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A series of macrocyclic compounds, including crown ether, cyclodextrin, cucurbituril and pillararene,
bound to various specific organic/inorganic/biological guest molecules and ions through various non-
covalent interactions, can not only make a single system multifunctional but also endow the system with
intelligence, especially for luminescent materials. Due to their excellent luminescence properties, such
as long-lived excited states, sharp linear emission bands and large Stokes shift, lanthanides have shown
great advantages in luminescence, and have been more and more applied in the design of advanced
functional luminescent materials. Based on reported research, we summarize the progress of lanthanide
luminescent materials based on different macrocyclic compounds from ion or molecule recognition to
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we put forward the prospects of future development of lanthanide luminescent macrocyclic

rsc.li/chemcomm supramolecular materials.

1. Introduction

Supramolecular chemistry uses a ‘“bottom-up” approach to
assemble sub-nanoscale small molecules into well-defined
and highly ordered architectures and has received widespread
attention in understanding and simulating biomolecules, such
as proteins, DNA, and lipids, and also living organisms at the
system level." Different from traditional covalent bond chemistry,
supramolecular chemistry mainly studies non-covalent inter-
actions, including hydrogen bonding, metal coordination, hydro-
phobic forces, van der Waals force, n-n stacking, electrostatic
effects, etc.'™ Among various supramolecular systems, it is
noteworthy that macrocyclic supramolecular systems are more
attractive because of their inherent advantages.? First of all, the
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supramolecular interaction could be strengthened through a
variety of weak non-covalent bond interactions between the
macrocyclic host and the guest, which can achieve the covalent
bond effect in a simple and convenient way, superior to the
traditional complex organic synthesis of covalent systems.
Secondly, the macrocyclic supramolecular system can combine a
variety of functional groups together, which is expected to boost
the performance of building blocks through comprehensive
effects.

In the supramolecular system, the potential applications of
macrocyclic compounds such as crown ethers, cyclodextrins,
cucurbiturils and pillararenes have gained increasing interest.
These macrocyclic compounds can bind various organic/
inorganic/biomolecules and ions.'®* For example, crown
ethers, the first generation of macrocyclic hosts, have a strong
binding ability to paraquat derivatives, secondary ammonium
salt molecules, and alkaline earth metals.'** Cyclodextrin (CD),
a type of cyclic oligosaccharide connected by p-glucose units
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through o-1,4-glycosidic bonds, strongly binds with aromatic
and/or adamantyl compounds mainly via hydrophobic
interactions.'®*® Cucurbituril (CB), formed by condensation
of different numbers of glycoluril units, can form host-guest
inclusion complexes with positively charged organic and
inorganic guest molecules as well as neutral organic guest
molecules due to strong charge dipole, hydrogen bonding
and hydrophobic interactions.’@'? Pillararene, a type of rigid
pillar architecture consisting of hydroquinone units connected
by methylene bridges at the para position of the benzene ring,
has electron-rich cavities with good binding ability to various
electron-withdrawing or neutral molecules.'” Therefore, these
macrocycles can be widely used not only as excellent receptors
for molecular recognition, but also to construct functional
materials of nanostructures including the photo-luminescent
materials. In addition, the optical properties of supramolecular
macrocyclic luminescent materials could realize the tunability
of luminescent materials via the introduction of a variety of
functional molecules or competitive binding molecules.

On the other hand, among many luminescent materials,
lanthanide luminescent materials are widely applied in lighting,
displays, laser, security ink and marking, pressure sensors,
barcoding and biological applications due to their long-lived
excited states, long wavelength emission, large Stokes shift and
narrow emission bands.’ Lanthanides (Ln III), also known as
“rare earth elements”, have the electronic configuration [Xe]
4f'sd'6s> (n = 0-14), and are located in group IIIB of the sixth
period of the periodic table and comprise from lanthanum
(atomic number 57) to lutetium (atomic number 71).” Their
luminescence covers the entire spectral range, from ultraviolet
light to visible light (400-800 nm) and even near infrared (NIR,
800-1700 nm): Eu’" (red light), Tb®" (green light), Sm*" (orange
light), Tm*" (Blue light), and Dy*" (white light or close to white
light) ions emit in the visible light region, while Pr**, Nd**, Sm**,
Dy*", Ho*', Er**, Tm®", Yb*" and other lanthanide ions all have
near-infrared radiation.”® Thus, the combination of rare earth
elements with macrocycles will give luminescent materials with
more characteristics and advantages including (1) rare earth
systems with improved optical performance owing to the orderly,
controllable and diverse assembly mode combined with
macrocyclic supramolecular functional systems; (2) rare earth
luminescent systems endowed with dynamic controllability and
functional diversity to a certain extent.

In recent years, a variety of functional luminescent supra-
molecular systems have been successfully constructed through
the combination of macrocyclic host compounds and lanthanide
elements and have been further studied, demonstrating the rich
research value of lanthanide luminescent materials based on
macrocyclic supramolecular systems. Here, we review the recent
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progress in combining lanthanides with macrocyclic compounds
(including crown ether, cyclodextrin, cucurbituril and pillararene)
and the applications of these luminescent systems in the fields of
tunable multi-color light, smart materials, fluorescence sensing
and up-conversion nanoparticles. The present challenges and
opportunities for lanthanide luminescent materials based on
macrocyclic compounds and the prospects of future development
of this field are also discussed in this review.

2. Tunable multi-color luminescence

White-light emissive materials have attracted more and more
attention due to the wide application in displays and lighting
devices as well as sensors, which was realized through the
combination of three primary colors (red (R), green (G), and
blue (B)) or complementary mixing (blue and yellow)1a. According
to the standard colorimetric regulations established by the
Commission Internationale d’Eclairage (CIE) in 1931,° white
light emission can be obtained by adjusting the ratio of three
primary colors across the white light region. The white light
emission of single molecules could be achieved by combining
the red-emitting Eu®*, green-emitting Tb**, and a blue emission
ligand, which have a strong photoluminescence (PL) intensity,
a special light damage threshold, and are very stable.*®

Tian et al."* reported a multicolor fluorescent supramolecular
hyper-branched polymer based on three symmetrical
pillar[5]arene (MP5) hosts and terpyridine (TPY) modified triazole
guest TAPN, where TAPN could form an assembly with
pillar[5]arene through the host-guest interaction and TPY could
coordinate with lanthanide ions. The multicolor orthogonal
coordination complexation could be further formed upon
addition of different lanthanide ions to the assembly (Fig. 1),
and the fluorescence could be tuned by adding a competitive
guest molecule.

