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Lanthanide luminescent materials have attracted great attention in the last few decades due to their
intriguing optical properties, such as large Stokes shift, long excited state lifetimes, high quantum
efficiencies, abundant emission spectra, and high color purity. Stimuli-responsive materials are smart
materials that can sense and respond to surrounding stimuli. The combination of stimuli-response with the

Received 3rd April 2024, unique luminescent properties of lanthanides has great potential for numerous applications. Compared to

Accepted 5th June 2024 other stimuli, light irradiation offers many advantages, such as cleanliness, easy availability, high efficiency,
and remoteness. This review focuses on the construction and response mechanism of photoresponsive

lanthanide luminescent materials. Furthermore, various important applications in luminescent actuators,
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1. Lanthanide luminescent materials

Lanthanide elements located in the sixth period and IIIB
group in the periodic table consist of 15 elements from lantha-
num (atomic number 57) to lutetium (atomic number 71), and
their unique electronic configuration is [Xe] 4" '5d° '6s” (n =
1-15)."* The lanthanide elements have similar chemical prop-
erties due to their nearly identical outermost electron arrange-
ments. The valence states of lanthanide elements can range
from +2 to +4, with +3 being the most common, characterized
by the electron configurations [Xe]4f°*, which indeed produce
a diverse range of electronic levels.”” Therefore, lanthanide
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photoswitches, intelligent anticounterfeiting, and theranostics are also highlighted in detail.

materials display distinctive optical, magnetic, and electrical
properties, showing a wide range of applications, including but
not limited to photonic devices, renewable energy, biomedical
devices, industrial products, and display devices.*™**

As an important branch, the luminescence of lanthanide
(Ln*") ions originated from transitions inside the 4f shell, thus
intraconfigurational f-f transitions have become a research hot
spot.'**? Different Ln** ions emit luminescence of various
colors because of the different energy gaps of radiative transi-
tions. For instance, Eu*" emits red light, Tb** emits green light,
Sm** emits orange light, Tm®" emits blue light, and Dy*" emits
white or near-white light. Additionally, Pr’*, Nd**, Dy*", Ho>",
Er’’, Tm**, and Yb** all emit radiation in near-infrared (NIR)
light."*"*® The emission spectra of Ln*" ions cover a wide range,
including the ultraviolet (UV), visible (400-800 nm), and NIR
(800-1700 nm) regions, which are widely recognized as valuable
emitting sources.'”"® Due to the shielding effect of the partially
filled 4f shell by the closed 5s> and 5p°® shells, the emission
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Fig. 1 Intramolecular energy transfer mechanism for the lanthanide
materials.

wavelengths of Ln’* ions are hardly affected by ligands in the
first and second coordination sphere, which in particular results
in narrow emission bands and long excited lifetimes."®
However, all Ln*" ions have low absorption cross-sections
(absorption coefficients ¢, <10 L mol ' cm ™), so only a limited
amount of radiation is absorbed through direct excitation in
the 4f energy level, resulting in weak luminescence.*® In order
to solve this problem, coordinating Ln*" ions with organic
ligands offers a viable approach, which can resolve the weak
light absorption caused by the forbidden f-f transitions. Upon
exposure to external UV light, the organic ligands absorb energy
and transition from the ground state (S,) to the excited singlet
state (S;), then transfer the energy to the excited triplet state (T,)
through the intersystem crossing (ISC). In addition, the energy is
transferred from the triplet state to the excited state of the
central Ln** ions via nonradiative transitions (Non-rad.). Finally,
Ln*" ions emit their characteristic luminescence through radia-
tive transitions from the excited state to the ground state
(Fig. 1).>" It is important to note that not all organic ligands
can sensitize Ln®" ions, which relies on the energy gap of the
lowest excited triplet state T; and the 4f excited state of the Ln*"
ions. Effective transfer can only occur if the energy gap between
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Fig. 2 Chemical structure of common organic ligands: 2-
thiophenyltrifluoroacetone (tta), hexafluoroacetylacetone (hfac), acetyla-
cetone (acac), terephthalic acid (TPA), pyridine-2,6-dicarboxylic acid
(DPA), 1,3,5-benzenetricarboxylic acid (BTC), 2,2’-bipyridine (Bpy), 1,10-
phenanthroline (Phen), terpyridyl (Tpy), 2,2’.2"-(1,4,7,10-tetraazacyclo-
dodecane-1,4,7-triyl)triaceticacid (DOTA), and triphenylphosphine oxide
(PhsPO).

is in the appropriate range. Commonly used organic ligands
include B-diketones (2-thiophenyltrifluoroacetone, hexafluoroa-
cetylacetone, and acetylacetone), aromatic carboxylic acids (ter-
ephthalic acid, pyridine-2,6-dicarboxylic acid, and 1,3,5-benzen-
etricarboxylic acid), heterocyclic compounds (2,2'-bipyridine, 1,10-
phenanthroline, and terpyridyl), macrocyclic ligands (macrocyclic
polyether and macrocyclic polyketone), and compounds contain-
ing phosphoryl groups (triphenylphosphine oxide) (Fig. 2).>”>’
Luminescence from lanthanide materials with narrow-band, large
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Stokes shift and longer decay time,”** is obtained by the so-
called “antenna effect”,***" showing various optical applications.

