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Thermo-responsive light-emitting metal
complexes and related materials

Rui Li, @ $2° Fa-Feng Xu, @ 2 Zhong-Liang Gong @ * and Yu-Wu Zhong @ *&P

Thermo-responsive light-emitting materials have wide potential applications in temperature sensing, bio-

imaging, optoelectronic devices and information security, due to their intriguing luminescence property

changes in response to temperature. Among them, light-emitting metal complexes and related coordi-

nation materials are appealing in possessing enormous structural diversity and excellent luminescence

properties. The general thermo-responsive types and the underlying mechanism of these materials and

recent progress in the development of thermo-responsive metal complexes and related materials are sur-

veyed in this critical review, including small molecular metal complexes with different electronic configur-

ations (d® d® d'°, among others), metal clusters, coordination polymers, metal—organic frameworks

(MOFs), and multicomponent coordination polymers and assemblies. A particular focus is given on how

to build systems showing ratiometric lumunescence changes in response to temperature, including mole-
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cular dyads containing two chromophores, heterodimetallic clusters, mixed-metal MOFs, and energy
donor—acceptor assemblies. In addition, the applications of these materials in temperature sensing, bio-
imaging, and information security are briefly discussed. A perspective is given in the Conclusion section to
reflect potential guidelines for future research in this field.

1. Introduction

Temperature is one of the most fundamental physical parameters
in scientific research and industrial production. The variation of
temperature may lead to distinct changes of the chemical and
physical properties of natural systems and synthetic materials."™
In particular, thermo-responsive functional materials with
specific luminescence changes have attracted wide attention due
to their potential applications in temperature sensing,”** biologi-
cal imaging,”° optoelectronic devices,” > and information

processing.>*® To date, tremendous progress has been made in
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the development of thermo-responsive light-emitting materials,
including various organic dyes and polymers,>~’ metal

3811 metal clusters and metal-organic frameworks
52-55

complexes,
(MOFs),** quantum dots (QDs),”>*" and nanomaterials.

Among the abovementioned materials, metal complexes
and related coordination materials have several outstanding
advantages.’®° Metal complexes are known to possess
various metal-ligand coordination modes, such as linear,
planar, tetrahedral, and octahedral configurations. They are
characterized by rich radiative excited states, including the intra-
ligand (IL) or ligand-centered (LC) transition, the metal-to-ligand
or ligand-to-metal charge-transfer (MLCT or LMCT) transition,
the ligand-to-ligand charge-transfer (LLCT) transition, the
metal-metal-to-ligand charge-transfer (MMLCT) transition, and
the cluster/metal-centered (MC) transition. Due to the strong
spin-orbit coupling effect, metal complexes often display triplet
luminescence, namely phosphorescence, with long excited-state
lifetimes (z) and good to excellent quantum yields (¢). However,
the involvement of ligand-related singlet fluorescence is also
possible, leading to the co-presence or overlap of multiple radia-
tive transitions. These features allow us to modulate the chemi-
cal compositions and luminescence properties of metal com-
plexes in a wide emission spectral coverage from the ultraviolet
(UV) to near-infrared (NIR) region that could respond to temp-
erature changes in a wide temperature range.

Several reviews focusing on thermo-responsive MOFs and
lanthanide or Cu-based clusters have been published
recently;” ° however temperature-responsive metal complexes
in a broader scope have not been reviewed. We present here a sys-
tematic summary and discussion on thermo-responsive metal
complexes including small molecular metal complexes, metal-
ligand coordination clusters and polymers, and related multi-
component materials. Considering that a great number of related
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complexes and materials have been reported in this field, only
some representative and latest examples are in particular selected
for discussions. In this sense, the article is structured mainly in
four aspects: (1) the outline of general thermo-responsive types
and underlying mechanism; (2) thermo-responsive small mole-
cular metal complexes, including those with d®, d®, d'° and other
electronic configurations and lanthanide complexes; (3) thermo-
responsive metal clusters, coordination polymers (CPs), and
MOFs; (4) multi-component CPs and assemblies. These discus-
sions are followed by some guided perspectives for future
research in the Conclusion section.

2. General thermo-responsive types
and underlying mechanism

The thermal responsiveness of materials could be caused by a
number of different factors. Firstly, the non-radiative rate con-
stant k,,, increases with increasing temperatures, obeying the
Arrhenius equation (2.1),

Fy ~ e (TAE/KT) (2.1)

where AE represents the energy gap between the level of the
lowest excited state and the overlap point to non-radiative tran-
sition states, and k is the Boltzmann constant.™* For a simple
molecular system, the emission intensity (I) is dependent on
temperature, considering that I is proportional to ¢ and ¢ is in
inverse proportion to k. according to eqn (2.2),

¢ = ke/ (ke + knr) (2.2)

where £, is the radiative rate constant. In this sense, all emis-
sive materials are intrinsically thermo-responsive.
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In addition to the thermal-activated non-radiative decay,
many other factors may be activated or influenced by tempera-
ture, including the effective molecular conformation or con-
figuration transformation of flexible systems,®"®> the degree of
inter- or intramolecular - stacking and metal-metal inter-
actions existing in aggregates or clusters of Rh(1), Pt(u), Cu(1),
Ag(1), and Au(1) complexes,****®* the dynamic association or
dissociation process of metal and lanthanide complexes,®®®”
phase transition,®®*”" the degree of inter- or intramolecular
energy transfer of donor/acceptor systems,”””* as well as the
thermal equilibrium of different excited states.”*”> These
mechanisms will be discussed in more detail in specific
examples in the following chapters.

In general, four types of readouts are employed to charac-
terize the thermo-responsiveness of materials, including the
change of emission intensity, maximum emission wavelength
(Aemi), emission lifetime, and emission polarization (or
anisotropy)."” The sensitivity of a particular process is defined
as the slope of the readout signal change as a function of
temperature, usually expressed as percent change per Kelvin
(% K1), which is an important indicator for evaluating temp-
erature-sensitive materials. The intensity-based thermo-
responsiveness is the simplest process. As was discussed
above, the thermal-activated non-radiative decay could lead to
the variation of emission intensity. However, the emission
intensity changes could also be caused by many other factors,
such as the dynamic association/dissociation process or phase
transition.’®”" The shift of Aey; is another general readout
during the studies of thermo-responsive materials, which
could be a result of dynamic thermal-equilibrium of different
excited states or the change of the energy/electron transfer
efficiency.”®”” The shift of l.m; often leads to the emission
color changes of materials, allowing us to conveniently
monitor the thermo-responsive process. Compared to the
emission intensity, the emission lifetime is less dependent on
conditions such as photo-bleaching, concentration of
materials, and energy fluctuation of the excitation source. It
presents another important readout to monitor the thermo-
responsiveness. Lifetime-based thermo-responsible materials
have potential applications in time-resolved biological imaging
and cellular temperature monitoring.”®’® The last readout is
emission polarization or anisotropy, which generally decreases
with increasing temperature as a result of the temperature-
dependent Brownian motion of individual molecules.®® For
more detailed discussions on the thermo-responsive mecha-
nism and readouts, the authors are directed to a previous
review article.’

3. Thermo-responsive small
molecular metal complexes

Small molecular discrete metal complexes possess good
thermo and photostability and rich luminescence in a broad

spectral  range. Their thermo-responsive  behaviour
accompanied by luminescence property changes has received
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much interest. In this section, some representative examples
with different electronic configurations (d®, d®%, d'°, and others
and lanthanide complexes) are discussed.

3.1 d°® metal complexes

Luminescent metal complexes with a d°® electronic configur-
ation mainly include Re(1), Ru(i), Os(u1), Rh(u), and Ir(m) com-
plexes, which exhibit remarkable luminescence properties and
are extensively used in OLEDs and chemical sensing.*'®** The
applications of emissive Ru(m) complexes in temperature
sensing are well established.®>*° For instance, Orellana and co-
workers show that the luminescence lifetimes of a series of
Ru(n) polyazaheteroaromatic complexes 1la-1f decrease in
accordance with the Arrhenius equation (Fig. 1).*° These com-
plexes are further embedded into poly(ethyl cyanoacrylate) as
the responsive media to sense temperature. By taking fully
advantage of the low permeability to O,, excellent optical
quality, and high temperature-sensitive luminescence intensity
and lifetimes, the doped film of 1¢ demonstrated a sensing
resolution of 0.05 °C with a linear response to temperature in
the range of 0-40 °C based on the lifetime readout. These fea-
tures make it potentially applicable for temperature monitor-
ing in bioreactor and biological tissues.