Yang et al."” designed and synthesized a novel color-tunable
fluorescent pillarene coordination polymer which was made up
of di-carboxylatopillar[5]arene (DCP5) and lanthanide metal ions
(Fig. 2). In this polymer, multicolor fluorescence containing
white light was achieved through different ratios of europium
(Eu®") with red-color fluorescence, terbium (Tb*") ions with
green-color fluorescence, as well as DCP5 with blue emission.
Furthermore, this white-color fluorescent pillararene-based
polymer was utilized for detecting nitroaromatic pollutants not
only under in vitro conditions (zebrafish and Limnodrilus) but
also in vivo (vegetables) via an electron transfer mechanism.

Liu et al™ reported a two-dimensional (2D) lanthanide
luminescent organic-inorganic hybrid material that was comprised
of the anionic polyoxometalate Nag[EuW,;,036]-32H,0 (Eu-POM),
mono-quaternary ammonium tetraphenylethene (MQATPE) and
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Fig. 1 Schematic illustration of construction of a multicolor lumines-
cence supramolecular polymer based on MP5 and TAPN in coordination
with lanthanide ions.** Copyright 2018, Wiley Online Library.

CB[7] via a two-step supramolecular assembly approach (Fig. 3).
The supramolecular assembly formed multicolor (including
white luminescence) single-layer films via mixing the red-emitting
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Fig. 2 Schematic illustration of the construction of the color-tunable
luminescence polymer via DCP5 and lanthanide ions.*> Copyright 2020,
Royal Society of Chemistry.
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Fig. 3 Schematic illustration of the construction of a multicolor lumines-
cence supramolecular assembly by the cationic MQATPE@CBI7] and the
anionic Eu-POM.2® Copyright 2020, American Chemical Society.

Eu-POM and the blue-emitting MQATPE@CB][7], where CB[7] can
not only prevent the aggregation of MQATPE allowing it to retain its
strong fluorescence, but also enable MQATPE to form a periodic
assembly compared with that without CB[7]. Importantly, this 2D
supramolecular lanthanide luminescence material could effectively
regulate the activity of a-chymotrypsin (ChT) because of the high
surface area and more accessible active sites of the single-layer
films. They also constructed a multi-color and solid-state
lanthanide luminescence supramolecular assembly'® based on
CB[8], methylimidazole salt modified terpyridine and lanthanide
ions, where CB[8] could form a stable 1:2 inclusion complex
with the methylimidazole salt, and the terpyridine group could
coordinate with and sensitize Tb** or Eu®* for emitting green or red
light, respectively (Fig. 4). Significantly, the luminescence intensity
of the resulting solid-state lanthanide supramolecular assembly is
10 times higher than that of the corresponding system without
CB[8], and the multi-colors including white light can be modulated
through different molar ratios of blue light (terpyridine), red light
(Eu®) and green light (Tb*).

3. Smart materials

Smart materials, also called stimulus-responsive functional
materials, are inspired by natural biological systems (e.g:, the
folding of mimosa plants and the skin tone change of
cephalopods) which respond to various external stimuli (such
as light, pH, chemicals, temperature, humidity, mechanical
force, electrical field, and magnetic field) by changing their
structures and/or chemical/physical properties."> Among these
materials, smart fluorescent materials, due to their excellent
sensitivity, high contrast, rapid response and other advantages,
have more potential applications in the fields of smart
logic circuit, biomedicine, optoelectronic equipment, etc.'®
Therefore, a simple and effective method to obtain fluorescent
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Fig. 4 Schematicillustration of the construction of a tunable luminescence
solid-state supramolecular assembly by CBI[8] and tribipyridine derivatives in
coordination with lanthanide ions.** Copyright 2019, Elsevier.

materials with excellent response performance and good
luminescence performance is the direction that scientists are
constantly pursuing.

In 2008, we constructed a reversible lanthanide luminescent
switch based on dibenzo-24-crown-8 (DB24C8) modified
pyridine-2,6-dicarboxylic acid (DPA), a ferrocenyl-modified
dialkylammonium salt, and lanthanide ions, where DPA could
be used as an excellent chelator and antenna for Tb*', and
DB24C8 could bind the dialkylammonium group of the guest
molecule for the regulation of optical properties (Fig. 5)."” In this
tris[2]pseudorotaxane, fluorescence was quenched significantly
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Fig. 5 Schematic illustration of the construction of the controlled lumi-
nescence supramolecular assembly by ferrocenyl-modified dialkylammo-
nium salts and DPA/DB24C8 in coordination with lanthanide ions.*”
Copyright 2008, American Chemical Society.
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due to the photoinduced electron transfer (PET) from the
lanthanide ion to the ferrocene. However, when K', which can
more easily bind DB24C8 than the dialkylammonium salt, was
added to the assembly, the dialkylammonium salt was displaced
to prevent PET, and the fluorescence was restored. Further, when
we added the competing host molecule 18-crown-6 (18C6), which
has a stronger binding ability with K', the fluorescence was
quenched again. Then, we constructed another molecular switch
using a DB24C8 derivative bearing a terpyridine unit, a fullerene-
containing ammonium salt and lanthanide ions (Fig. 6).'® In this
assembly, the PET process can also be regulated by the way of
competitive bonding between K+ and 18C6, so as to reversibly
regulate the luminescence of lanthanide ions. These two
molecular switches are realized by the way of host-guest
competitive bonding.

