in a solid from 100
to 300 K in heating mode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The reversible photo-response properties of 1 set the foundation
for the manipulation of uorescence properties by the LIESST and
RE-LIESST effects.

To verify the synergy between uorescence and SCO in
compound 1, temperature-dependent uorescence spectra for
the solid samples of 1 and ligand TPA-diPy were recorded from
80 to 300 K in the heating mode, where the excitation light of lex
= 398 nm was used for all measurements. The emission spectra
of TPA-diPy exhibited a broad emission band with a peak
maximum at lem = 471 nm. The peak intensity decreased
monotonously upon heating due to the thermal quenching
effect (Fig. S6†). In contrast to the ligand, 1 exhibited substan-
tial temperature dependence in the uorescence spectra
(Fig. 4). The emission spectra of 1 at 80 K showed two bands
with peak maxima at 450 and 480 nm. As the temperature was
raised from 80 K, the emission intensities of the two bands
became stronger and the bands merged into one and reached
the maximum value at 220 K, followed by a decrease in intensity
upon further temperature increases. Temperature dependences
of the emission intensity showed a similar prole to that of the
cMT values up to 225 K, above which the thermal quench
became predominant. The anomalous uorescence enhance-
ment was observed only in the temperature range from 80 to 220
K, a similar temperature region in the spin crossover, con-
rming the synergetic coupling between the uorescence
emission and SCO.

The LIESST and RE-LIESST effects on the uorescence
emission behavior were studied for 1, where laser light
Fig. 4 (a) Temperature-dependent fluorescence emission spectra for
compound 1 in a solid state at lex = 398 nm with heating mode from
80 to 300 K. (b) cMT and the fluorescence intensity of the maximum
emission as a function of temperature for 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
irradiation (532 and 808 nm) and the subsequent spectral
measurements were performed at 10 K with the excitation light
of lex = 398 nm (Fig. 5a and S7†). It should be noted that no
LIESST effect was observed with the 398 nm light irradiation.
Before the irradiation, 1 showed an emission peak at ca.
427 nm. Interestingly, the uorescence intensity signicantly
increased aer the 532 nm laser light irradiation and reached
saturation aer the irradiation for 30 minutes. Considering the
photomagnetic data, the majority of LS FeII ions in 1 were
converted to the metastable HS* state in the HT* phase by
532 nm light irradiation. It is also worth noting that the
maximum uorescence intensity in the HT* phase is about ca.
1.8 times larger than that of the unirradiated sample. When 1 in
the HT* phase was exposed to the 808 nm laser light, the
uorescence intensity decreased and reached the same value as
in the LT phases. It is also conrmed that the cyclic photo-
irradiation experiments gave a reversible recovery of uores-
cence intensities (Fig. 5b). The results demonstrate that the
uorescence intensity can be reversibly modulated by the
LIESST and RE-LIESST processes. As far as we know, 1 is the rst
example in a family of SCO complexes to realize reversible
photo-switched uorescence by manipulating spin states.

Photo-monitored single crystal X-ray analyses provided the
structural basis for the photo-switched luminescence upon
light-induced spin state conversions.56,57 The single crystal of 1
Fig. 5 (a) Fluorescence emission spectra under cycles of alternative
irradiation of 532 nm (green line) and 808 nm (red line) lights at 10 K
under lex = 398 nm. (b) Fluorescence intensity of maximum emission
for 1 under cycles of successive irradiation by 532 nm and 808 nm
lights at 10 K (lex = 398 nm).

Chem. Sci., 2023, 14, 6936–6942 | 6939
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Table 1 Average Fe1–N bond lengths (Å) and volumes (Å3) at different
states for 1

1 30 K 30 K532 nm 30 K808 nm

Fe1–NTPA-dipy 2.094(6) 2.191(4) 2.027(8)
Fe1–Ncy 2.056(6) 2.155(4) 2.010(8)
Fe1–Ncy 2.033(7) 2.149(5) 1.991(8)
Fe1–Navg 2.061(3) 2.165(2) 2.009(3)
V 3356.3(14) 3443.8(3) 3359.0(4)

Fig. 6 Schematic diagram of energy transfer between the energy
donor fluorophore and the energy acceptor FeII SCO center.