Ir(m) complexes are another important thermochromic
luminescent d® metal complexes.®”®° For example, Zhao,
Huang and coworkers have reported a series of thermo-respon-
sive Ru(u) and Ir(m) complexes functionalized with methyl pyri-
dinium chromophores.*® Shown in Fig. 2 are the results of a
representative Ir(m) complex 2. This complex is only weakly
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Fig. 1 (a) Bidentate ligands to make ruthenium complexes la-1f. (b)
Luminescence lifetimes (normalized at 50 °C) as a function of tempera-
ture of 1la—1f (counter anions are Cl7) in deoxygenated propylene car-
bonate solution. Reprinted with permission from ref. 85. License MDPI,
Basel, Switzerland.
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Fig. 2 (a) Molecular structure of Ir(n) complex 2. (b) Luminescence
spectra change of 2 in degassed CH3CN (1.0 x 10> M) at 75 °C with an
increasing amount of Kl from 0 to 10 equiv. (c) Temperature-dependent
luminescence spectral change of 2 with 2 equiv. of KI upon heating
from 60 to 75 °C. (d) Photographs of the solution of 2 at 60 or 75 °C in
the presence of 2 equiv. of KI. Reprinted with permission from ref. 89.
Copyright 2016 WILEY-VCH.

emissive (@ < 0.1%) in degassed CH3;CN, caused by oxidative
quenching of the deficient methyl pyridinium unit via intra-
molecular electron transfer. However, when the methyl pyridi-
nium units are reduced, the luminescence of 2 can be strongly
enhanced in situ. In particular, the reduction of 2 by KI is
remarkably temperature-dependent. At 60 °C or below, no
reduction occurs. When the temperature is increased from 60
to 75 °C, the reduction occurs smoothly accompanied by a sig-
nificant yellow-emission enhancement. On the basis of the
synergy between KI and temperature, a novel information pro-
tection device has been fabricated with complex 2.

The above example demonstrates the thermo-responsive
behaviour by controlling the electron transfer process. It is
also possible to utilize the intramolecular energy transfer
process to realize thermo-responsive properties. For instance,
the Ir(m)-naphthalimide dyad 3 displays dual emissions at 507
and 606 nm at 77 K in cryogenic Me-THF, originating from the
*LC emission of the naphthalimide unit and the *MLLCT
(metal/ligand-to-ligand charge-transfer) emission of the Ir(m)
component, respectively.’® In contrast, complex 3 only shows a
single broad and unstructured *MLLCT emission at 593 nm
(z = 8.8 ms) at rt due to the efficient energy transfer process
from the naphthalimide unit to the Ir(m) component.

3.2  d® metal complexes

Metal complexes with a d® electronic configuration, e.g. Rh(i),
Pd(u) and Pt(u) complexes, are another type of important lumi-
nescent material.>® In particular, widespread attention has
been paid to square planar Pt(u) complexes as thermo-respon-
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sive materials in recent years.”°® These complexes are prone
to form intermolecular metal-metal or n-n interactions in
aggregate states, which is highly dependent on external con-
ditions such as concentration and temperature. For instance,
Wang and coworkers reported the tetradentate Pt(u) complex
4, which displayed distinguished temperature-responsive
luminescence (Fig. 4a and b).”" Only one structured mono-
meric blue emission at 477 nm was observed for complex 4 in
degassed Me-THF (1 x 10~ M) at temperatures below 130 K.
However, as the temperature increased from 130 to 345 K, a
new unstructured excimer emission at 650 nm appeared,
accompanied by a dramatic emission color change from sky-
blue to red. This luminescent thermochromism is fully revers-
ible and reproducible. The authors deduced that the red emis-
sion was due to n-stacked excimers as elevated temperatures
tended to increase the kinetic energy of the molecules and the
probability of forming excimers. Similarly, the formation of
the >MMLCT transition via inter- or intramolecular Pt-Pt inter-
actions is also strongly dependent on temperature. In this
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Fig. 3 Thermo-responsive Ir() complex 3 on the basis of the con-
trolled energy transfer mechanism. Reprinted with permission from ref.
90. Copyright 2016 Wiley-VCH.
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Fig. 4 (a) Molecular structure of Pt(i) complex 4. (b) Normalized temp-
erature-dependent emission spectra of 4 in degassed Me-THF (1 x 1073
M, Aex = 397 nm). Reprinted with permission from ref. 91. Copyright 2017
Wiley-VCH. (c) Molecular structure of Pt(i1) complex 5. (d) Normalized
temperature-dependent emission spectral changes of the PMMA film
doped with 5 upon heating from 21 to 137.3 °C. Reprinted with per-
mission from ref. 92. Copyright 2020 Elsevier Ltd.
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context, Lodeiro and coworkers prepared luminescent poly-
mers by doping the bis(pyrazolate) Pt(u) complex 5 into
PMMA, which showed interesting multistep thermochromic
luminescence (Fig. 4c and d).”> With an increase of tempera-
ture from 21 to 137.3 °C, three-step emission changes were
clearly observed. Within the temperature range between 21
and 70 °C, the original greenish emission gradually decreased
due to the aggregation-caused quenching (ACQ) effect. An
orange emission in the lower-energy region appeared at
70-75 °C, attributed to the formation of the *MMLCT excited
state via intermolecular Pt-Pt interactions. When the tempera-
ture was further increased from 77 to 137 °C, the *MMLCT
emission was progressively quenched, caused by the ther-
mally-activated non-radiative transition process. This Pt(u)
complex provides a potential candidate for the preparation of
multistep thermochromic materials.

The above two examples demonstrate the thermoresponsive
behaviour of Pt complexes as a result of the changes of inter-
molecular interactions. As an example of thermo-responsive Pt(x)
complexes by manipulating the intramolecular Pt-Pt interactions,
Yam and coworkers showed that a series of oligo(ethynyl-
pyridine)-bridged diplatinum metallofoldamers, represented by
complex 6 in Fig. 5, displayed reversible emission color changes
between green and red as a result of the solvent or temperature-
controlled helix-coil configuration transformation.”

As has been discussed above in the case of Ir(u)-naphthal-
imide complex 3 (Fig. 3), thermal-equilibrium of different
excited states in molecules containing two or more than two
chromophores is an effective strategy to induce thermo-respon-
sive properties. Using a similar strategy, Zhao and coworkers
prepared the platinum bis(acetylide) complex 7 with the incor-
porations of two naphthalimide units on the acetylide ligand
(Fig. 6).”° Two closely-lying triplet excited states, i.e. *MLCT
and the naphthalimide-localized emissive triplet state (*LE),
co-exist in this complex, the population ratio of which could
be finely tuned by solvent polarity and temperature. For
instance, upon heating from 298 to 358 K, the *LE emission of
7 at 605 nm diminished whereas the *MLCT emission at
565 nm was intensified in toluene. However, when measured

20Tf"

P P e Cooling or CH;CN o
e Y s

Heating or CH,Cl,
o Intramolecular

[a— No Pt-Pt interactions Pt-Pt interactions

Fig. 5 (a) Molecular structure of Pt(i) complex 6. (b) Schematic diagram
showing the reversible helix—coil molecular configuration transform-
ation regulated by solvents and temperature. Reprinted with permission
from ref. 93. Copyright 2019 American Chemical Society.
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Fig. 6 (a) Molecular structure of Pt(1) complex 7. (b) Simplified
Jablonski diagram showing the energy levels of 7. BZN = benzonitrile.
Tol = toluene. Reprinted with permission from ref. 96. Copyright 2019
American Chemical Society.

in benzonitrile, the *MLCT emission of 7 at 536 nm was only
slightly increased upon heating to 363 K; however the *LE
emission at 620 nm was dramatically decreased. This work
demonstrates the importance of thermo-responsive behaviour
in understanding the intrinsic photophysical properties of
light-emitting materials containing multiple chromophores.

As an example of thermo-responsive Pt(u) complexes with
more complex molecular structures, Zhong, Stang, and co-
workers examined two fluorescent hexagonal organoplatinum
metallacycles 8a and 8b with appended anthracene chromo-
phores (Fig. 7). Upon increasing the temperature from —20
to 60 °C, the emission of 8a and 8b at 520 nm in THF was
gradually decreased with a sensitivity of —0.66% and —0.76%
per °C, ascribed to the accelerated molecular rotation of the
appended anthracene units. In addition, complex 8a displayed
two-step temperature-dependent emission spectral changes in
DMF. Upon heating from —-20 to 30 °C, the emission at
530 nm was gradually decreased. Upon further heating from
30 to 70 °C, this emission band shifted to 470 nm with a
diminished intensity. Concurrently, a distinct emission color
change from green to cyan was clearly visualized. However, the
emission shift in the second step is irreversible, which is
caused by the decomposition of the metallacycle by DMF.