On the basis of previous work, terpyridine modified DB24C8
was used as the host and diarylethene modified dialkyl-
ammonium salt (DAE)"® as the guest (Fig. 7). DAE is an excellent
light-responsive molecule that can realize the isomerization
reactions of ring-closing and ring-opening by alternating UV
and visible light, and also has outstanding fatigue resistance.>®
In an assembly constructed of DB24C8, DAE and lanthanide
ions, the luminescence of Eu®" can be regulated not only by the
competitive bonding of K" and 18C6, but also, most importantly,
through the alternation of UV and visible light which controls
the resonant energy transfer (RET) from the excited lanthanide
ion to the photochromic DAE owing to the perfect spectral
overlap between the Eu®" emission and the DAE absorption.
This multi-stimulus responsive, especially light-driven, highly
efficient luminescence switch may provide a novel perspective
for the development of smart materials.

In a following work, other photo-controlled groups were
selected to design and prepare functional molecular switches.
It is well-known that anthracene is a very good photo-
responsive group, which can not only realize dimerization/
depolymerization by UV or visible light irradiation,>* but can
also realize the reversible conversion process by reacting with
singlet oxygen on heating.>> Therefore, DB24C8, terpyridine,
anthracene and lanthanide ions were employed to construct a
molecular switch, where modified terpyridines were attached at

PET
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Fig. 6 Schematic illustration of the construction of the controlled
luminescence  supramolecular assembly by fullerene-containing

ammonium salt and tribipyridine-modified DB24C8 in coordination with
lanthanide ions.*® Copyright 2011, American Chemical Society.
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Fig. 7 Schematic illustration of the construction of the dual-stimulus
luminescence supramolecular assembly via DAE and tribipyridine-
modified DB24C8 in coordination with lanthanide ions.*® Copyright
2013, American Chemical Society.

the 9 and 10 positions of anthracene and two-arm DB24C8s
were modified at both ends of anthracene (Fig. 8).”* In this
molecular switch, terpyridine can form a 2 : 1 complex with Eu**
or Tb>". However, the large © conjugated group on the antenna
molecule terpyridine cannot excite Eu** or Tb*" for lumines-
cence as the lowest triplet energy of the ligand does not match
with the first excited state of lanthanide ions. On the other
hand, because the anthracene’s 9 and 10 positions are modified
with aromatic groups, the anthracene can react with singlet
oxygen to generate endoperoxides (EPOs) which cloud destroy
the big conjugated system to achieve energy level matching for
the luminescence of Eu®* or Tb*" after UV light irradiation and
this process could be restored by heating. In addition, DB24C8
can complex with alkali earth metal ions in solution to prevent
their quenching effect on Eu®" or Tb*" luminescence. This
method based on photo/thermo-controlled lanthanide
luminescence supramolecular assembly will provide a new idea
for multi-stimulus responsive molecular machines and logic
gate applications. Furthermore, the photo-controlled molecule
DAE was introduced (Fig. 9),>* and the resultant assembly can
not only regulate the luminescence of Eu*" or Tb*>" through the
transformation of UV light to heat for the oxidation and
deoxidation of anthracene, but can also realize the switching
of the luminescence of Eu*" or Th*" based on the regulation of

Fig. 8 Schematic illustration of the construction of the photo-oxidation
regulation luminescence supramolecular assembly based on anthracene/
DB24C8/tribipyridine and lanthanide ions.?®> Copyright 2017, American
Chemical Society.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Feature Article

©=Eu®or Tb

Fig. 9 Schematic illustration of the construction of the dual-
photoresponsive luminescence supramolecular self-assembly based on
DAE/anthracene/DB24C8/tribipyridine and lanthanide ions.>* Copyright
2018, Elsevier.

the closed form and open form of DAE under ultraviolet and
visible light irradiation alternately. This kind of supramolecular
switching based on dual-light-stimuli-driven luminescent
lanthanides provides a new way for smart materials. In a
following research study, water-soluble cyclodextrin was
employed to construct a molecular switch in water. It is well
documented that anthracene tends to undergo photo-
dimerization reaction when there are functional groups in
other positions. For example, y-CD binds two anthracenes in
water, which can increase the solubility of anthracene and
accelerate the anthracene dimerization reaction.>®> When a
DPA moiety is introduced at the 2 position of anthracene,*® a
pseudo[3]rotaxane could be formed between y-CD and anthracene
with a 1:2 molar ratio in aqueous solution, and DPA simulta-
neously coordinates with Eu** or Tb*" with a 3:1 stoichiometry
(Fig. 10). In this supramolecular assembly, the energy level of the
ligand does not match that of the rare earth ion so that the rare
earth ions do not emit because of the large © conjugated group of
anthracene. However, when the conjugated group was destroyed
by the dimerization reaction of anthracene under UV light, the
luminescence of rare earth ions in water could be observed. More
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Fig. 10 Schematic illustration of the photo-cyclodimerization supra-
molecular assembly by vy-cyclodextrin/Eu®*/anthracene.?® Copyright
2019, Royal Society of Chemistry.
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interestingly, the conversion of multicolor fluorescence including
white light could be realized by adjusting the light irradiation
time, and this multicolor fluorescence emission is also available
in a variety of environments such as solid films and cells.

Azobenzene is also a photoisomerized molecule with very
good reciprocation by UV and visible light, and its isomers have
very large binding ability differences with «-CD.?” That is, the
E-type isomer of azobenzene has a strong binding ability with
0-CD up to 10* M, but the Z-type isomer does not bind «-CD.
Therefore, the a-CD/azobenzene pair is also a good candidate to
construct smart luminescence materials by combining with
rare earth ions. Li et al.®® constructed an organic-inorganic
hybrid supramolecular luminescence hydrogel with a high G’
value and photo-controlled properties from the long alkyl chain
DPA modified o-CD (2), guanidinium-azobenzene (Guazo),
sodium polyacrylate exfoliated LAPONITE®™ nanosheets
(SPLNSs), and rare earth ions (Fig. 11). In this supramolecular
assembly, the positively charged guanidinium group associated
with the negatively charged SPLNs to form hydrogels through
electrostatic interactions, azobenzene and CD were used as
photo-regulating components, and DPA was coordinated with
rare earth ions as a luminescence center. This supramolecular
lanthanide luminescent hydrogel could achieve photo-
switchable sol-gel phase conversion under the irradiation of
UV light.