2. Stimuli-responsive lanthanide
luminescent materials

Stimuli-responsive materials are smart materials that undergo
chemical and physical changes in response to external
stimuli.*** External stimuli can be classified into physical
stimuli, such as light,®* electricity,*® magnetism,*” mechanical
force,*® humidity,®® and temperature,’® and chemical stimuli,**
such as pH,** redox,*® and ions.** These interactive, adaptive,
and self-regulating features make them attractive as smart and
multifunctional materials in various fields. Stimuli-responsive
lanthanide luminescent materials,*>*® which achieve structure
or luminescence signal changes in response to external stimuli,
are one of the most important subclasses of lanthanide lumi-
nescent materials, showing potential applications in the fields
of medical diagnosis,””*® chemical sensors,*>>° biomimetic
soft robotics,”>> data storage,” and security technologies.>*
The response mechanism of various stimuli-responsive materi-
als can be categorized as energy transfer and competitive coor-
dination, etc. Energy transfer encompasses interactions between
the two Ln’" ions, as well as between the ligand and the Ln** ion.
Competitive coordination encompasses competition between
the water molecule and the organic ligand, as well as competi-
tion between other metal ions and the Ln®*" ion. Next, some
representative examples of stimuli-responsive lanthanide lumi-
nescent materials will be discussed.

2.1. Energy transfer

2.1.1. Thermo-responsive. With increasing temperature,
the luminescence intensity of Ln®" ions typically decreases
due to thermal activation of the non-radiative deactivation.”>*®
However, co-doping Ln*" ions can result in a luminescence
increase of one Ln*" jon and a decrease of the other Ln®" ion,
or a luminescence dramatic decrease of one Ln>" ion and a slight
decrease of the other Ln*" ion, which is due to energy transfer
between the two Ln*" ions.*” Qian and Chen et al. developed a
mixed-lanthanide metal-organic framework (LnMOFs) (Eug ooso-
Tby.9931-DMBDC, DMBDC = 2,5-dimethoxy-1,4-benzenedicar-
boxylic acid), and constructed a high-sensitivity luminescent
thermometer using the temperature-dependent energy transfer
between Tb*" and Eu®" in Euggo0Tbo.003:-DMBDC (Fig. 3).°
Lanthanide luminescence temperature sensors have the advan-
tages of adjustable size, easy modification, and non-invasiveness.
Therefore, the development and utilization of lanthanide lumi-
nescent temperature sensors have gained increasing attention,
and show great potential in industry, medicine, and daily life.

2.1.2. pH-responsive. pH stimulation causes protonation
or deprotonation of organic ligands, which in turn affects the
efficiency of energy transfer from the ligand to the Ln*" ion,
ultimately affecting the luminescence of lanthanide materials.>**°
Qian et al. reported a nanoscale MOF (UiO-67-bpydc, bpydc = 2,2-
bipyridine-5,5-dicarboxylic acid) with a stable structure and good
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Fig. 3 (A) Structure of Tb-DMBDC. (B) Emission spectra of Tb-DMBDC,
Eu-DMBDC, and Eug ooegTbo.993:-DMBDC recorded between 10 and
300 K, and the temperature dependence of integrated intensities of
EUo.0069Tb0.993:-DMBDC. Reproduced with permission from ref. 58.
Copyright: 2012, American Chemical Society.

biocompatibility (Fig. 4).** The bipyridine can anchor and sensi-
tize Eu®* ions. The luminescence intensity of Eu*" ions at 615 nm
showed an obvious increase with increasing pH (pH = 1.06-10.99),
which can be utilized as an effective luminescent pH sensor.

2.1.3. Redox-responsive. Some organic ligands undergo
redox reactions in lanthanide luminescent materials. This can
alter the triplet energy levels of the organic ligands and impact
the energy transfer from organic ligands to Ln*" ions, leading to
an obvious change in luminescence intensity.®"** Chang et al.
reported a lanthanide luminescent probe based on macrocyclic
ligands for the detection of hydrogen peroxide (H,0,) in living
systems (Fig. 5).°® The probes could be dissociated under H,O,
to generate phenol and aniline antenna molecules that can
effectively sensitize Tb®>" ions and maintain excellent lumines-
cence performance. With the development of life sciences,
redox gases (e.g., hydrogen sulfide, carbon monoxide, hydrogen
peroxide) are often of great significance to the activities of
living systems. Therefore, accurate sensing of these types of
gases based on lanthanide luminescent materials has become a
research hotspot.

2.2. Competitive coordination

2.2.1. Humidity-responsive. It is widely known the lumi-
nescence of lanthanide materials can be significantly quenched
under aqueous conditions because of the nonradiative transi-
tions caused by coupling of -OH high-frequency stretching
vibrations with Ln** ions.®*®® Tanas et al. designed an effective
and reliable humidity sensor based on LnMOFs ([Eu(H,O),-
(mpca),Eu(H,0)sM(CN)g]-nH,0, mpca = 2-pyrazine-5-methyl-

J. Mater. Chem. C, 2024, 12,10759-10774 | 10761
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Fig. 4 (A) Protonation and deprotonation of Eu@UiO-67-bpydc. (B) The
relationship between the emission intensity at 615 nm and the pH value.
Reproduced with permission from ref. 42 Copyright: 2018, Elsevier.
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Fig. 5 (A) Chemical structure and response mechanism of luminescent
probes. (B) Emission spectra at different concentrations of H,O,. Repro-
duced with permission from ref. 63 Copyright: 2010, the Royal Society of
Chemistry.

carboxylate, M = Mo or W) with highly hydrophilic open
pores.*® The luminescence intensity of LnMOFs showed a fast
response to water with high sensitivity and reproducibility
(Fig. 6). Humidity and water vapor can significantly affect
packaging materials and moisture-sensitive components.
Therefore, precise monitoring of relative humidity is essential
for global transportation and daily storage.

2.2.2. lIon-responsive. Competitive coordination occurs in
the lanthanide luminescent system when adding other metal
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Fig. 6 (A) Structure of [Eu(H,O),(mpca)Eu(H,0O)gM(CN)gl-nH,O. (B)
Emission spectra at different humidity. Inset: Emission intensity at
617 nm as a function of humidity. Reproduced with permission from ref.
39 Copyright: 2017, the Royal Society of Chemistry.

ions with stronger affinity to the ligand. This results in the
replacement of Ln** ions by other metal ions, disrupting the
coordination bonds and causing luminescence quenching.”**%¢
He et al. grafted iminodiacetate (IDA) onto poly(N,N-dimethyl-
acrylamide) chains as a ligand, and then crosslinked the chains
to form a hydrogel by coordination interaction between IDA
and Eu*" ion (Fig. 7).*” When adding competing ions (Fe**, Zn",
and Cu®"), the coordination bond between Eu®* and the ligand
was broken, and luminescence quenching as well as a gel-sol
transition were observed. Ion-responsive lanthanide lumines-
cent hydrogels offer a novel approach to construct intelligent
optical materials.