We discussed in this section mainly on the thermo-respon-
sive small molecular complexes. However, it should be pointed
out that it is also possible to achieve thermo-responsiveness by
incorporating metal complexes into thermosensitive polymeric
materials. As an example in this context, Huang, Sun, and co-
workers prepared a luminescent polymer 9 by introducing an
AlE-active (AIE = aggregation induced emission) Pt(u) com-
ponent into the thermosensitive poly N-isopropylacrylamide
backbone through copolymerization (Fig. 8).°® Upon increasing
the temperature from 28 to 39 °C in the physiological range, the
yellow emission of 9 in PBS buffer (pH = 7.4) exhibited a signifi-
cant enhancement due to the rigidified microenvironment of
the Pt component induced by the aggregation of polymer
chains at elevated temperatures. This thermo-sensitive lumines-
cent polymer material was subsequently applied in intracellular
imaging for monitoring the temperature distribution, taking
advantage of its high stability and biocompatibility, and the
good reversibility of the thermochromic process.

This journal is © the Partner Organisations 2020
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Fig. 7 (a) Synthetic routes and schematic diagram of metallacycles 8a
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Reprinted with permission from ref. 97. Copyright 2018 American
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Fig. 8 (a) Polymer 9 with an appended Pt(1) complex. (b) Schematic
illustration showing the thermo-responsive mechanism. Reprinted with
permission from ref. 98. Copyright 2019 The Royal Society of Chemistry.
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3.3 d'° metal complexes

In addition to d® and d® metal complexes, luminescent d"°
metal complexes, including Cu(i), Ag(1), Au(), Zn(n), and Cd(u)
complexes, have also been demonstrated to display thermo-
responsive properties, which will be discussed in this section.
As an example of thermo-responsive Cu(i) complexes, Wolf and
coworkers reported the thermochromic solid-state emission of
the dipyridyl sulfoxide Cu(i) complex 10 (Fig. 9).°° The crystal-
line sample (solid or film) of 10 displayed orange emission at
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Fig. 9 (a) Molecular structure of Cu() complex 10. (b) Normalized
temperature-dependent emission spectral changes of 10 from —196 to
27 °C as thin films by drop-casting on quartz from MeOH solution (ley =
380 nm). Reprinted with permission from ref. 99. Copyright 2018
American Chemical Society.

rt. Upon cooling to —190 °C, the orange emission turned to
yellow with an emission spectral shift of around 100 nm. The
yellow-orange thermochromic luminescence of 10 is fully
reversible between —190 and 27 °C, which is ascribed to the
excited state coordination geometry change of 10 triggered by
temperature (a more flattened state at rt versus a pseudo-tetra-
hedral geometry at —190 °C).

Shown in Fig. 10 is a thermochromic square-planar Ag(1)
complex 11 reported by Artem’ev and coworkers. At 298 K,
complex 11 exhibited pronounced solid-state yellow emission
(Aemi = 585 nm), assigned to the *MLCT phosphorescence with
an admixture of "MLCT fluorescence. Upon cooling to 77 K,
the maximum emission shifted to 620 nm with a concomitant
35% enhancement of intensity and emission color change
from yellow to orange-red. This phenomenon was attributed to
a small alternation of the ground and excited states of 11,
resulting in a narrowing of the energy gap between the T; and
S, states upon cooling.””

In addition to mononuclear metal complexes, d'° com-
plexes with multiple metal centers have been reported regard-
ing their thermosensitive properties. Strelnik and coworkers
prepared a binuclear Au(i) complex 12 bridged by a flexible
bidentate cyclic phosphine ligand (Fig. 11).'° This complex
exhibited very weak greenish emission in solution at rt. Upon
cooling to 180 K, a slight blue shift of the emission spectrum
with a significant intensity enhancement was observed, mainly

—77K —90K 80K
— 100K — 120K

— 130 K —150 K
— 170K — 190 K
—200K—220K [
— 240 K — 250 K
— 270K — 290 K
— 300K —310K

0=
450 500 550 600 650 700 750 800 850
Alnm

Fig. 10 (a) Molecular structure of Ag() complex 11. (b) Normalized
temperature-dependent emission spectral changes in the range of
77-310 K. The pictures on the right show the solid emission colors of
the samples at 80 and 300 K, respectively. Reprinted with permission
from ref. 77. Copyright 2019 the Partner Organisations.
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Fig. 11 (a) Molecular structure of Au() complex 12. (b) Temperature-
dependent emission spectral changes of 12 in the range of 180-298 K
(ex = 340 nm). Reprinted with permission from ref. 100. Copyright 2019
American Chemical Society.

attributed to the configuration rigidification of 12 at low temp-
eratures. Upon heating back to 298 K, the initial emission can
be completely restored, demonstrating the excellent thermo-
reversibility of the complex. Besides, a series of cyclic trinuc-
lear Cu(1), Ag(1) and Au(i) complexes 13a-13c have been pre-
pared by Giménez and coworkers, which exhibited excellent
thermochromic luminescence switching (Fig. 12)."°* The gold
and copper complexes 13a and 13c are highly emissive with @
>90% in doped PMMA films (5 wt%) at rt. Upon cooling from
298 to 77 K, the initial red emissions of 13a and 13c, origi-
nated from centered excimeric (*MM) states via intermolecular
aurophilic interactions, were gradually transformed into blue
and yellow emission, respectively. In contrast, the PMMA film
of the silver complex 13b was not luminescent at rt, but it
showed a blue luminescence turn-on upon cooling, demon-
strating the important influence of the metal in influencing
the photophysical properties.

In addition to the above examples, earth-abundant Zn(mu)
and Cd(u) complexes are other d'® complexes that have been
reported to show thermo-responsive luminescence behaviours.
For instance, Zhao, Huang, and coworkers have fabricated cha-
meleon-like thermochromic luminescent materials by doping

(@)

CeH13

13a-13c
M = Au (a), Ag (b), Cu (c)
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complex Zn-BPPA (14) into polyethylene glycol (PEG) matrices
(Fig. 13).'°> Complex 14 was prepared from the bipyridine
ligand BPPA and it showed completely different emission
spectra with respect to BPPA. When 0.3 wt% of 14 was doped
into PEG8000, the yellow emission of the obtained material
turned blue, accompanied by a distinct intensity enhance-
ment, upon increasing the temperature from 25 to 65 °C. This
response is highly reversible (20 cycles of heating and cooling
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Fig. 13 (a) Chemical structures of BPPA and Zn(i) complex 14. (b and c)
Temperature-dependent emission spectral and color change of
PEG8000 containing (b) 0.3 wt% and (c) 1.0 wt% of 14 within the temp-
erature range of 25-65 °C. (d) Photographs displaying thermochromic
luminescent NUPT patterns at different temperatures. The letters “N, U,
P, and T" were written on a glass substrate using 14/PEG8000, 14/
PEG6000, 14/PEG2000 and 14/PEG1500 composites containing 0.3,
0.3, 0.2, and 0.2 wt% of 14, respectively. Reprinted with permission from
ref. 102. Copyright 2020 WILEY-VCH.
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Fig. 12 (a) Molecular structures of complexes 13a—13c. (b) Video snapshots of the luminescence color switching of PMMA films (5 wt%) excited at
254 nm from rt to 77 K for 13a—13c. Reprinted with permission from ref. 101. Copyright 2018 American Chemical Society.
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being tested) and it functions as a fluorescent thermometer
with good sensitivity. The emission spectral changes are
caused by the dynamic metal-ligand coordination and dis-
sociation of the BPPA ligand and Zn(u) ions. Interestingly,
when the doping ratio of 14 was increased to 1.0 wt%, the
yellow emission of the obtained material exhibited a red shift,
as a result of the excited state conformation changes. In
addition, by choosing PEG matrices with different molecular
weights, the thermochromic transition temperature of these
materials could be well tuned (Fig. 13d), making them poten-
tially useful to anti-counterfeiting and security printing.

Fig. 14 shows an example of thermo-responsive Cd(u)
complex 15, Cd(Sal)(PyNH,), (Sal = 2-formylphenolato, PyNH,
= 4-aminopyridine), reported by Miao, Nie, and coworkers."*?
The crystalline 15 showed white emission at rt. Upon grinding,
it was transformed into a green-emissive solid. This amor-
phous solid displayed thermo-sensitive luminescent changes
from green at rt to yellow upon heating to 180 °C. These multi-
step emission changes of 15 were mainly attributed to the
effective phase transformation in the solid state rather than
the change of the molecular structure. Remarkably, the plot of
color temperature of emission versus the absolute temperature
recorded from 323 to 453 K indicated a good linear relation-
ship with a maximum relative sensitivity (S,) of 0.95% K
453 K. This demonstrated that complex 15 can be used as an
accurate and sensitive solid luminescent thermometer.