4. Fluorescence sensing

Fluorescence sensing responds to the presence of target analytes
with changes in the luminescence signal (such as fluorescence
enhancement or quenching, the movement of the fluorescence
characteristic peak position, the change of fluorescence lifetime,
the change of fluorescence polarization, etc.) and could realize
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Fig. 11 Schematic illustration of the photoresponsive supramolecular
hydrogels for sol-gel phase transition by DPA-a-cyclodextrin/Guazo/
lanthanide ions and SPLNs.?® Copyright 2018, Wiley Online Library.

11448 | Chem. Commun., 2021, 57, 11443-11456

View Article Online

ChemComm
the specific selective recognition of molecules or ions.”® Fluores-
cence sensing has become a recent research hotspot in the field
of chemical and biological analysis due to its high sensitivity,
easy operation, and low cost. For the lanthanide ion complex,
the luminescence can be adjusted to achieve the sensing effect
through three aspects:*® (1) water molecules that quench the
fluorescence can compete with other molecules or ions in the
inner coordination sphere leading to changes in the optical
properties of the lanthanide ion complex; (2) the photophysical
properties of the ligand can be changed by the electron or charge
transfer processes; (3) the detected substance can act as either an
antenna molecule to sensitize lanthanide ions or a quencher to
compete with lanthanide ions for coordination.

Nocera et al. prepared a series of luminescent lanthanide
macrocyclic compounds based on CDs. Among them, two
macrocyclic ligands have good sensitizing luminescence
effects (Fig. 12 and 13). One is 4,10,13-tetraoxa-7,16-
diazacyclooctadecane (aza)-modified B-CD (aza-p-CD) and the
other one is diethylenetriaminepentaacetic acid (DTPA)-
modified B-CD (DTPA-B-CD).*! For aza-B-CD@Eu, because of
the size matching between the cyclodextrin cavity and aromatic
compounds, benzene formed an inclusion complex with -CD
in D,0, and then absorption-energy transfer-emission (AETE)
from benzene to Eu*" occurred for the enhancement of the
fluorescence of Eu’*, leading to the detection ability towards
benzene. However, this detection ability could not be achieved
in H,O due to the swing of the aza ligand and the coordination
of water molecules with Eu®**. On the other hand, the cradle-like
macrocyclic complex DTPA-B-CD could provide Tb** with more
coordination sites for preventing the possibility of H,O
molecule coordination, which realizes the high-sensitivity
detection of polycyclic aromatic hydrocarbons through the
cavity of CD.*?

DPA, as the main component of the protective layer of
Bacillus spores, is of vital importance for accurate, rapid,
sensitive and highly selective detection of Bacillus spores,
because this can be utilized to effectively prevent the occur-
rence of fatal acute anthrax.*® Reinhoudt and Huskens et al.**
developed a supramolecular method for high sensitivity/selec-
tivity detection of DPA with low detection limit (Fig. 14). Firstly,
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Fig. 12 The synthesis route toward aza-p-CD.
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Fig. 13 The synthesis route toward DTPA-B-CD.
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Fig. 14 Schematic illustration of the construction of the lanthanide
supramolecular assembly for the detection of DPA>* Copyright 2010,
Wiley Online Library.

the glass was coated with a layer of B-CD. Subsequently, two
kinds of ligand molecules, i.e. ethylenediamine tetraacetic acid
(EDTA) and adamantyl-modified naphthalene Eu®’, and the
glass plate were assembled to fabricate supramolecular sensing
surfaces through the host-guest interaction of f-CD and ada-
mantine. Without Eu®*, the assembly emitted blue light of
naphthalene. When EuCl; was added, the red fluorescence of
Eu® was emitted and the blue fluorescence of naphthalene
disappeared due to the energy transfer from the naphthalene to
the Eu®" center. When the DPA solution was added, the strong
coordination ability of DPA towards lanthanide ions prevented
the energy transfer between naphthalene and Eu®’. As a result,
the red fluorescence disappeared, and the blue fluorescence
was restored. With a fairly low detection limit of 200 nmol L™*
DPA, this supramolecular approach provides a new way for
efficient sensing.

In another example,* a pyridine-2,6-dicarboxamide-bridged
bis(B-CD) (DPA-CD) was prepared through the amide condensation
reaction of DPA with ethylenediamine-modified B-CD, which
showed a strong coordination ability to Tb** with a 3:1 stoichio-
metry (Fig. 15). The luminescent lanthanide-macrocycle compound
CD-Tb was then synthesized in situ by mixing DPA-CD and
Tb (NOs);-5H,0. When Cq, was added to the solution of the

luminescent assembly, the bundle-shaped supramolecular
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Fig. 15 Schematic illustration of the supramolecular assembly for the
CD-Tb polyad with Cgo.>> Copyright 2006, American Chemical Society.
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assembly was formed via the end-to-end encapsulation between
two cyclodextrin cavities and a Cg. In this assembly, the pyridine
— Tb — Cg intramolecular energy transfer resulted in fluores-
cence color changes from green to blue under UV light, which
enabled a convenient and fast response to Cg,. This assembly has
many potential applications in biology and nanotechnology due to
the luminescence of lanthanides and the excellent properties of
Ceo. In a following study, a new luminescent supramolecular
polypseudorotaxane in aqueous solution was constructed
from CB[8], pyridine-2,6-dicarboxylic acid imidazolium (G1) and
lanthanide ions (Fig. 16).%° Different from most of the luminescent
lanthanide complexes that are quenched seriously by the O-H
groups in protic solvents, this CB[8]-mediated lanthanide poly-
pseudorotaxane showed not only an improved fluorescence lifetime
by about 30 times but also an enhanced fluorescence quantum
yield by about 9 times compared with the corresponding complexes
without CB[8] in water. Interestingly, this luminescent lanthanide
polypseudorotaxane exhibited a good specificity for the detection of
antibiotics chloramphenicol, nitrofurazone and sulfamethazine in
both aqueous solution and solid film.