3. Photoresponsive lanthanide
luminescent materials

Despite many advances in stimuli-responsive lanthanide lumi-
nescent materials, there are still some challenges. First, some
invasive stimuli can cause irreversible luminescence quench-
ing. For example, the addition of transition metal ions (Fe®",
Fe*", Cu**, and so on) triggers the gel-sol transition, but the
luminescence signal also irreversibly disappears during this
process because the organic ligand coordinates with these
ions.®” Luminescence on-off switching can be achieved to some
extent by pH stimulation, which is based on the protonation or
deprotonation of organic ligands. However, its fatigue resis-
tance can only be maintained for a few cycles.®®*7° An excess of
alkali may cause Ln*" ions to precipitate as hydroxides or
oxides, resulting in irreversible luminescence quenching.”*

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (A) Schematic illustration and chemical structure of luminescent
hydrogels with EU** as the cross-linking points. (B) Fe**-induced luminescence
guenching and gel-sol transition under UV light (upper) and daylight (lower).
Reproduced with permission from ref. 67. Copyright: 2018, Wiley-VCH.

Second, certain stimuli have the potential to harm biological
tissues in biomedical applications, such as tumor diagnosis and
targeted drug delivery. For instance, a pH-responsive anticancer
system may release drugs in the acidic endolysosomes of normal
cells, causing side effects.”””* Direct heating can cause thermal
damage to the physiological functions of normal tissues,
whereas photothermal conversion can accurately and precisely
stimulate specific locations on command.”* Third, obtaining
certain stimuli, such as strong magnetic and electric fields,
may be challenging in reality. Forth, the redox process may
produce by-products and alter the valence state of Ln*" ions.”>”®

In contrast, light irradiation has emerged as an ideal stimulus
because of its high spatial/temporal resolution, controllability,
rapidness, cleanliness, and handiness.””””® Researchers have
combined photoresponse with lanthanide luminescent materi-
als by introducing various photoresponsive molecules into
lanthanide systems.”®®” This has resulted in the development
of a range of functional photoresponsive lanthanide luminescent
materials including in luminescent actuators, photoswitches,
intelligent anticounterfeiting, and theranostics. Common photo-
responsive molecules can be divided into different types (Fig. 8).

3.1. Photoresponsive molecules and mechanisms

3.1.1. Trans/cis isomerization. Azobenzene, as a promising
photo-isomerization molecule, has been extensively studied in

A
Crhp = QP
B
S’ S’
© = uv /

>350 nm

+ b —
cco

Fig. 8 Common photoresponsive molecules. (A) Azobenzene. (B) Diary-
lethenes. (C) Spiropyran. (D) Anthracene.
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photoresponsive systems, and its isomerization process does
not produce by-products. Trans(E)-azobenzene irradiated with
UV light undergoes geometric isomerization around the N—N
bond to produce cis(Z)-azobenzene. When irradiated with visi-
ble light, it isomerizes back to E-azobenzene (Fig. 8A).%%%

3.1.2. Ring-closure/ring-opening isomerization. Photo-
chromism is a chemical reaction that occurs when compound
Ais irradiated with a specific wavelength light, Av;, to produce a
product B, which undergoes a significant change in its absorp-
tion spectrum or refractive index. Upon irradiation with
another wavelength of light, 4v,, compound B reverts back to
compound A, which makes it a promising candidate for the
development of photoresponsive materials.*>®® Diarylethene
derivatives (DTEs) are promising organic photochromic mole-
cules due to their excellent fatigue resistance, fast photore-
sponse, good heat resistance, and high isomerism yield.®”:%®
DTEs can undergo ring-closure and ring-opening isomerization
with different absorption spectra through photo-induced cycli-
zation and cyclo-reduced reactions when irradiated by UV and
visible light (Fig. 8B).

Similar to DTEs, spiropyran (SP) and its derivatives have also
received significant attention due to their distinctive photo-
chromic properties. When exposed to UV light, SP can be
converted into cyanine (MC), resulting in a color change from
colorless to blue-violet (with new absorption peaks appearing in
the absorption spectrum at 550-600 nm) and a change from
non-fluorescence to red fluorescence (with new emission peaks
appearing at 620-750 nm). When exposed to visible light, MC
quickly restores to the ring-closure SP, causing the color and
fluorescence to disappear simultaneously (Fig. 8C).%™*

3.1.3. Photocycloaddition. Photocycloaddition reaction is a
bimolecular reaction where two conjugated systems combine to
form a cyclic molecule. The carbon atoms of the end groups of
the two conjugated systems are attached to each other head to
tail, resulting in the formation of a larger cyclic molecule.
Examples of such molecules include coumarin, cinnamic acid,
anthracene, and its derivatives. For instance, anthracene and
its derivatives can undergo a reversible [4+4]-cycloaddition
reaction under UV light irradiation, accompanied by significant
photochromic behaviors (Fig. 8D).”*?