3.4 Metal complexes with other electronic configurations

In addition to d°, d® and d'° complexes discussed above and
the lanthanide complexes discussed below, luminescent metal
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Fig. 14 (a) Single crystal structure of Cd(1) complex 15. (b)
Temperature-dependent emission spectral changes of amorphous 15 in
the range of 25-180 °C. (c) Photographs showing the emission color
change of 15 at rt vs. 180 °C. (d) The linear relationship (R*> = 0.997) of
color temperature (T.) versus heating temperature (T). Reprinted with
permission from ref. 103. Copyright 2019 The Royal Society of
Chemistry.
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complexes with other electronic configurations have been less
developed. This is partially limited by the poor emitting pro-
perties of complexes with other electronic configurations.
However, recent research endeavours have been able to access
emissive complexes with d* and d® complexes by ligand design
and some of them display interesting thermochromic pro-
perties. For example, d* Cr(m) complex 16 with two N,N’-
dimethyl-N,N'-dipyridin-2-yl-pyridin-2,6-diamine ligands has
been prepared by Heinze and coworkers, which features strong
dual emissions at 775 and 739 nm with a @ of 11%, originated
from the metal-centered *E — “A, and T, — “A, transition,
respectively (Fig. 15)."°* This complex can be used as a ratio-
metric luminescent thermometer in the dispersion or aggre-
gate state within a wide temperature range of 210-373 K. In
the case of the dispersed sample in H,O, upon heating from
278 to 358 K, a gradual decrease of the lower-energy emission
of 775 nm and a concomitant increase of the higher-energy
emission of 739 nm were observed. The Boltzmann fitting plot
of the logarithm intensity ratio of the dual emissions, In(f;34/
I75), versus the inverse temperature 7' exhibited a good
linear relationship (Fig. 15b).

Recently, the research on the development of the earth-
abundant d®> Mn(i1) complexes and coordination polymers has
received increasing attention. A series of organic-inorganic
hybrid Mn(u) complexes with three bidentate phosphine oxide
ligands, represented by complex 17 in Fig. 16, have been pre-
pared by Artem’ev and coworkers.'** Complex 17 possesses
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Fig. 15 (a) Molecular structure of Cr(i) complex 16 with BF,~ counter
anions. (b) Temperature-dependent emission spectra of 16 in air-satu-
rated H,O from 278 to 358 K. Inset: The related Boltzmann fitting plots
of In(ly3g/l775) vs. T™X. The emission changes are reversible. Reprinted
with permission from ref. 104. Copyright 2017 Wiley-VCH.
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Fig. 16 (a) Molecular structure of Mn(i) complex 17. (b) Temperature-
dependent solid-state emission spectra of 17 under excitation at
440 nm in the range of 77-300 K. Reprinted with permission from ref.
105a. Copyright 2018 The Royal Society of Chemistry.
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two different coordination models of Mn(u), i.e. the octahedral
coordination of the [MnOg]** component and the tetrahedral
geometry of the [MnBr,]*~ counteranion. Upon photoexcitation
at 440 nm, it exhibited distinguished dual emissions at 620 and
520 nm with a high total quantum yield of 61% and a lifetime
of 12-15 ms. These two emissions are assigned to different
metal-centered transitions in octahedral [MnOc]** and tetra-
hedral [MnBr,*", respectively. As displayed in Fig. 16b, it
showed distinct thermochromic luminescence induced by the
dynamic thermal equilibrium of two metal-centered transitions.
In addition to discrete complexes, thermochromic Mn(u) clus-
ters or coordination polymers have been known based on
single-crystal to single-crystal transformations.'*

3.5 Lanthanide complexes

Lanthanide complexes are important luminescent materials
that have been widely applied in various optoelectronic fields.
The narrow 4f-4f emission bands and long emission lifetimes
of lanthanide complexes are advantageous for temperature
sensing and imaging.® The temperature-sensing ability of a
green luminescent Tb(m) complex associated with a back
energy transfer from the excited state of Tb(m) °D, to the
triplet ligand-centered state has been known since 2004.'%°
Using a similar strategy, a luminescent film based on a meso-
genic Tb(m)-diketonate complex 18 has been recently fabri-
cated by Lapaev and coworkers, which exhibited highly-sensi-
tive and reversible temperature-dependent luminescence
(Fig. 17).""” Upon cooling from 284 to 143 K, the characteristic
multiple emissions corresponding to the °D, — F, (J = 6-3)
transitions of the ligand-to-metal energy transfer Tb(m)
complex were dramatically enhanced, with a mean relative
temperature sensitivity of —1.0% K '. Furthermore, the
average luminescence decay time of this film also showed a
distinct temperature dependence, with an absolute and relative
mean temperature sensitivity of —3.3 ps K~ and —0.9% K,
respectively. This demonstrates that complex 18 is a potential
thermometer on the basis of both emission intensity and life-
time readouts.

Tb(mr) complexes are typically green emissive. In contrast,
the constructions of red or near-infrared (NIR) emissive
thermometers are advantageous in bioapplications due to the
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Fig. 17 (a) Molecular structure of Tb(mn) complex 18. (b) Temperature-
dependent time-delayed emission spectra of a film with a time delay of
2.5 ps. Reprinted with permission from ref. 107. Copyright 2018 The
Royal Society of Chemistry.

3266 | Inorg. Chem. Front., 2020, 7, 3258-328]1

View Article Online

Inorganic Chemistry Frontiers

high transparency of red and NIR lights in biological tissues.
In this context, NIR luminescent Yb(ur) complexes with distinct
thermosensitive properties have been demonstrated.'*® In
addition, highly red-emissive Eu(u) complexes have been
reported as luminescent molecular thermometers by a few
groups.'*® % Hasegawa and coworkers recently have prepared
the mononuclear Eu(m) complex 19 with bright LMCT red
emissions (Fig. 18a and b).'® Due to its steric coordination
structure and dipole-dipole interactions, complex 19 displayed
high thermal stability. Even at a temperature as high as 500 K,
bright emission can still be observed. Moreover, complex 19
showed highly temperature-dependent emission lifetimes in a
broad temperature range of 300-500 K with a relative sensi-
tivity of —0.62% K, making it a good candidate for tempera-
ture-sensitive paints in aerospace applications. Recently, one
type of stable nanothermometer based on the thermo-respon-
sive Eu(ur) complex 20 has been prepared by Tunik and co-
workers (Fig. 18c and d)."** Complex 20 in toluene displayed a
highly reversible temperature-dependent luminescence and
excited-state lifetime in the physiological temperature range of
30-50 °C. The nanothermometer was fabricated by encapsula-
tion of 20 into the assembled nanoparticle copolymer of butyl
and methyl methacrylates, which showed mono-exponential
lifetime decay with a relative sensitivity of 0.84% K ' and a
temperature resolution of 0.26 K in the presence of human
serum albumin (HAS). This work provides a good nanotherm-
ometer candidate for biological applications. Beyond these
results, a vitrified film of an anisometric Eu(u) p-diketone
complex has been recently reported as a reusable luminescent
temperature probe with excellent sensitivity in the range of
270-370 K.'*°
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Fig. 18 (a) Molecular structure of Eu(i) complex 19. (b) Plot of emission
lifetime of 19 versus temperature monitored from 300 to 500 K. Inset:
Photograph showing solid bright emission of 19 at 500 K. Reprinted
with permission from ref. 109. Copyright 2020 American Chemical
Society. (c) Molecular structure of Eu(n) complex 20. (d) Temperature-
dependent emission spectra of 20 in toluene. Inset: Emission color
changes upon heating from 20 to 50 °C. Reprinted with permission from
ref. 111. Copyright 2020 American Chemical Society.
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(b)

Fig. 19 (a) Molecular structure of the Eu/Tb hetero-dimetallic complex
21. (b) Photographs showing emission colors of 21 at 100, 200, and
300 K, respectively. Reprinted with permission from ref. 113. Copyright
2018 Wiley-VCH.

In addition to monometallic complexes, dinuclear lantha-
nide complexes have been explored for temperature
sensing."”> In particular, heterodinuclear complexes are
appealing for ratiometric temperature sensing by controlling
the intramolecular energy transfer process. For this purpose,
Hasegawa and coworkers prepared a seven-coordinated Eu(mr)/
Tb(m) hetero-dimetallic complex 21 bridged by a ditopic phos-
phine oxide ligand (Fig. 19)."** This complex showed an un-
expected red-to-green luminescence change upon increasing
the temperature from 100 to 400 K. This phenomenon was
attributed to the presence of a LMCT (from Eu™ to the tetra-
methylheptanedionate ligand) state. The complex functioned
as a ratiometric thermometer with a relative thermal sensitivity
and temperature uncertainty of 2.2% K ' and 0.01 K,
respectively.

4. Thermo-responsive metal clusters,
coordination polymers, and MOFs

The research on luminescent organic-inorganic hybrid metal
clusters and MOFs has been rapidly growing in the past few
decades, and many of them display interesting thermo-respon-
sive luminescence. These materials are mostly examined in the
solid state. In comparison, the small molecular metal com-
plexes discussed in the previous section are investigated in
both the solution and solid states. By judicious choice of
metal centers and organic ligands of various geometries and
functionalities, CPs and MOFs provide an appealing
platform for the development of thermo-responsive solid
materials, which have been the topics of a few reviews.>'* We
highlight herein some representative works reported in recent
years.