The occurrence of hypertension, stroke, cardiovascular dis-
ease and other diseases is always accompanied by the variation
of serum and extracellular potassium levels. Therefore, rapid,
sensitive and highly selective detection of K' ions is of great
significance.’” Gunnlaugsson et al.*® reported some fluorescent
sensors for K' (Fig. 17 and 18) by respectively introducing the
aromatic diaza-15-crown-5 and 18-crown-6 at the four positions
of the cyclen that possesses a strong binding ability to Tb*".
These sensors can not only selectively complex Na* and K*, but
can also act as an antenna to sensitize lanthanide ions. In a pH
7.4 buffer solution, the fluorescence of the diaza-15-crown-5/
Tbh*" luminophore turned on in the presence of Na*, while the
diaza-18-crown-6/Tb®" luminophore switched on in the
presence of K'. Then they took the cyclen as the center and
introduced monoaza-18-crown-6 and the antenna molecule
naphthalene fluorophore at its both sides to construct a dinuc-
lear Eu(m) bismacrocyclic complex through the coordination with
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Fig. 16 Schematic illustration of the lanthanide supramolecular assembly
for the specific fluorescence response to antibiotics.*® Copyright 2019,
American Chemical Society.
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Fig. 17 Schematic illustration of the molecular structure of the Tb**
complex sensor for Na* and K*.
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Fig. 18 Schematic illustration of the molecular structure of the sensor for
dicarboxylates.

Eu®". This luminescent binuclear complex could selectively detect
malonic acid in a buffer solution at pH 6.5 via competitive
coordination of Eu’* with the water ions on the binuclear
complex, leading to an increased fluorescence, while other small
dicarboxylic acids such as aspartic, succinic, or glutaric acid
would cause the fluorescence quenching of the luminescent
complex. This method of combining crown ether and lumines-
cent lanthanide ions to detect small biologically important
dicarboxylic acids will provide a new idea for the detection of
some biologically important structures.

Wong et al.*® reported a sensor consisting of diaza-18-crown-
6, quinoline as the antenna molecule and the cyclen/Eu’*
complex as the luminescence center (Fig. 19). This sensor not
only showed the response to H' due to the pH changes causing
the heteroaryl nitrogen and tertiary amine to undergo protonation
and deprotonation, but also presented the response to K* because
of the change of conformation and rigidity before and after the
complexation of crown ether with K'. Therefore, the sensor
exhibited the dual response to H' and K" at four independent
PH ranges especially in the physiological pH. In this sensor, the
lifetime of fluorescence of lanthanide Tb** didn’t change with the
variation of pH and K' concentration in aqueous solution.
Pierre et al.*® improved the selectivity and detection limit of K*
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Fig. 19 Schematic illustration of the molecular structure of the sensor for
H* and K*.3° Copyright 2004, American Chemical Society.

recognition by using cationic-n interaction (Fig. 20). They intro-
duced the Tb*" chelator and the antenna molecule phenyl-
azaxanthone at both sides of diaza 18-crown-6 receptors. In this
system, the antenna molecule and the Tb*" luminescence center
were separated by the crown ether ring, which could not effectively
sensitize the Tb*" luminescence resulting in the sensor to be in
the “off” state with a weak Tb** luminescence. When the crown
ether in the sensor was complexed with K', the cationic-r
interaction between K" and the benzene ring on azaxanthone
shortened the distance between the antenna molecule azax-
anthone and the luminescence center of Tb** realizing the energy
transfer from azaxanthone to Tb*', which led to increased fluores-
cence. The important thing was that the sensor was suitable
for application in the clinical detection concentration range
(0-10 mM). In the presence of 10 mM K, the fluorescence of
the sensor was increased by 22 times and it showed high
selectivity for K", but no obviously improved effect for other ions
such as Na, Li", Mg?*, Ca™, etc.
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Fig. 20 Schematic illustration of the structure and mode of the sensor for
K*.49 Copyright 2009, American Chemical Society.
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Li et al.*" reported a sensor that responded to K' ions on the
surface of a silicon plate based on the coordination of the crown
ether-connected bisterpyridine (L1) and Ln** ions (Fig. 21). The
ligand L1 coordinated with Ln®*" ions, and 18C6 strongly bound
K' ions. Therefore, this sensor effectively detected K' through
the fluorescence enhancement of the light-emitting assembly
which stemmed from the enhancement of the triplet state energy
level of the ligand L1 after 18C6 binding K" and the energy transfer
from Tb>" ions to Eu*" ions. In addition, the energy transfer of the
bimetal in the sensor could be adjusted according to the K' ion
concentration, and its detection limit reached 1 pM. This lantha-
nide supramolecular assembly presented a promising way for the
construction of sensing materials.

Tang et al.*? constructed a pendant benzocrown ether ligand
benzo-15-crown-5 through the reaction of the macrocyclic
receptor  4,5-dibromomethylbenzo-15-crown-5  with ~ N-
benzylsalicylamide, which formed a one-dimensional (1-D)
zig-zag luminescent lanthanide polymeric chain via coordina-
tion with Tb*" (Fig. 22). The luminescent supramolecular chain
could detect Hg** with high selectivity via fluorescence quench-
ing attributed to the interaction of ligands, especially crown
ethers, and Hg>", which hindered the energy transfer between
antenna molecules and Tb>".

Beer and Faulkner®® reported a lanthanide appended
rotaxane responsive to Cl~, which was prepared by using a

= Euv*

Th3+

K*

[ ]
»

Fig. 21 Schematic illustration of the construction of supramolecular
assembly Ln-L1 and detection of K*.** Copyright 2018, Royal Society of
Chemistry.

Fig. 22 Schematic illustration of the molecular structure of the crown
ether/terbium complex.*? Copyright 2010, Royal Society of Chemistry.
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Fig. 23 Schematic illustration of the construction of a lanthanide
appended rotaxane in response to CI=.4*

chloride anion templated condensation clipping reaction of a
pyridinium chloride axle, a diamine macrocycle precursor and
5-azidoisophthaloyl chloride, followed by the click reaction
with the lanthanide complexes and washing with aqueous
ammonium hexafluorophosphate (Fig. 23). With the continuous
addition of CI™, the fluorescence of this lanthanide appended
rotaxane quenched initially and then recovered, which was
attributed to the binding of Cl™ to the ninth (axial) donor site
on the lanthanide complex the binding of CI™ from the the ninth
(axial) donor site on the lanthanide complex to the rotaxane
pocket accompanied by solvation. This lanthanide luminescent
supramolecular rotaxane can act as a sensor to detect solvation
through the fluorescence changes due to structural changes as it
is combined with CI".