3.1.4. Photothermal conversion. Photothermal conversion
is the process of collecting and utilizing the radiant energy of
light by absorption or otherwise, and converting the energy into
thermal energy and releasing it in the form of heat. Lanthanide
materials exhibit high quantum efficiency and low spontaneous
emission losses, rendering them an optimal material for photo-
thermal conversion. Lanthanide complexes and Ln-UCNPs, as
the typical photothermal conversion material, are able to
absorb light and partially convert the energy into heat.’***

3.2. Functionalities of photoresponsive molecules

3.2.1. Azobenzene. Sol-gel transition can be achieved by
assembling azobenzene with o-cyclodextrins (o-CD). E-
azobenzene exhibits a strong binding ability to a-CD, and
undergoes isomerization to the Z-azobenzene upon UV light
irradiation, causing detachment from «-CD. As a result, the

J. Mater. Chem. C, 2024,12,10759-10774 | 10763
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Fig. 9 Schematic illustration of (A) sol-gel transition and (B) an actuator
based on trans/cis isomerization of azobenzene under UV and visible light
irradiation alternately.

supramolecular host-guest system exhibits a reversible sol-gel
transition under alternative UV and visible light irradiation by
employing o-CD and azobenzene as critical cross-linking
bridges (Fig. 9A).

In addition, liquid crystal systems are often prepared by
introducing azobenzene to achieve photoresponsive deformation.
E-azobenzene is a nearly rod-shaped molecule, while Z-azobenzene
displays a curved “V” shape. The long rod-shaped E-azobenzene
can exist as a liquid crystal radical in azobenzene-containing liquid
crystal systems. After irradiating with UV light, the orderly arrange-
ment of liquid crystal motifs can be disrupted and cause the entire
liquid crystal network to macroscopically deform (Fig. 9B).

Harada et al. prepared supramolecular hydrogels by using
o-CD modified curdlan as the backbone, which were further
cross-linked with azobenzene as the guest (Fig. 10).°° The
hydrogels underwent a reversible sol-gel transition by control-
ling the trans/cis isomerization of azobenzene through UV/
visible light irradiation alternately to modulate the dissociation
and formation of a-CD/azobenzene inclusion complexes, pro-
viding a reference for the design of photoresponsive lanthanide
luminescent hydrogels.

3.2.2. DTEs and SP. The UV-Vis spectra of ring-opening
DTEs have no spectral overlap with the emission spectra of Ln**
ions, whereas its close-form shows perfect spectral overlap with
Ln*" ions. Therefore, DTEs can serve as acceptors to quench or
restore the luminescence of donors (Ln*" ions) via photochro-
mic fluorescence resonance energy transfer (FRET) (Fig. 11),
which makes them promising for use in bioimaging, photo-
switches, and information encryption and decryption.®”®

Liu et al. designed a host-guest system assembled by DTEs
(guest molecule) and terpyridinyldibenzo-24-crown-8 as well as
Eu®" ions (host molecule) through noncovalent interaction
(Fig. 12).°° The UV-Vis absorption spectra of the ring-closure
form of guest molecules and the luminescent emission spectra
of the host molecules Eu*'/terpyridinyldibenzo-24-crown-8
overlap perfectly. Furthermore, the distance between host and
guest molecules is narrowed due to the host-guest interaction,
which quenches the luminescence of Eu** through the FRET
process. Luminescence on-off switching of the Eu** can be

10764 | J Mater. Chem. C, 2024, 12,10759-10774

View Article Online

Journal of Materials Chemistry C

association between side chains

supramolecular hydrogel

I
vis (A =430 nm)
or UV (1 =365 nm)
heating

!
sol

o %
> 3.1 dissociation between side chains
' \,
\J%
<
9 Za

Wz

5

Fig. 10 Schematic illustration of sol-gel transition based on «-CD and
azobenzene with UV (365 nm) and visible (430 nm) light. Reproduced with
permission from ref. 96. Copyright: 2010, Wiley-VCH.

effectively controlled by alternating external UV and visible
light, which provided a novel design for multistage driven
molecular machines and logic gates.

SP is frequently added to lanthanide luminescent systems.
The luminescence of MC can be enhanced by quenching
the luminescence of Ln*" ions through FRET, due to the overlap
between the UV-Vis absorption spectrum of MC and the
emission spectrum of Ln®" ions (Fig. 13). Efficient FRET
between Ln>" ions and SP can be used to create luminescent
materials with multiple colors, providing a new idea for pre-
paring anti-counterfeiting materials with dynamic photochro-
mic performance.

Fig. 11 Schematic illustration of luminescence on-off switching based on
DTEs and lanthanide luminescent materials.

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 (A) Schematic illustration of the luminescence on-off switching
based on DTEs and Eu®** complex. (B) Emission spectra at different times
under 300 nm UV light irradiation. Insets: Emission intensity at 619 nm at
different times (upper); photographs of emission color under 254 nm UV
light (lower). Reproduced with permission from ref. 99. Copyright: 2013,
American Chemical Society.

Lee et al. reported a core-shell structure of lanthanide-
doped upconversion nanoparticles (Ln-UCNPs) (B-NaYF,:Nd**/
Yb*/Tm** @NaYF:Nd* @NaYF,@NaYF,:Yb*'/Er*") that pro-
duced UV (347-475 nm) and visible (545 nm) emission upon
excitation with NIR light at 808 and 980 nm, respectively, and
then the Ln-UCNPs were further assembled with SP (Fig. 14)."*°
The maximum absorption peaks of SP and MC are located at
342 nm and 560 nm, respectively, which have good overlap with
the UV emission of Ln-UCNPs under 808 nm excitation and the
green emission under 980 nm excitation. Therefore, this strat-
egy achieves two-way photoswitching using dual wavelengths of
NIR light.

3.2.3. Anthracene. Anthracene can act as organic ligands in
lanthanide MOFs (LnMOFs) to induce a single-crystal-to-single-
crystal (SC-SC) structural transition (Fig. 15). The SC-SC struc-
tural transition has attracted particular attention in the field
of molecular materials chemistry and enables the creation of
multifunctional materials that cannot be produced through
traditional methods.’®® In addition, the process of SC-SC

= »
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Fig. 13 Schematic illustration of multicolor luminescence based on spir-
opyran and lanthanide luminescent materials.
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Fig. 14 (A) Schematic illustration of photoswitching of Ln-UCNPs/SP
under 808 nm and 980 nm NIR light irradiation. (B) Emission spectra of
Ln-UCNPs and the UV-Vis absorption spectra of SP and MC under 808 nm
and 980 nm irradiation alternately. Reproduced with permission from ref.
100. Copyright: 2014, Wiley-VCH.

structural transition can provide more structural information,
leading to a better understanding of the transformation mecha-
nism and a deeper comprehension of the relationship between
structure and properties.