4.1 Organic-inorganic hybrid clusters

Copper(1) halide clusters are particularly attractive materials
owing to their large variety of photophysical properties associ-
ated with an extraordinary structural diversity."'*'*> On the
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basis of a low-energy triplet cluster-centered (*CC) or halide to
copper charge transfer (>XMCT) transition at rt and a high-
energy triplet halide-to-ligand charge transfer (*XLCT) or
*MLCT transition at low temperatures, a series of thermochro-
mic luminescent materials have been developed in recent
years.” Two examples in this context are shown in Fig. 20.
Perruchas and coworkers prepared the cubane Cu,l, cluster
22, which exhibited temperature-dependent dual emissions
(Fig. 20a and b)."'® At higher temperatures above 110 °C, the
low-energy *CC emission at 520 nm was almost completely
quenched and the high-energy emission at 400 nm caused by
the intrinsic emission of the cyanobiphenyl unit was domi-
nant. As the temperature gradually decreased to —150 °C, the
3CC emission progressively enhanced, accompanied by the
emission color change from deep blue to cyan. Shown in
Fig. 20c and d is an octahedral Cuyl, cluster (23) recently
reported by Kolesnikov and coworkers.""” It showed dual emis-
sions which were both considered to be of *(X + M)LCT charac-
ter. Interestingly, with an increase of the temperature from
—175 to 125 °C, both emissions at 505 and 621 nm were ther-
mally quenched albeit with different degrees of quenching.
Using 23 as a sensitive thermometer, a relative thermal sensi-
tivity of 0.12% K at 24 °C was determined, which is compar-
able to the best well-known ratiometric luminescent
thermometers.

In addition to Cu,l, clusters, other copper(1) halide clusters
have been reported to show interesting thermo-sensitive pro-
perties. For instance, a supramolecular Cu,I,(NHj3),-sand-
wiched Cuj,(pyrazolate); adduct 24 stabilized by multiple inter-
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Fig. 20 (a) Chemical structure of the cubane-like Cus—I4 cluster 22. (b)
Temperature-dependent emission spectra of 22 within the temperature
range between —150 and 120 °C (1ex = 280 nm). Reprinted with per-
mission from ref. 116. Copyright 2016 American Chemical Society. (c)
Chemical structure of the octahedral Cus-l; cluster 23. (d)
Temperature-dependent emission spectra of 23 recorded from —175 to
100 °C. Reprinted with permission from ref. 117. Copyright 2019
American Chemical Society.
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molecular Cuj---I, Cu---Cu, and N---H interactions was
reported by Zhan, Li, and coworkers as a temperature sensor
(Fig. 21a and b)."*® Upon cooling from 340 to 50 K, the *CC
emission of the solid Cugl, cluster at 590 nm was linearly
enhanced with a relative sensitivity of —0.685% K. At around
the same time, an unusual [I@Cug(HMTZ)(MTZ),] (HMTZ =
1-{2-(N,N-dimethylamino)ethyl}-5-mercapto-1H-tetrazole) Cu(x)
cluster 25 was reported to show reversible temperature-depen-
dent dual emissions (Fig. 21c and d)."* At rt, the powder of 25
exhibited a red emission band at 724 nm (r = 268 ns, @ =
3.7%) with a weak shoulder green emission band at 512 nm
(7 =32.3 ns). Upon cooling from 300 to 80 K, the green emission
of 25 was enhanced much faster than the red one, causing the
emission color to change from red to orange, yellow, and
green, successively. As a promising ratiometric thermometer,
the emission intensity ratio between 512 and 724 nm was
found to display a linear relationship in the range of 80-150 K
with a relative sensitivity of 8.98% K™ ' and a power function
relation in the range of 150-250 K with a relative sensitivity of
8.32% K.

Luminescent Ag(i) and Au(i) clusters have also received
attention as solid thermo-responsive materials. For example, a
Ag-S hybrid supertetrahedral cluster 26 with a discrete zero-
dimensional V3,4-type structure has been constructed by Sun
and coworkers (Fig. 22).”° This material showed highly-sensi-
tive temperature-dependent luminescence. The solid of 26 is
only weakly emissive at rt. Upon cooling to 80 K, it displayed
brightly yellow *LMCT emission at around 570 nm. The
maximum emission peak at 180 K is slightly blue-shifted with
respect to that at rt, possibly induced by the restricted peri-
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Fig. 21 (a) Crystal structure of the Cuz—Cu,—Cusz cluster 24. (b)
Temperature-dependent solid-state luminescence spectra of 24 moni-
tored from 10 K to 340 K (1ex = 345 nm). Reprinted with permission from
ref. 118. Copyright 2018 The Royal Society of Chemistry. (c) Perspective
view of the I@Cug cluster 25 viewed along the a axis. (d) Normalized
temperature-dependent emission spectra of 25 in the solid state within
the temperature range of 80—-300 K. Reprinted with permission from ref.
119. Copyright 2017 American Chemical Society.
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Fig. 22 (a) Crystal structure of the Ag-S hybrid cluster 26. (b)
Temperature-dependent luminescence spectra of 26 in the solid state
within the temperature range of 90-300 K. Inset: Photographs showing
the emission color of 26 at 77 and 300 K under 365 nm irradiation.
Reprinted with permission from ref. 76. Copyright 2017 Wiley-VCH.

pheral pyridyl/phenyl rotation upon cooling. Additionally, the
good linear relationship of maximum emission intensity
versus temperature in the range of 80-180 K made 26 a good
thermometer candidate in the low-temperature region.

The above clusters are used as solid materials to sense
temperature. In contrast, ultra bright luminescent Au nano-
clusters (NCs) are in particular useful in various biomedical
applications owing to their small size and good photostability
and biocompatibility."*>'*! In a recent example, Sarkar and co-
workers reported the 6-aza-2-thiothymine/i-arginine stabilized
Au NCs 27 with an average diameter of 1.5 nm for tempera-
ture-sensitive applications (Fig. 23)."*> Upon heating from 15
to 55 °C in water, the green emission at 525 nm of 27 (¢ =
30%, Tayg = 46 ns) was linearly decreased without a detectable
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Fig. 23 (a) Chemical structural mode of Au NCs 27. (b) Temperature-
dependent emission spectra of 27 in water in the range of 15-55 °C (1ex
= 375 nm). (c) Left: FLIM images of MG-63 cells with the internalized
NCs 27 at 25, 37, and 45 °C. Right: Lifetime distribution histogram of
intracellular NCs showing the changes in the lifetime and emission
intensity at different temperatures. Reprinted with permission from ref.
122. Copyright 2019 American Chemical Society.
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change of the emission maxima. Based on this phenomenon,
an average sensitivity of —2.1% per °C in the physiological
temperature range of 15-55 °C was calculated. Moreover, by
employing the fluorescence lifetime imaging microscopy
(FLIM) technique, the intracellular temperature changes of
MG-63 cells with the internalized NCs 27 can be in situ moni-
tored by the emission lifetime and intensity changes with high
sensitivity and resolution, demonstrating the great potential of
Au NCs as bio-nanothermometers (Fig. 23c).

Considering the rich luminescence properties of lanthanide
complexes, metal clusters with lanthanide ions have been pre-
pared to show thermo-responsive behaviour. Lu and coworkers
prepared Eu(m)s-Ti(1v), and Eu(ui)g-Ti(1v);o clusters and found
them to have temperature-sensing abilities from 180 to 240 K
of 0.31% and 0.74%, respectively.">> The temperature depen-
dent emission response of a Eu(ui),-Na, cluster was reported
by Bruno and cowokers."*! In addition, Wu and coworkers pre-
pared the edge-defective cubane-like hetero-dimetallic Zn,Ln,
clusters 28a and 28b (Fig. 24)."*® By incorporation of different
lanthanides, either ligand-based yellow-green emission (28a,
Ln = Gd) or lanthanide-based red emission (28b, Ln = Eu) was
selectively observed upon decreasing the temperature.

Recently, Calvez and coworkers reported a series of hexa-
lanthanide clusters with m-halogenobenzoic acid ligands as
solid molecular thermometric probes.'*® Shown in Fig. 25 is
the structure of a hexa-Dy cluster 29, [Dye(3-bb)y,] (3-bb =
m-bromo-benzoic acid). By tuning the metal ion compositions,
a series of thermochromic homo and heterodimetallic clusters
have been obtained. For instance, upon cooling from 300 to
80 K, the Eu(m)-centered red emission of the [Tb Euy(3-bb),4]
cluster 30 was gradually diminished, while the green emission
originated from the Tb(ur)-centered excited state became domi-
nant (Fig. 25b). These temperature-dependent emissions were
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Fig. 24 (a) Structure segment of the Zn,Ln, clusters 28a and 28b. (b)
Cation core structure of 28a. (c and d) Temperature-dependent emis-
sion spectra of (c) 28a (78—-288 K) and (d) 28b (78—-300 K) with excitation
at 350 nm. The three sharp peaks marked with a gray rectangle in panel
(c) are the emission spectra of a background light source. Reprinted
with permission from ref. 125. Copyright 2017 American Chemical
Society.
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Fig. 25 (a) The core chemical structure of the Dyg cluster 29 (3-bb =
3-bromobenzonate). (b) Temperature-dependent CIE chromaticity coor-
dinates of 30, an isostructural Tb4Eu, cluster, in the range of 80-300 K
(lex = 298 nm). Reprinted with permission from ref. 126. Copyright 2019
American Chemical Society.

mainly induced by the tunable ligand-involved intermetallic
energy transfer.