5. Up-conversion luminescence

Lanthanide-doped up-conversion nanoparticles (UCNPs) exhibit
anti-Stokes luminescence in that they could generate higher
energy outcome photons (e.g. ultraviolet, visible and NIR) from
low-energy continuous-wave (CW) near-infrared (NIR) photons
(eg, 808 nm or 980 nm laser) through successive photon
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absorption and a more efficient energy transfer from their low-
lying energy levels.** These NIR excited UCNPs not only have the
advantages of large Stokes shift, high tissue penetration depth,
high signal-to-noise ratios and low photo-damage, but also
have the advantages of excellent chemical stability, superior
photostability, high resistance to photobleaching and low auto-
fluorescence background compared with other up-conversion
nanoparticles.** Therefore, they have a wider range of application
value in biological sciences.

Gonzalez-Béjara and Pérez-Prieto et al.*” reported a nanohy-
brid scaffold for excitation in the near infrared (NIR: 980 nm)
light which was prepared by the sonication of CB and the naked
UCNPs (NaYF4: Yb*" (18%), Er** (2%)) in water (Fig. 24). In this
scaffold, CB could bind functional molecules with size matching
via the host-guest interaction to shorten the distance from
UCNP surface, which may not only prevent the accumulation
of fluorescent molecules to enhance fluorescence emission, but
also increase the solubility in water. Taking this advantage, they
studied the effects of different CB modified UCNPs (UCNP@CB)
on the luminescence of the assembly with methylene blue (MB)
and pyronin Y (PYY). Interestingly, UCNP@CB[rn]@MB and
UCNP®@CB[n]@PYY (z = 6 and 7) nanohybrids formed exclusion
complexes via the interaction of the CB carbonyl free portal and
the dyes to achieve efficient energy transfer from the UCNP to
the dyes. Finally, they discussed the singlet oxygen generation of
UCNP@CB[7]@MB under NIR excitation (980 nm).

Subsequently, they used an efficient cementing strategy to
combine CH;NH;PbBr; perovskite nanoparticles and naked
NaYF,: Yb*', Tm®" nanoparticles to construct the near-
infrared excited up-conversion perovskite nanohybrid nano-
particles by the binding of CB[7]'s two portals (Fig. 25).*°
Therein, methylammonium bromide (MABr), adamantylammonium
bromide (ADABr), PbBr, and CB[7] were mixed together and

JSO S\
\T S/ T/ \r\|| 9/ T/
7

PYY

1'45

Fig. 24 Schematic illustration of the interaction between the UCNP, CB[7]
and MB.*® Copyright 2015, Royal Society of Chemistry.
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Fig. 25 Schematic illustration of (A) the proposed structure for the
UC,@PKcg nanohybrids; (B) the preparation process of the UC,@PKcg
toluene solution.*® Copyright 2016, Wiley Online Library.

stirred in toluene solution. Then, the DMF solution of UCs was
added to the above solution during the process, followed by
precipitation and separation. This construction method
realized the energy transfer from UCs to the perovskite under
near-infrared excitation, and the important thing is that the
transfer efficiency reached 100%. Furthermore, multiphoton
laser scanning confocal microscopy was used to evaluate
luminescence lifetime and visualize the homogeneity of the
emission of the assembly.

Yang et al.*’” constructed a pH-responsive and near-infrared
(NIR) excited oral drug delivery system based on phosphoryl-
functionalized pillar[5]arene (PP5) and p-NaYF,: Yb/Er
upconversion nanoparticles (UCNPs) via a facile ligand
exchange method. Rhodamine B (RhB) was loaded in this
system as a kind of drug model compound through the host-
guest interaction for exploring the stability and optical properties
of the system under different physiological pH conditions.
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Fig. 26 Schematic illustration of the construction of the 4C-PP5-
UCNPs@RhB nanosystem and UCL cell imaging.*’ Copyright 2018, Royal
Society of Chemistry.
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Subsequently, cell imaging experiments were carried out was
evaluated by both an anti-inflammatory drug named 5-amino-
salicylic acid (5-ASA) and RhB loaded in the system under the
excitation of a 980 nm laser (Fig. 26).

Li and Yi et al.*® reported a simple, fast and efficient method
for the synthesis of water-soluble UCNPs (Fig. 27), where
adamantane acetic acid and upconversion nanoparticles
(NaYF,4:18%YDb,2%Er) were used to prepare adamantane acid-
modified upconversion nanoparticles (UCNPs-Ad) through a
thermal decomposition procedure. Then UCNPs-Ad was
dispersed in a CHCl3/H,0 mixed solution, and -CD was added
to the assembly with the adamantane on the surface of UCNPs-
Ad for drawing UCNPs to the water phase. It is noteworthy that
the assembly exhibited not only good bioimaging capabilities
to collect 520-560 nm light in the cell through the excitation of
near-infrared light at 980 nm but also low cytotoxicity. This
kind of water-soluble UCNP constructed through the host-
guest interactions will provide a new way for the application
of UCNPs’ luminescence in biology.