Zheng et al. synthesized a mononuclear compound Ln
(depma)(NO;);(hmpa), (Ln = Dy, Gd; depma = 9-diethyl-
phosphono-methylanthracene; hmpa = hexamethylphosphora-
mide) using Ln®** ions and anthracene derivatives (Fig. 16).'*> The
face-to-face anthracene group underwent a [4+4]-cycloaddition
reaction after irradiation with 365 nm UV light without loss of
crystallinity, and mononuclear compounds transformed into
Ln™,(depma,)(NO;)s(hmpa), dimers. Dy-containing single com-
pounds change from single-ion to a single-molecule magnet with
the luminescence color changes from yellowish-green to bluish-
white, which opens up new possibilities for designing intelligent
opto-magnetic devices.

3.2.4. Lanthanide complexes and Ln-UCNPs. Shape-memory
polymers (SMPs) are a type of smart polymer that can be pro-
grammed to temporarily change shape and then return to their

jiss

Fig. 15 Schematic illustration of the photoresponsive SC-SC structural
transition based on anthracene-containing LnMOFs.
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Fig. 16 (A) Structure of Dy"(depma)(NOs)s(hmpa), and dimers. (B) Emis-
sion spectra of Dy'"(depma)(NOs)s(hmpa) illuminated with 365 nm UV
light at different times. Reproduced with permission from ref. 102. Copy-
right: 2018, Wiley-VCH.

original shape in response to specific stimuli.'®>'** Thermally

induced SMPs have been extensively studied. Shape recovery can
be achieved when their switching temperatures are reached through
direct heating. Compared to direct heating, light has advantages as
a shape-responsive stimulus source due to its remote activation,
precise localization, and instantaneous switching. Lanthanide com-
plexes and Ln-UCNPs can be utilized as photothermal fillers doped
in thermally induced shape memory polymers to prepare SMP
composites (Fig. 17).

Rowan et al. prepared metal-supramolecular polymer films
with photoresponsive shape memory properties (Fig. 18).'%
Poly(butadiene) was first terminated by 4-hydroxy-2,6-bis(10-
methylbenzimidazoyl)pyridine, and then cross-linked with
pentaerythritol tetrakis(3-mercaptopropionate). Eu(NTf,); was
also added during photopolymerization to prepare metal-supra-
molecular polymers. The Eu®*" complexes absorbed the UV
light, and converted it into luminescence and localized heating.
This caused softening of the hard phases and increased decom-
plexation of the Eu®*" complexes. As a result, the materials
could be deformed under UV light. Upon removal of light, the
materials cooled and the metal-ligand interactions rejoined,
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Fig. 17 Mechanism of photoresponsive SMPs: the absorption of light by
Ln-UCNPs or lanthanide complexes inducing photothermal conversion
and phase separation; the material can be deformed; removing light during
deformation causes the material to be locked in a temporary shape;
restore the material to its permanent shape with additional light irradiation
and removal.

deformation
_—

locking them in a temporary deformed state. After further UV
light irradiation, the strain was released, and the material
returned to its original shape.

4. Application of photoresponsive
lanthanide luminescent materials

4.1. Luminescent actuators

An actuator is a material that can change its volume, shape, or
position under external stimulation. These materials have
attracted attention due to their potential in bionic domains,
and have been used to design grippers, walkers, artificial

muscles, and valves.'**'°° The integration of a photoresponse
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Fig. 18 (A) Chemical structure and the synthetic process of metal-
supramolecular polymer films. (B) Pictures of the shape memory behavior.
Reproduced with permission from ref. 105. Copyright: 2011, American
Chemical Society.
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in lanthanide luminescent systems enables the realization of
their photoresponsive sol-gel transition and actuation.

Capobianco et al. used Ln-UCNPs that respond to NIR light
to induce a sol-gel transition in supramolecular hydrogels
based on azobenzene and o-CD (Fig. 19)."° The high upconver-
sion efficiency of Ln-UCNPs in the ultraviolet region could
convert low-energy photons into high-energy UV light. This,
in turn, induces the isomerization of azobenzene in the supra-
molecular hydrogel, leading to the dissociation of an azoben-
zene/a-CD inclusion complex. Therefore, the gel-sol transition
was realized in this system. NIR light has excellent penetration
and low cytotoxicity in biological tissues. After implantation of
the hydrogel into the surgical site, the NIR light triggers the
release of the guest, which can be utilized for the development
of efficient and controllable drug delivery systems.

In 2018, we modified o-CD with 2,6-pyridine dicarboxylic
acid (DPA) via a polyethylene glycol polymer chain, and then
Ln** ions were added to coordinate with PDA forming a
lanthanide complex. Subsequently, the guanidinium-modified
azobenzene was incorporated into the lanthanide complex
periphery through molecular recognition of azobenzene and
0-CD, resulting in host-guest inclusion (Fig. 20).""* Finally, a
hybrid supramolecular luminescent hydrogel was constructed
by the electrostatic force driving between guanidinium salts
and LAPONITE® (LAP) nanosheets to form a three-dimensional
network. Under UV light irradiation, E-azobenzene isomerizes
to Z-azobenzene, which has greater spatial resistance, causing
it to detach from the cavity of o-CD. This process cut off
the cross-linking between the coordination material and the
surrounding LAP nanosheets, resulting in gel-sol transition.
Upon further irradiation with visible light, the Z-azobenzene
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Fig. 19 (A) Schematic illustration of the interactions of Ln-UCNPs, a-CD
and azobenzene within the hydrogel matrix. (B) Digital photographs of gels
illuminated with 980 nm NIR laser for different times. Reproduced with
permission from ref. 110. Copyright: 2018, the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