4.2 Coordination polymers and frameworks

Luminescent CPs and frameworks have been widely investi-
gated recently. Many of them display solid-state luminescent
thermochromism. Among them, copper CPs are the focus of
many research groups. One-dimensional (1D) coordination
polymer 31 based on double Cu,l, chains has been reported
by the simple reaction of Cul and methyl 2-amino-isonicotinate
by Amo-Ochoa and coworkers (Fig. 26a and b)"*” At rt, 31 is
barely emissive. Upon cooling to 80 K, it exhibits bright yellow
emission. The large emission enhancement was ascribed to an
increase of structural rigidity. Thin film composite 31@PVDF
(4 wt%, PVDF is polyvinylidene difluoride) was subsequently
fabricated, which displayed similar reversible thermochromic
luminescence. Xie and coworkers prepared the Cu(i) cluster-
based 1D polymer 32 from the reaction of cis- and trans-1,2-bis
(4-(pyridin-2-yl)phenyl)ethane (cis- and trans-bpype) ligand with
the {Cuyl,(PPh;),} cluster (Fig. 26c-€)."*® Polymer 32 showed
reversible thermochromic dual luminescence at 516 and
640 nm. Upon cooling from 300 to 80 K, the original green
emission at 516 nm, assigned to the ligand-dominated tran-
sition, was moderately enhanced. Concurrently, a new red emis-
sion band at 640 nm appeared with high intensity, causing a
visual emission color change from green to red. The lower-
energy red emission of 32 might be attributed to complicated
charge transfer processes among Cu(i) metal sites. This study
opens a new prospect for the fabrication of thermochromic
luminescent CPs based on higher-nuclearity Cu(i) clusters.

In contrast to the rich structural diversity and rich photo-
physics of Cu(i)}-halide multinuclear systems and polymers,
luminescent Cu(i)-thiolate materials are less well-known.
Demessence and coworkers have fabricated the two-dimen-
sional (2D) Cu-S polymer [Cu(p-SPhCO,Me)], (33, Fig. 27)."*°
This 2D sheet exhibited a simple Cu;S; hexagonal tilling and
half-chair conformation without direct cuprophilic inter-
actions. Remarkably, 33 displayed intrinsic triplet emission
and reversible thermochromic behavior. At a high temperature
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Fig. 26 (a) Crystal structure segment of the 1D Cu() polymer 31. (b)
Temperature-dependent solid-state emission spectra of 31 in the range
of 80-300 K. Reprinted with permission from ref. 127. Copyright 2018
The Royal Society of Chemistry. (c) Asymmetric unit of the 1D Cu()
polymer 32. (d) Temperature-dependent solid-state emission spectra
and (e) CIE chromaticity diagram of 32 in the range of 80—-300 K (lex =
380 nm). Reprinted with permission from ref. 128. Copyright 2017
American Chemical Society.
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Fig. 27 (a) Structure representation of the 2D Cu-S polymer 33 viewed
from the c axis. Orange, Cu; yellow, S; red, O; grey, C. Hydrogen atoms
are omitted for clarity. (b) Temperature-dependent solid-state emission
spectra of 33 between 93 and 503 K (1ex = 380 nm). Reprinted with per-
mission from ref. 129. Copyright 2016 The Royal Society of Chemistry.

of 500 K, the material is barely emissive. Upon cooling to 93 K,
two intense green and red emission bands progressively
appeared at 560 and 740 nm. The maximum relative sensitivity
(S,) reached 1.37% K" at 353 K, suggesting the great potential
of 33 as a ratiometric high-temperature thermometer.
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In addition to 1D and 2D CPs, Cu cluster-based three-
dimensional (3D) MOFs with temperature-responsive lumines-
cent properties have been investigated. For instance, the
copper halide-based 3D MOF 34, [CuglBr,Ci6H3,N,], has been
reported by Xin and coworkers (Fig. 28).°> MOF 34 is com-
posed of a 2-fold interpenetrated pillared-layered framework
structure with two different coordination modes of the rhom-
bohedral Cu,l, dimers with a trans conformation. Depending
on the excitation wavelength, MOF 34 displayed different ther-
mochromic luminescence. Under excitation at 290 nm, the two
emissions at 500 and 620 nm were both significantly enhanced
as the temperature decreased from 300 K down to 6 K
(Fig. 28c). In contrast, under the excitation at 350 nm, a dis-
tinct shift of the maxima emission peak from 530 to 602 nm
was observed (Fig. 28d). The authors deduced that this differ-
ence was caused by the different magnitudes of structural
changes of two Cu,l, dimers.

Silver-chalcogenolate cluster-based MOFs are a new family
of coordination luminescent materials, whose stability is
enhanced by the extended network structures. In 2016, Sun
and coworkers have reported the [Ag,(pz)(bdc)-H,0O], (pz =
pyrazine, and H,bdc = benzene-1,3-dicarboxylic acid) MOF
to show two-step thermo-responsive luminescence mainly
induced by the single-crystal to single-crystal phase tran-
sition.”*® Two years later, Zang and coworkers reported the
luminescent hydrogen-bonded pillared-layered silver MOF,
[Ag10(SBu’)s(CF3C0O0),(PhPOsH),(bpy),]. (35) to display ther-
mochromic properties (Fig. 29)."*' MOF 35 showed typical
nonradiative decay at 518 nm with increasing temperature
(Fig. 29c¢). Interestingly, the solvent-included MOF 35-CHCl;

—
(2)

~
—
o
-

300K excited at 350 nm

240K
*— 210K
180K
+— 150K
120K
90K
60K
+— 30K
+— 20K
10K
6K

Emissionintensity /a. u.
Emissionintensity /a. u.

500 550 600 650 700
A/nm

Fig. 28 (a) Independent 3D framework pillared-layered structure and
(b) copper-halide single layer structure of Cu-MOF 34. (c and d)
Temperature-dependent solid-state emission spectral changes of 34 in
the range of 6—-300 K excited at (c) 290 nm or (d) 350 nm. Reprinted
with permission from ref. 65. Copyright 2018 The Royal Society of
Chemistry.
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Fig. 29 (a) Two-layer stack and (b) perspective view of the coordination
environment of Ag-MOF 35. (c and d) Temperature-dependent solid-
state emission spectral change of (c) 35 and (d) 35-CHCls. Reprinted
with permission from ref. 131. Copyright 2018 American Chemical
Society.

displayed multistep emission spectral (534 — 522 — 579 nm)
and color (green to yellow) changes upon heating from 83 to
213 K (Fig. 29d), suggesting the potential of MOF materials in
modulating the thermochromic properties by host—guest
chemistry."*?

In addition to Cu and Ag materials, luminescent Zn(u) poly-
mers and MOFs have been shown to possess interesting ther-
mochromic properties. A recent report by Tom and coworkers
presented the 2D layered Zn(u) polymer 37, which was pre-
pared from Zn(NOj), with the 2,3-butanedionebisisonicotinyl-
hydrazone ligand 36 (Fig. 30)."*® Polymer 37 is characterized
by a 4-connected unimodal 2D layered framework and revers-
ible temperature-dependent luminescence. Upon heating from
30 to 100 °C, the intense LMCT yellow emission at 550 nm of
37 shifted progressively to 600 nm with a partial decrease of
the emission intensity. This phenomenon was induced by the
proposition of fast dehydration/hydration processes without
alternation of the crystal structure of 37. Polymer 37 could be
used as a wavelength- and intensity-based thermometer with a
maximum relative sensitivity of 0.02% at 45 °C and 0.04% at
70 °C, respectively. As a demonstration in document security
application, the patterned security feature of “2019” encrypted
with thermochromic 37 could be readily visualized in red
emission colors upon heating to 80 °C (Fig. 30c).