Early detection of changes in the structural and functional
properties of biological living systems plays a key role in human
health.*® For instance, mercury ion (Hg>"), a highly toxic ion,
accumulation in the human body can cause serious nervous
system damage. Therefore, it is of great significance to monitor
Hg”* in the human body efficiently and sensitively. However,
the shortcomings of traditional luminescent materials such as
difficult to be distinguished from background fluorescence in
living bodies due to their short emission lifetime (less than
100 ns), the inability to penetrate human skin by UV excitation,
high cytotoxicity, and a short circulation half time restrict their
biological applications. Zhang et al.>° combined CD and water-
soluble UCNPs via the host-guest interaction between o-CD and
oleic acid-coated UCNPs (NaYF,:20%Yb, 1.8%Er, 0.5%Tm).
Subsequently, the UCNPs were loaded with thiazole derivatives
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Fig. 27 Schematic illustration of (a) the construction of a supramolecular
assembly and (b) phase transfer from the chloroform phase to the aqueous
phase.*® Copyright 2010, Royal Society of Chemistry.
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responsive to Hg”", and their luminescence intensity ratio (I540/
Igo3) at 540 nm and 803 nm was used as the detection signal
under NIR excitation. Without Hg*", the fluorescence at 540 nm
disappeared owing to the luminescence resonance energy
transfer (LRET) process between UCNPs and the triazole dye.
When the amount of Hg>" increased, the intensity at 540 nm
gradually recovered, which was thus applied to Hg>" detection
in living cells (Fig. 28).

Photodynamic therapy (PDT) is a Food and Drug Adminis-
tration (FDA)-approved cancer treatment which could generate
reactive oxygen species (ROS), especially singlet oxygen (*O,), that
are toxic to the cancer cells by light sensitive photosensitizers
(PSs) under light irradiation.® However, most of the PSs are
excited by visible light or even ultraviolet (UV), have poor tissue-
penetration capacities and could produce photodamage. This
greatly hampers the application of PDT to treat large or internal
tumors. Zhou and Wei et al.>* modified COOH-B-CD onto the
UCNP surface via the coordination between the COOH group and
the Ln (III) ions as well as the assembly of adamantine modified
phthalocyanine (Ad-ZnPc) with B-CD (Fig. 29). Most importantly,
the resonance energy transfer (FRET) process was achieved from
UCNPs to ZnPc which could produce 'O, under NIR (980 nm)
excitation to show PDT activity towards the cancer cells in vitro.

A common problem of PDT is the low accumulation of
contrast agents in the lesion area and high uptake in the
reticuloendothelial system (RES) which could be improved
through the formation of the assembly of nanoparticles.
However, the uncontrolled assembly also occurs in the liver
and spleen due to the absorption of nanoparticles by the RES,
which may result in more serious health hazards and a higher
bio-imaging background hampering the clinical applications.
Among all the controlled methods, photo-control with relatively
high spatial and temporal accuracy was favored by scientists,
but it is still a challenge because of the light damage from the
UV excitation of most of the PSs.** Zhang et al>* used
azobenzene-modified UCNPs (10%Y, 25%Yb, 0.5%Tm@NaGdF,)
and o-CD-modified down-conversion nanoparticles (DCNPs:
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Fig. 28 Schematic illustration of the construction of UCNPs’ supramole-
cular assembly and the detection Hg?".>° Copyright 2016, Royal Society of
Chemistry.
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Fig. 29 Schematic illustration of the construction of the COOH-B-CD/
UCNPs/Ad-ZnPc supramolecular assembly and the NIR-triggered PDT
through FRET.>2 Copyright 2016, Royal Society of Chemistry.

5%Nd@NaGdF,) through the host-guest interaction of CD and
azobenzene to construct a NIR (980 nm) excitation supra-
molecular assembly in which assembly and disassembly was
controlled by the conversion of the trans and cis isomers of
azobenzene (Fig. 30). The 1060 nm emission with high tissue
permeability and low tissue autofluorescence interference in
second near-infrared (1000-1700 nm) was realized by exciting
DCNPs with 808 nm excitation. This supramolecular assembly
way can greatly increase the time for the nanoprobe to accumulate
in the tumor compared with that of the single-injection way.
Meanwhile, the residence time in the liver can be controlled
through the disassembly with 980 nm irradiation which reduces
the biological toxicity.
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Fig. 30 Schematic illustration of (a) the construction of azobenzene (Azo)
modified NaGdF; UCNPs and B-CD modified NaGdF, DCNPs; (b) the
photo-controlled supramolecular assembly and disassembly; (c) NIR ima-
ging in vivo.>* Copyright 2018, Wiley Online Library.
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Fig. 31 Schematic illustration of the behavior of CBs/HA-BrBP phosphor-
escent supramolecular polymers in aqueous solution.>®

More recently, we reported a supramolecular assembly
based on up-conversion nanoparticles and successfully applied
to phosphorescence cell imaging for cancer cell targeting in
water.”>® This phosphorescent supramolecular assembly with a
long lifetime and high quantum yield was first constructed
from the host CB[8] and 4-(4-bromophenyl)pyridine-1-ium
bromide (BrBP) phosphor modified tumor-targeted hyaluronic
acid (HA) polymer chain which realized the phosphorescence
imaging of cancer cell mitochondria in near-infrared through
the co-assembly with the UCNPs in aqueous solution (Fig. 31).

6. Summary and outlook

From the above study, we can see that the luminescent lanthanide-
macrocycle supramolecular assembly relies on the bonding of
functionalized macrocyclic host or guest molecule derivatives
to rare earth ions, and this multidimensional and multi-level
assembly provides an intelligent control of light, pH, temperature,
etc. In addition, due to the rich energy levels of lanthanides and
the transitions between different energy levels, lanthanides
show many unique and excellent luminescence properties, such
as long-lived excited states, relatively narrow emission, and large
Stokes shift and thus are widely used in biosensing, biological
imaging, anti-counterfeit and other aspects. The use of the
supramolecular assembly means to combine macrocyclic
compounds with lanthanides will endow luminescent materials
with more excellent performance, which not only simplifies the
complicated synthesis steps, but also improves the luminous
efficiency, the reduction of photobleaching, the material stability
and recyclability, and the dynamic and reversible control
performance of lanthanide luminescent materials. Therefore,
the combination of macrocycles and lanthanide elements to
construct supramolecular luminescent materials has become
a frontier hotspot in this field. We can believe that with the
functional design and synthesis
compounds and guest molecule derivatives, supramolecular
assemblies coordinated with rare earth ions will show more

of various macrocyclic

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cc04672a

Published on 22 September 2021. Downloaded by Nankai University on 11/8/2021 9:20:17 AM.