isomerized back to E-azobenzene. As a result, the azobenzene
and o-CD once again formed the inclusion compound and
re-cross-linked the surrounding LAP, thus initiating the trans-
formation process from sol to gel once again. Furthermore,
since the photoisomerization wavelength of azobenzene did
not conflict with the excitation/emission wavelengths of lantha-
nide complex, the remote light-controlled gel-sol transition
thus does not affect the luminescent performance of supramo-
lecular hybrid hydrogels. In addition, the luminescence color of
the hybrid hydrogel was regulated by adjusting the molar ratio
of Ln*" ions (Eu®*/Tb*").

4.2. Photoswitches

Photoswitching materials are able to interconvert between two
different light output states after being exposed to light. This
property makes them a promising candidate in various fields,
such as optoelectronic switching devices, molecular data pro-
cessing and storage, chemical sensing, and super-resolution
fluorescence microscopy."*>'"* Introducing photoresponsive
molecules into lanthanide luminescent materials is an effective
way to achieve luminescence on-off switching by regulating
their conformation.

Liu et al reported a multi-component nanosystem and
explored its function as a lanthanide supramolecular
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Fig. 20 (A) Schematic illustration of the sol-gel phase transition of
photoresponsive hybrid luminescent supramolecular hydrogels. (B) Photo-
graphs of luminescent hydrogels with sol-gel phase transition under
254 nm UV light irradiation. Reproduced with permission from ref. 111.
Copyright: 2018, Wiley-VCH.
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photoswitch (Fig. 21A)."** The neighbouring azobenzene units’
disordered motion suppressed the lanthanide complex’s lumi-
nescence. o-CD was added to immobilize the E-azobenzene’s
conformation, allowing it to display the characteristic emission
of Ln*" ions in both aqueous solution and hydrogel. The
photoluminescence of the supramolecular lanthanide system
can be modulated by alternately irradiating with UV and visible
light, causing reversible association and dissociation of the
a-CD/azobenzene host-guest inclusion complex. Recently, they
also designed a full-color lanthanide supramolecular photo-
switches, which were assembled using pyridine-2,6-dicarboxylic
acid (DPA)-modified pillar[5]arene, Ln** ions, and diethylene
derivatives through noncovalent interactions (Fig. 21B).""* The
supramolecular system exhibited strong luminescence emis-
sion in both organic solvents and aqueous solution due to the
appropriate energy gap and strong coordination between DPA
and Ln*' ions. By adjusting the molar ratio of Eu**, Tb**, and
host materials, the supramolecular system produced full-color
emission, including white luminescence. The system’s on-off
luminescence can be controlled by the FRET between Ln** ions
and DTEs through the ring-closure/ring-opening isomerization
of diethylene. This allows for on-demand luminescence color
tuning of advanced photoresponsive materials.
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Fig. 21 Schematic illustration and molecular structures of lanthanide
supramolecular photoswitches assembled by Ln®** ions. (A) DPA-
modified azobenzene and a-CD. Reproduced with permission from ref.
114. Copyright: 2022, Wiley-VCH. (B) DPA-modified pillar[5larene and
DTEs. Reproduced with permission from ref. 115. Copyright: 2023, the
Royal Society of Chemistry.
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Fig. 22 Structure of LnMOFs and the molecular structures of photore-
sponsive DTEs. Reproduced with permission from ref. 116. Copyright:
2019, Wiley-VCH.

We reported an approach to construct photoresponsive
lanthanide metal-organic frameworks (Ln-MOFs) by loading
solid-state DTEs into MOFs via host-guest interactions, which
resulted in reversible luminescence on-off photoswitching
behavior through alternating UV and visible light irradiation
(Fig. 22)."*® Ring-opening DTEs exhibited no absorption in the
wavelength range of 400-800 nm and Ln-MOFs showed the
characteristic color and brightness of Eu*" ions. After irradiating
with 300 nm UV light, DTEs adopted their ring-closure form and a
new absorption band in the range of 500-700 nm appeared, which
had good overlap with the emission spectra of Ln-MOFs, resulting
in luminescence quenching due to FRET from Eu®" to DTEs.
When irradiated with visible light, DTE molecules switched from
ring-closure form to ring-opening form, and the luminescence of
LnMOFs was restored.

4.3. Intelligent anticounterfeiting

With the rapid development of social economy and technology,
counterfeit and inferior goods are emerging. The counterfeiting
of valuable and confidential documents, such as currency, pass-
ports, certificates, and movies, poses a significant economic and
security threat to both consumers and governments.®*''78
Photoluminescent printing is a common means of anti-
counterfeiting. Many countries use anticounterfeiting labels on
banknotes due to their high efficiency, facile design, and tunable
optical properties. However, the use of static luminescence
signals can be easily imitated, and their encrypted information
can be easily decrypted.'*®"*" Therefore, the design and devel-
opment of high-security anti-counterfeiting materials with
different luminescent colors that respond to external stimuli
and change their optical outputs is of great significance in
eliminating counterfeit products.