As an example of 3D thermo-responsive luminescent Zn(i)
MOFs, a mixed-ligand MOF ZnATZ-BTB (ATZ = 5-amino-1-H-
tetrazolate, BTB = 1,3,5-tris(4-carboxyphenyl)-benzene) has
been constructed by Wu and coworkers to function as a ratio-
metric thermometer at cryogenic temperatures.'* In addition,
based on the dual emissive 5-(2-(5-fluoro-2-hydroxyphenyl)-4,5-
bis(4-fluorophenyl)-1H-imidazol-1-ylJisophthalic acid ligand 38
(Hyhpi,ef) with the characteristic excited state intramolecular
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Fig. 30 (a) Schematic representation of the synthesis of 2D Zn(i)
polymer 37. (b) Temperature-dependent solid-state emission spectra of
37 in the range of 27-95 °C. (c) Photographs under UV irradiation of 37
at ambient temperature and 80 °C, respectively. Reprinted with per-
mission from ref. 133. Copyright 2020 The Royal Society of Chemistry.

proton transfer (ESIPT) properties, a robust microporous (<3 A)
Zn(u) MOF 39, Zn(hpi,cf)(DMF)(H,0), with temperature-
dependent luminescence was fabricated by Su, Pan, and co-
workers (Fig. 31)."*®> Upon heating or cooling, green and blue
emissions of 39 were reversibly switched, in which the ESIPT
process triggered by the interconversion of hydrated and de-
hydrated crystalline phases was proposed to play a significant
role. Subsequently, ZnO-supported hybrid films based on 39
were prepared, which exhibited potential applications in the
detection of trace water (<0.05%, v/v) and thermal imaging
(Fig. 31c). Apart from these results, Yan and coworkers recently
constructed a Zns-cluster based MOF with 5-bromoisophthalic
acid and 2-methylimidazole mixed ligands to show tempera-
ture-responsive dual fluorescence and room temperature phos-
phorescence.”® Li and coworkers have fabricated a series of
dye-MOF composites by employing the biocompatible Zn(u)
MOF, Zng(benzene-1,3,5-tricarboxyl),(adenine)(H,O) as a host
and different thermo-sensitive organic dyes as guests.'*” By
making full use of the energy transfer between the frameworks
and incubated dyes, highly sensitive and reversible ratiometric
thermometers were realized under physiological cellular
conditions.

Similar to the small molecular lanthanide complexes,
lanthanide CPs and MOFs are characterized by strong and
narrow solid-state emissions with long lifetimes. The appli-
cations of lanthanide CPs and MOFs in temperature sensing
have been well-established."***° In a classical example, Zhou
and coworkers reported the isostructural lanthanide MOF
(Me,NH,);[Eus(FDC),(NO3)4]-4H,0 (H,FDC = 9-fluorenone-2,7-
dicarboxylic acid) to display ratiometric temperature sensing
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Fig. 31 (a) Schematic diagram showing the synthetic route and struc-
tural transformation of Zn MOF 39. (b) Temperature-dependent emis-
sion spectral changes of 39 microcrystals. (c) Photographs showing the
thermochromic applications of the ZnO-supporting hybrid film of 39.
Up: Blue and green emission color switching upon heating/N, blowing
and cooling. Below: Thermal imaging using a heated stone seal of
100 °C on the paper film. Reprinted with permission from ref. 135.
Copyright 2017 Nature.

over a wide temperature range (12-320 K) with a high
maximum relative sensitivity of 2.3% K™' at 140 K.'*!' In
addition, a single phosphonate-based MOF 40, [Tb
(Hsbtp)]-2H,O [Hgbtp = (1,1-biphenyl)-3,3',5,5"-tetrayltetrakis
(phosphonic acid)], was disclosed by Rocha and coworkers
(Fig. 32).'*> MOF 40 contained an uncommon slightly dis-
torted {TbOs} octahedron and lozenge-shaped tubular chan-
nels through intermolecular n—r interactions (d = 3.856 A) of
adjacent biphenyl ligands. Upon heating from 299 to 319 K,
the ligand-centered emission at 316-386 nm, the ligand-associ-
ated excimer emission at 390-476 nm, and the D, — "F5 emis-
sion of Tb(m) at 490-560 nm all decreased linearly as a func-
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Fig. 32 (a) Crystal packing network and (b) Tb(n) octahedral coordi-
nation environment of Tb MOF 40. (c) Temperature-dependent solid-
state emission spectral change of 40 in the range of 299-319 K (1ex =
300 nm). (d) Temperature dependence of integrated intensities of
different emissions. Reprinted with permission from ref. 142. Copyright
2017 American Chemical Society.
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tion of temperature, with the maximum relative errors of 1% at
313 K, 1.3% at 299 K, and 0.4% at 301 K, respectively.

In addition to homometallic CPs or MOFs, a number of
lanthanide coordination materials with two different metal
ions have been reported for the purpose of ratiometric temp-
erature sensing. In a classical example, Hasegawa reported the
color-changeable Tb(in)/Eu(m) mixed 1D CPs, bridged by a
ditopic phosphine oxide ligand, to display highly sensitive
ratiometric temperature sensing over a wide range
(200-500 K).'** Recently, phenanthroline 1D CPs grafted with
Eu(umr) and Tb(w) trifluoactylacetone (tfac) complexes have been
reported as a noncontact temperature sensor in the range of
260-460 K.'** Based on the energy transfer mechanism,
Zareba and coworkers reported the Eu/Tb-co-doped 2D CPs 41
with good three-photon absorption capability, which could be
used as a NIR-to-VIS ratiometric luminescent thermometer
under the excitation of NIR light (Fig. 33).'** Polymer 41
exhibited a 2D, three-connected coordination network with a
honeycomb-like layer. More interestingly, under the three-
photon excitation at 800 nm, the emission of 41 showed a
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Fig. 33 (a) Honeycomb-like Eu/Tb mixed 2D coordination polymer 41.
(b) Plots of the integrated intensity of °Do — “F» of Eu(i) (red dots) and
5D, — “Fs of Tb(i) (black dots) f—f emission as a function of temperature
(excited at 337 nm). Insets: Photographs showing the emission color of
41 at 299, 336, and 373 K, respectively. (c) Energy level diagram high-
lighting the use of three-photon excitation for effecting the thermo-
metric luminescent response. Reprinted with permission from ref. 145.
Copyright 2019 American Chemical Society.
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similar temperature-dependency of emission in the range of
299-373 K with respect to that under one-photon excitation at
337 nm. Upon heating from 299 K to 373 K, the green emis-
sion of the D, — ’F; transition of Tb(m) dropped abruptly
while the red emission of the D, — ’F, excited state of Eu(u)
increased slightly, in accompany with an obvious solid emis-
sion color change from green to red. The relative sensitivity
under the three-photon excitation at 800 nm was calculated to
be 2.91% K, demonstrating the possibility of NIR light-
excited optical thermosensing.

In the case of thermo-sensitive Tb(ur)/Eu(m) mixed 3D
MOFs, the first report was given by Qian and coworkers.”?
Stimulated by this study, a great number of mixed MOFs have
been fabricated for the purpose of temperature sensing.'’ Two
of the recently reported examples are highlighted below. Zhao,
Qian, and coworkers reported the Eu/Tb mixed MOF 42,
Eug, 05Tbg osFTPTC (H,FTPTC = 2'-fluoro-[1,1":4',1"-terphenyl]-
3,3",5,5"-tetracarboxylic acid), which featured a 3D network
and distorted tricapped trigonal prism coordination of Ln
atoms (Fig. 34a and b).'*® As a result of the thermal-driven
energy transfer from Tb(m) to Eu(m), 42 showed a reversible
linear response to temperature with high relative sensitivity
(9.11% K" at 125 K) in the cryogenic range of 25-125 K. In
addition, Su and coworkers synthesized the Eu(ur)/Tb(ur) mixed
MOF 43, [(CH3),NH;]Eu 936Tbg.964BPTC (BPTC is the deproto-
nated form of biphenyl-3,3',5,5"-tetracarboxylic acid), which
showed highly-sensitive temperature-dependent ratiometric
and colormetric luminescence (Fig. 34c and d).”> Upon
heating from 167 to 377 K, the emission intensity of the Tb(u)

Tb,,Eu, FTPTC
42

X s60

08

550 600
Wavelength (nm)

43: Eug 36 Tbg g64BPTC

Fig. 34 (a) Schematic representation of the resonance energy transfer
mechanism of MOF 42. (b) Temperature-dependent CIE chromaticity
coordinates of 42 within the range of 25-125 K (lex = 350 nm).
Reprinted with permission from ref. 146. Copyright 2018 American
Chemical Society. (c) Structure of Ln-MOF 43. (d) Temperature-depen-
dent solid-state emission spectra of 43 between 77 and 377 K (lex =
322 nm). Reprinted with permission from ref. 72. Copyright 2019 The
Royal Society of Chemistry.
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°D, — Fs transition of 43 decreased by about 89%, while the
emission intensity of the Eu(m) D, — ’F, transition showed a
4-fold enhancement. Concurrently, the solid emission color of
43 gradually changed from green to yellow and red. The plot of
the Tb/Eu emission intensity ratio versus temperature in the
220-310 K range displayed a good linear relationship with a
high maximum relative sensitivity of 9.42% K~ at 310 K.