Fig. 7 UV-vis (experimental and normalized) and fluorescence emis-
sion (experimental and normalized) spectra of 1 in the LS and HS states.
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was gradually cooled down to the LT phase at 30 K, which is
a mixture of the HS and LS species (HS/LS = 0.40/0.60). The
532 nm laser light irradiation converted the LT phase to the HT*
phase, conrming LIESST behavior. Note that 1 retains the
same space group of C2/c throughout the photo-irradiation
experiments. The cell volume in the HS* phase was increased
by 2.61% from 3356.3(14) Å3 to 3433.8(3) Å3 (Table S1–3†), and
the average Fe–N bond lengthened from 2.061(3) Å to 2.165(2) Å
upon the irradiation (Table 1). These bond length changes
indicate the occurrence of spin conversion from the LS to the
HS* state. Aerward, the crystal in the HS* phase was irradiated
with the 808 nm laser light. Upon irradiation, the average Fe–N
bond lengths decreased to 2.009(3) Å and the unit cell volume
shrank to 3359.5(4) Å3, suggesting the HS* to LS state conver-
sion. It is worth mentioning that the average bond length
(2.009(3) Å) in the LS state aer the 808 nm laser irradiation is
shorter than that of the pristine non-irradiated crystal (2.061(3)
Å), suggesting the smaller HS/LS ratio in the LS phase generated
by RE-LIESST. The temperature dependence of the crystal
parameters for 1 in the metastable HS* phase showed a slight
decrease in the unit cell volume from 3434(4) Å3 at 30 K to
3342.1(8) Å3 at 70 K (Table S4†). Further heating the crystal
increased the unit cell volume to 3360.6(9) Å3 at 90 K. The result
suggests that the metastable HS* phase relaxes back to the
thermally stable LT phase at 90 K. The above ndings conrm
the alternating spin state switches of the FeII ion with 532 and
808 nm laser irradiation. Volume change and intermolecular
reorganizations may also inuence the Förster resonance
energy transfer (FRET) process and thereby the uorescence
properties. To check this, we overlapped the crystal structures of
1 before and aer light irradiation. The overlapped diagram
indicated that no signicant intermolecular reorganizations
and structural rearrangements occurred (Fig. S8†). This
suggests that the intermolecular structural rearrangement is
not the main reason for the changes in uorescence. The
LIESST and RE-LIESST are the keys to manipulating the uo-
rescence by switching the spin states of FeII ions.

Couplings between the SCO and uorophore originate from the
Förster resonance energy transfer (FRET), which requires effective
spectral overlaps between the emission bands of the uorophore
and the absorption bands of the SCO unit (Fig. 6).32,45 Therefore,
variable-temperature UV-vis absorption spectra of 1 were recorded
to probe the spectral overlaps (Fig. 3). At 100 K, two absorption
bands at around 410–450 and 500–590 nm were observed in the
UV-vis spectrum, assignable to MLCT and d–d (1A1 /

1T1) bands
of the LS FeII ion, respectively.40,41 As the temperature was raised to
6940 | Chem. Sci., 2023, 14, 6936–6942
300 K, the intensity of the two absorption bands gradually became
smaller. At the same time, a broad absorption band at 700–
1000 nm, corresponding to the d–d (5T2/

5E) transition of the HS
FeII ion, became stronger.42,47,58 It can be seen that the emission
band of the uorophore signicantly overlapped with the
absorption bands of the LS FeII species (Fig. 7). This suggests that
the energy transfer occurs from the singlet excited state to the
MLSLCT band in the LS FeII species, leading to uorescence
quenching via FRET. In contrast, the less overlapped emission and
MHSLCT bands in the HS FeII state limit the energy transfer,
leading to the gradual enhancement of uorescence intensity
during spin-state conversions from the LS to the HS state.
Consequently, the synergetic modulation between uorescence
and SCO in 1 could be realized. Photo-monitored structural anal-
yses together with UV-vis spectroscopic studies demonstrated that
the LIESST and RE-LIESST processes changed energy transfer
efficiency from the TPA uorophore to the metal-centered charge
transfer bands by switching the spin states of FeII, which ultimately
contributed to the modulation of uorescence intensities.
Conclusions

To summarize, a new 3D Hofmann type SCO-MOF, {Fe(TPA-
diPy)[Ag(CN)2]2}$2EtOH (1), was synthesized based on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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strategy to control the uorescence intensity by spin-state
conversions of the FeII ion. It exhibited gradual and incom-
plete spin crossover centered at T1/2 = 161 K with synergetic
uorescence–SCO properties. Meanwhile, its uorescence and
magnetism at 10 K can be effectively and reversibly modulated
by alternating 532 and 808 nm lasers. Photo-monitored X-ray
crystal structural analyses combined with the spectroscopic
studies conrmed that the photoinduced spin-state conversions
changed energy transfer efficiency from the TPA uorophore to
the metal-centered charge transfer bands via FRET, leading to
the switching of uorescence intensities. To our knowledge, it is
the rst example to exhibit reversible photo-switches of uo-
rescence by manipulating the LIESST and RE-LIESST effects.
This work proposes a valuable strategy for designing function-
coupled SCO materials and opens up new avenues for the
applications of MOFs in uorescence thermometry and inno-
vative photo-switchable materials.
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