Based on Ln*" ions and the photoresponse of DTEs, we
constructed a series of photoresponsive lanthanide luminescent
materials to be used in intelligent anticounterfeiting. The lumines-
cence on-off switching behavior was realized by controlling the
FRET from Eu’* ions to DTEs by alternating UV and visible light
irradiation, and potential applications in the intelligent anti-
counterfeiting field were further explored. In 2019, photorespon-
sive lanthanide luminescent hydrogels with high transparency,
excellent tensile properties, and good luminescence were prepared

This journal is © The Royal Society of Chemistry 2024
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using an in situ copolymerization strategy of the functionalized
lanthanide complex, DTEs, and the acrylamide monomer
(Fig. 23A-C)."** Hydrogel blocks with various luminescent colors,
including red, green, yellow, and colorless were arranged to form
hydrogel matrix codes, allowing for the encryption and decryp-
tion of information on demand. Considering that inkjet printing
is currently the most widely used printing method and the
incompatibility between the printers and existing security
inks due to their high viscosity or large particle content, a
photoresponsive supramolecular polyelectrolyte was constructed
through hierarchical self-assembly of Ln*" ions, bis-ligand and
DTEs driven by coordination and ionic interaction (Fig. 23D and
E)."** The supramolecular polyelectrolyte was directly utilized as
an anti-counterfeiting ink in commercial printers to produce
high-resolution QR codes on blue PET film, allowing for light-
controlled remote multiple reversible information erasure
and display. To meet different needs, multi-stimuli-responsive
anisotropic hydrogels were prepared by copolymerizing mag-
netic alumina platelets, lanthanide complexes, DTEs, and N-
isopropylacrylamide in a directed magnetic field."** The hydro-
gel blocks were assembled into a QR code, and the information
could be hidden/recovered by UV/visible light irradiation or
heating/cooling. The promising applicability in the field of
multi-dimensional intelligent anti-counterfeiting could provide
new research horizons for expanding the applications of func-
tional lanthanide luminescent hydrogels.
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Yang et al. loaded SP into LnMOFs to prepare a luminescent
host-guest system for dynamic anti-counterfeiting (Fig. 24)."*®
Changes in emission intensity and luminescence color can be
achieved by simple UV/visible light irradiation for different
times, eliminating external interfering factors. Under UV light
irradiation, SP was gradually transformed into MC, which
exhibited a strong absorption band at 550 nm. Energy was
transferred from Ln®* jons to MC through FRET, so the color of
luminescence turned continuously green to red. Under visible
light irradiation, MC converted back into SP, which did not
overlap spectrally with Ln*" ions, resulting in the cessation of
FRET. Therefore, this system presented dynamic luminescent
colors with prolonged irradiation time, facilitating the creation
of complicated anti-counterfeiting patterns. This strategy pro-
vides novel materials to enhance the reliability of anti-
counterfeiting, and practical guidance for further application
in the field of dynamic anti-counterfeiting and information
storage.

4.4. Theranostics

Fluorescence imaging with high sensitivity is a non-invasive
method for studying biomolecular mechanisms and pathways
in living cells. However, it faces challenges when applied to real
samples due to the optical interference caused by the inhomo-
geneity of biological samples and their own fluorescence.
Compared to irreversible changes in luminescence signal,

oy
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Fig. 23 (A) Chemical structure of the photoresponsive lanthanide luminescent hydrogel. (B) Schematic illustration of the luminescence on-off
switching behavior by alternating UV and visible light irradiation. (C) Photos of the hydrogel matrix codes constructed by the photoresponsive hydrogel
under daylight and UV light. Reproduced with permission from ref. 122. Copyright: 2019, Wiley-VCH. (D) Schematic illustration of supramolecular
polyelectrolyte and chemical structures of DTEs as well as bis-ligand. (E) Schematic illustration of the printing process and photos of the QR code on blue
PET film under daylight (left) and UV light (right). Reproduced with permission from ref. 123. Copyright: 2021, Nature Publishing Group.
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Fig. 24 (A) Synthetic process of loading SP into Tb-MOFs and (B) advanced anti-counterfeiting based on the SP@Tb-MOF/PDMS (PDMS =
polydimethylsiloxane) film with a dual optical response. Reproduced with permission from ref. 125 Copyright: 2022, American Chemical Society.

luminescence that can respond reversibly provides an effective
way to avoid optical interference. Therefore, designing novel
luminescent probes capable of modulating the signal output is
crucial for research.

Cheng et al. designed terpyridine-modified DTEs (DTE®@
Tpy), and coordinated them with Eu(tta);-3H,O to prepare a new
luminescent lanthanide molecular switch, DTEs@TpyEu(tta)s.
Reversible luminescence on-off switching behaviors in both solution
and poly(methyl methacrylate) films were realized under external UV
and visible light irradiation (Fig. 25)."*® To be noted, it can setve as a
highly sensitive luminescent probe to enter living cells for imaging

A photochromic-FRET

) Schematic illustration of the photoresponsive luminescence
on-off SW|tch|ng. (B) Confocal images of NIH 3T3 cells after incubation
with CF-DTE@TpyEu(tta)s. Reproduced with permission from ref. 126.
Copyright: 2016, American Chemical Society.

Fig. 25
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without optical interference, and luminescence on-off switching was
also observed in living cells, showing potential for application in
more sophisticated imaging.

In addition to being used in cell imaging, photoresponsive
lanthanide luminescent materials can also be used in drug
delivery platforms."®”"*® Chemotherapy remains the primary
treatment for cancer. However, it can damage normal biological
tissues and has a short circulation time in the body, which
affects its safety and therapeutic efficacy. Light-triggered drug
delivery platforms can remotely control the release of drugs at
the desired location and time to realize on-demand therapy. This
can significantly reduce side effects and avoid any effects toward
healthy biological tissue. While most photoresponsive systems
are sensitive to UV and visible light, their limited tissue penetra-
tion and photodamage restrict their further use in living
systems.'?***® Introducing NIR light-responsive Ln-UCNPs into
the system can address these issues. Ln-UCNPs have the ability
to absorb NIR light and convert it into UV or visible light, which
can then drive the photoresponsive system to release the drug.
The main mechanisms for the drug release of NIR-responsive
Ln-UCNP materials are photolysis and photoisomerization.