5. Multi-component coordination
copolymers and assemblies

Donor-acceptor energy transfer is long known to be highly
dependent on temperature. By manipulating the efficiency of
energy transfer in materials containing two or more than two
chromophores, distinct ratiometric luminescence changes are
expected. This has been discussed in bridged dyads, hetero-
dimetallic clusters, and mixed-metal MOFs in the previous sec-
tions (Fig. 19, 25 and 34).""*''%'%® Using a similar strategy,
thermo-responsive luminescent assemblies have been devel-
oped with tuneable excited states. However, controlled energy
transfer is not the only reason for the thermo-responsiveness
of assembled or composite materials. Other factors such as
reversible coordination/dissociation and changes in the micro-
environment polarity have been utilized to fabricate thermo-
responsive assemblies.

In order to utilize effective energy transfer between lumi-
nescent metal complexes and organic chromophores, Wolfbeis
and coworkers presented a nanothermometer by the co-assem-
bly of the thermo-stable blue-emissive polyfluorene 44 and the
thermo-sensitive red-emissive Eu(m) complex 45 (Fig. 35).**” In
the obtained nanocomposite 46, efficient fluorescence res-
onant energy transfer (FRET) from the light-harvesting poly-
fluorene antenna to the doped Eu(ur) complex occurred. Under
the two-photon excitation at 720 nm at rt, dual emissions in
the blue and red region were observed. Upon heating from 270
to 320 K, both emissions decreased gradually. However, rela-
tive to the blue emission of polyfluorenes, the red Eu(m) emis-
sion dropped much faster. The fitting plot of the Eu and poly-
fluorene emission ratio versus temperature showed a good
linear relationship with a relative sensitivity of 1.6% K ',
suggesting its potential applications as ratiometric nanotherm-
ometers. In addition to 46, FRET nanoparticles with the com-
bination of other donors and acceptors are known."*®

Recently, Zhong, Yao, and coworkers have fabricated a class
of highly ordered crystalline phosphorescent nanotubes from
the co-assembly of two neutral Ir(m) complexes, 47 and 48,
acting as the effective antenna chromophore and energy accep-
tor, respectively (Fig. 36)."*° Due to the excellent light-harvest-
ing and energy transfer process, the phosphorescence color of
these nanotubes was finely tuned from green to red by varying
temperature. Upon cooling from 298 to 77 K, the red emission
of these nanotubes containing 0.06% of acceptor was gradually
turned green, which was caused by the inhibited energy trans-
fer at low temperatures.
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Fig. 35 (a) Molecular structures of 44 and 45 and schematic illustration
showing the mechanism of the FRET-based nano-thermometer of the
binary-assembled composite 46. (b) Normalized temperature-depen-
dent emission spectra of 46 with two-photon excitation (lex = 720 nm).
(c) Photographs exhibiting the emission color change of the nano-
particles before (left) and after precipitation (right) in water under UV
irradiation. Reprinted with permission from ref. 147. Copyright 2016
WILEY-VCH.
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Fig. 36 (a) Molecular structures of donor 47 and acceptor 48. (b)
Temperature-dependent emission spectra of nanotube 47 doped with
0.06% of 48 (lex = 375 nm). (c) Fluorescence microscopy images display-
ing the temperature-dependent emission color changes of the doped
nanotubes. Reprinted with permission from ref. 149. Copyright 2018
Wiley-VCH.
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As an example of thermo-responsive assembled or compo-
site materials that are not based on the energy transfer mecha-
nism, Li and coworkers reported a ratiometric luminescent
thermometer through the combination of the Eu(m) complex
50 and the Zn(u) complex 51 prepared from the same triden-
tate ligand 49 (Fig. 37).""° The composite material 52 was
obtained from two individual complexes in a 1:19 molar ratio.
Upon cooling from 500 to 80 K, the red Eu(m) emission of 52
increased dramatically, whereas the blue emission associated
with the Zn(ir) component showed a little change. Based on
this, a good linear relationship between two emission intensi-
ties was observed from 80 to 410 K with a temperature sensi-
tivity of 0.896% K '. The excellent thermo-responsiveness of
52 was considered to be mainly attributed to the dynamic
coordination (at low temperatures) and dissociation (at higher
temperatures) of the Eu(ur) component. However, temperature
had little effect on the Zn(1) component and it simply behaved
as an internal reference for the ratiometric sensing. No inter-
metallic energy transfer between Eu(ur) and Zn () was involved
in this system.

The combination of two or more chromophores through
copolymerization is another appealing strategy to construct
ratiometric luminescent thermo-responsive materials. Zhao,
Huang, and coworkers prepared copolymer 53 by introducing
two different Ir(m) complexes into the thermosensitive poly
N-isopropylacrylamide backbone for the in vitro and in vivo
temperature sensing and imaging (Fig. 38)."”" Upon increasing
temperature, this polymer underwent a coil-globule transition,
leading to a decrease in microenvironment polarity surround-

@ ‘\_\"' - (.) N ElgosZNos(49);.05
W 50 51 52

Intensity

Fig. 37 (a) Molecular structures of 49-52. (b) Temperature-dependent
emission spectra of 52 recorded from 80 to 500 K. Reprinted with per-
mission from ref. 150. Copyright 2015 Wiley-VCH.
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Fig. 38 (a) Chemical structure of copolymer 53 (a/b/c/d = 0.11/100/
0.89/2.32). (b) Temperature-dependent emission spectra of 53 (0.01
w/v%) in PBS buffer (12—-40 °C). (c) Confocal laser scanning microscopy
images of Hela cells labelled with 53 at 15 °C (top), 25 °C (middle), and
35 °C (bottom). Reprinted with permission from ref. 151. Copyright 2016
WILEY-VCH. (d) Chemical structure of copolymer 54. Reprinted with
permission from ref. 79. Copyright 2018 American Chemical Society.

ing the Ir(m) complexes and hence enhanced the emissions of
both Ir(ur) complexes. However, owing to the different sensitivity
to the surrounding environment, the green/red emission inten-
sity ratio was linearly correlated with temperature. Thus,
polymer 53 has been successfully used for temperature sensing
and imaging of HeLa cells (Fig. 38c) and zebrafish. Recently, the
same research group reported another copolymer 54 containing
a green emissive Ir(m) component and a red emissive Eu(ur)
component (Fig. 38d).”° In addition to the application as a
ratiometric temperature probe in the physiological temperature
range, polymer 54 also exhibited a high temperature-depen-
dence of excited state lifetimes, making it applicable for temp-
erature-dependent ratiometric luminescence imaging and phos-
phorescent lifetime imaging in biological systems.

6. Conclusion

In summary, this review provides the fundamentals and
design strategies for the development of thermo-responsive
metal-ligand coordination materials. The thermo-responsive-
ness is commonly read out by the signal changes in the emis-
sion intensity, maximum emission wavelength, or excited-state
lifetime, with more than one parameter changes being
involved in many systems. This temperature-responsiveness
could be caused by the thermal-activated non-radiative tran-
sition, the thermal equilibrium of different excited states, mole-
cular structural or conformation changes, the changes in mole-
cular stacking, controlled inter-/intramolecular energy transfer,
changes in the microenvironment polarity, etc. Ratiometric
luminescence response is particularly appealing for highly-sen-
sitive temperature sensing and imaging, which can be realized
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on molecular dyads, mixed-metal clusters, MOFs, host-guest
systems, and binary polymers and assemblies.

Among the materials surveyed in this review, small mole-
cular metal complexes with well-determined molecular struc-
tures are particularly useful for studies in the solution state. In
addition, they could be used as building blocks to prepare
thermo-responsive polymers and assemblies with tailored
sizes for biomedical applications. In comparison, metal clus-
ters and MOFs are particularly used as solid-state thermo
probes owing to their high thermal stability. They could also be
good candidates for applications under harsh conditions, such
as cryogenic conditions or a high-temperature environment. In
addition to these materials, another type of thermo-responsive
luminescent material is thermally activated delayed fluorescence
(TADF) compounds, which have received intense interest but not
discussed in this review. We are aware that the topic of metal
complex-based TADF materials, in particular Cu(i), Ag(1), Au(i)
complexes, has been recently reviewed by Yersin, Li, and co-
workers."* Although these complexes have been mainly investi-
gated as OLED materials in the current stage, the exploitation of
the thermo-responsive nature of these materials is expected to
receive growing attention in the future.

Regarding the future research in this field, attention could
also be paid to the preparation of non-precious earth-abun-
dant metal complexes with distinct thermo-responsive pro-
perties, e.g. Cr, Mn, W complexes, and the incorporation of
these complexes into more sophisticated systems. In addition,
the thermo input and luminescence readout could be com-
bined with other stimulus and readout means, such as optical,
magnetic, electrical, and chemical signals to develop multi-
functional intelligent systems. During the practical appli-
cations of thermo-responsive coordination materials, the
material stability and robustness, that could ensure high rever-
sibility and long-term cyclability, must be considered.
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