For the photolysis strategy, photolabile molecule-coupled anti-
cancer drugs are loaded into Ln-UCNPs. The UV/visible light
emitted by Ln-UCNPs drive photolabile molecule cracking and
release of anticancer drugs. Li et al. designed hydrophobic Ln-
UCNPs with a core-shell structure (NaYF,:Yb, Tm@NaLuF,-mSiO,)
by photolysis (Fig. 26A)."*" They then loaded coumarin-conjugated
anticancer drug chloramphenicol into the nanoparticles through
physisorption. Upon 980 nm laser irradiation, the Ln-UCNPs
emitted UV light, which photolytically cleaved the coumarin,
releasing chloramphenicol and inhibiting tumor growth.

As another photoresponsive drug delivery platform, the photo-
isomerization strategy can be realized by introducing photoiso-
meric molecules into Ln-UCNP systems. NIR light was
upconverted into UV/visible light by Ln-UCNPs. The UV/visible
light triggered the photoisomerization of the photoresponsive
molecules, thereby controlling the release of the drug loaded in

This journal is © The Royal Society of Chemistry 2024
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Fig. 26 (A) Schematic illustration of the NIR-responsive drug delivery and chemical structures of prodrug photolysis. Reproduced with permission from
ref. 131. Copyright: 2014, Wiley-VCH. (B) The synthetic process of nanocapsules and NIR-triggered photoisomerization of azobenzene. Reproduced with
permission from ref. 132. Copyright: 2018, Wiley-VCH. (C) Schematic illustration of the NIR-triggered system and photoisomerization of spiropyran.

Reproduced with permission from ref. 133. Copyright: 2017, Elsevier.

the system. Zhao et al. modified spherical silica with positively
charged polymers, and then assembled it with azobenzene-
containing polymers and negatively charged dual-mode up/
down-converted nanoparticles (Ln-U/DCNPs) via electrostatic
interactions to prepare nanocapsules (Fig. 26B)."** Under NIR
light irradiation, Ln-U/DCNPs could convert NIR light into UV
light. This, in turn, caused cis/trans isomerization of the azoben-
zene, leading to the decomposition of the nanocapsules and the
release of the anticancer drug. Spiropyran is another photoiso-
meric molecule. Ring-opening SP after irradiation with visible
light is hydrophobic, whereas ring-closure MC after irradiation
with UV light is hydrophilic. Qu et al. prepared mesoporous silica-
coated Ln-UCNPs, and then modified SP on the surface of silica.
The hydrophobic anticancer drug curcumin was loaded into
mesoporous silica (Fig. 26C)."** Prior to NIR illumination, SP
formed a dense hydrophobic layer on the surface of the silica,
which prevented the premature release of curcumin. Upon NIR
light irradiation, Ln-UCNPs efficiently converted NIR light into UV
light, causing MC to isomerize into SP while also becoming
hydrophilic, thereby enabling drug release. Additionally, the UV/
visible light produced by Ln-UCNPs could activate curcumin to its
triplet state and reacted with oxygen to generate reactive oxygen
species, enhancing the antitumor impact.

5. Conclusions and outlook

In conclusion, this review summarizes the
mechanism, preparation method,

response
and applications of

This journal is © The Royal Society of Chemistry 2024

photoresponsive lanthanide luminescent materials in lumines-
cent actuators, photoswitches, intelligent anticounterfeiting,
and theranostics. Compared to other stimuli-responsive mate-
rials, photoresponsive lanthanide luminescent materials exhi-
bit a number of inherent advantages, including accurate
control of location and wavelength, low cost-effectiveness,
and environmentally friendly nature.

This research field is rapidly evolving, with increasing
emphasis on gaining a deeper understanding of the mecha-
nism of action of photoresponsive lanthanide materials and
finding simpler and more effective preparation strategies to
expand their potential applications in various fields. However,
challenges still exist. First, it is challenging for lanthanide
luminescent materials to maintain their luminescence in aqu-
eous environments, limiting their aqueous application, in
particular in biological fields. This difficulty arises mainly
due to the coupling of the high-frequency stretching vibrations
of -OH in water molecules with lanthanide ions, leading to
nonradiative transitions of the central lanthanide ions and
luminescence quenching. Maintaining the aqueous phase
luminescence of lanthanide materials often requires the elabo-
rate design of organic ligands to increase the coordination
number thus protect the lanthanide ions from water molecules.
In terms of the chemical structure of ligands, it is possible to
design polydentate chelating ligands, which can enhance the
luminescence in aqueous solution by using synergistic coordi-
nation. Furthermore, the coordination number and structure of
lanthanide complexes should also be investigated in-depth.
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Alternatively, some amphiphilic ligands can be utilized to pre-
pare complexes that can self-assemble into micelles in aqueous
solution to protect the lanthanide luminescence center. Sec-
ondly, the majority of current photoresponsive lanthanide lumi-
nescent materials are driven by UV/visible light. This makes it
difficult to penetrate biological tissues, can cause damage to the
tissues, and they can be interfered with by the self-fluorescence
of the biological tissues. The assembly of lanthanide-doped
upconversion nanoparticles with photoresponsive molecules to
prepare composites that utilize the energy of lanthanide-doped
upconversion nanoparticles to drive photoresponsive molecules
is a growing area of research. Lanthanide-doped upconversion
nanoparticles are capable of converting NIR light into UV and
visible light, thereby enabling the delivery and controlled release
of guest molecules. Thirdly, although lanthanide luminescent
materials have demonstrated effective intelligent anticounter-
feiting properties, their long response time (seconds or even
minutes) is still far from the requirements of actual applications.
Shorter times are necessary to meet future equipment needs.
Efforts are being made to investigate the potential of new
photoresponsive molecules and mechanisms, or to modify exist-
ing photoresponsive molecules. In parallel, efforts can be made
to enhance the understanding of the relationship between
suitable structures and photoresponse by integrating theoretical
calculations into the structural design and synthesis of materi-
als. This approach could facilitate more effective and precise
control over the resulting materials.
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