ChemComm

applications in multi-color luminescence, smart materials, cell
imaging, fluorescence sensing, etc.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (22101143, 22131008 and 21971127), the
China Postdoctoral Science Foundation (2021M691661), the
National Natural Science Foundation of Inner Mongolia
(2021BS02014) and the Inner Mongolia Minzu University
Doctoral Research Fund (BS554).

Notes and references

1

S

w

2]

7

e}

(@) D. Li, J. Wang and X. Ma, Adv. Opt. Mater., 2018, 6, 1800273;
(b)J. Li, J. Wang, H. Li, N. Song, D. Wang and B. Z. Tang, Chem. Soc.
Rev., 2020, 49, 1144-1172; (c) S. J. Barrow, S. Kasera, M. J. Rowland,
J. del Barrio and O. A. Scherman, Chem. Rev., 2015, 115,
12320-12406; (d) G. Yu, K. Jie and F. Huang, Chem. Rev., 2015,
115, 7240-7303; (e) S. Wang, W. Gao, X.-Y. Hu, Y.-Z. Shen and
L. Wang, Chem. Commun., 2019, 55, 4137-4149; (f) D. Dai, Z. Li,
J. Yang, C. Wang, J. Wu, Y. Wang, D. Zhang and Y.-W. Yang, J. Am.
Chem. Soc., 2019, 141, 4756-4763; (g) Z. Li, L. Li, Y. Wang and
Y.-W. Yang, Chem. Commun., 2021, 57, 6546-6549; (h) Z. Li and
Y.-W. Yang, Acc. Mater. Res., 2021, 2, 292-305; (i) T. Xiao, L. Zhou,
X.-Q. Sun, F. Huang, C. Lin and L. Wang, Chin. Chem. Lett., 2019, 31,
1-9; (j) Y. Liu, Y. Chen and H.-Y. Zhang, Handbook of Macrocyclic
Supramolecular Assembly, Springer Nature, Singapore, 2020.

(@) J. M. Lehn, Science, 1993, 260, 1762-1763; (b) J. Szejtli, Chem.
Rev., 1998, 98, 1743-1754; (c) X. Ma, ]. Wang and H. Tian, Acc. Chem.
Res., 2019, 52, 738-748; (d) Z. Huang and X. Ma, Cell Rep. Phys. Sci.,
2020, 1, 100167.

(@) Y. Chen, F. Huang, Z.-T. Li and Y. Liu, Sci. China Chem., 2018, 61,
979-992; (b) P.-Y. Li, Y. Chen and Y. Liu, Chin. Chem. Lett., 2019, 30,
1190-1197; (¢) W.-L. Zhou, X. Zhao, Y. Chen and Y. Liu, Org. Chem.
Front., 2019, 6, 10-14; (d) X. Dai, B. Zhang, W. Zhou and Y. Liu,
Biomacromolecules, 2020, 21, 4998-5007.

(@) Z. Liu, S. K. M. Nalluri and J. F. Stoddart, Chem. Soc. Rev., 2017,
46, 2459-2478; (b) Z. Qi and C. A. Schalley, Acc. Chem. Res., 2014, 47,
2222-2233.

(@) Y. Chen, Y.-M. Zhang and Y. Liu, Chem. Commun., 2010, 46,
5622-5633; (b) J. Ji, W. Wu, X. Wei, M. Rao, D. Zhou, G. Cheng,
Q. Gong, K. Luo and C. Yang, Chem. Commun., 2020, 56, 6197-6200;
(¢) X. Yu, W. Liang, Q. Huang, W. Wu, J.-J. Chruma and C. Yang,
Chem. Commun., 2019, 55, 3156-3159; (d) Z. Liu, X. Dai, Y. Sun and
Y. Liu, Aggregate, 2020, 1, 31-44.

(@) A. de Bettencourt-Dias, P. S. Barber and S. Bauer, J. Am. Chem.
Soc., 2012, 134, 6987-6994; (b) O. Kotova, S. ]J. Bradberry,
A. ]J. Savyasachi and T. Gunnlaugsson, Dalton Trans., 2018, 47,
16377-16387; (¢) B. K. McMahon and T. Gunnlaugsson, J. Am. Chem.
Soc., 2012, 134, 10725-10728; (d) W.-L. Zhou, Y. Chen and Y. Liu,
Acta Chim. Sin., 2020, 78, 1164-1176.

(@) J.-C. G. Bunzli, Acc. Chem. Res., 2006, 39, 53-61; (b) S. V. Eliseeva
and J.-C. G. Biinzli, Chem. Soc. Rev., 2010, 39, 189-227; (c) J. Feng
and H. Zhang, Chem. Soc. Rev., 2013, 42, 387-410.

K. Binnemans, Chem. Rev., 2009, 109, 4283-4374.

L. A. Jones, J. Opt. Soc. Am., 1943, 33, 534-543.

(@) K. Das, A. Marathe, X. Zhang, Z. Zhao and ]J. Chaudhuri, RSC
Adv., 2016, 6, 95055-95061; (b) Q. Dong, Y. Wang, Z. Wang, X. Yu
and B. Liu, J. Phys. Chem. C, 2010, 114, 9245-9250; (c) G. Jia, H. You,
K. Liu, Y. Zheng, N. Guo, J. Jia and H. Zhang, Chem. - Eur. J., 2010,
16, 2930-2937; (d) X.-C. Jiang, L.-D. Sun and C.-H. Yan, J. Phys.
Chem. B, 2004, 108, 3387-3390; (¢) M. Ren, J. H. Lin, Y. Dong,
L. Q. Yang, M. Z. Su and L. P. You, Chem. Mater., 1999, 11,

This journal is © The Royal Society of Chemistry 2021

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30
31
32

33

View Article Online

Feature Article

1576-1580; (f) Z. Wei, L. Sun, C. Liao, J. Yin, X. Jiang, C. Yan and
S. Lii, J. Phys. Chem. B, 2002, 106, 10610-10617; (g) Z.-G. Wei,
L.-D. Sun, X.-C. Jiang, C.-S. Liao, C.-H. Yan, Y. Tao, ]J. Zhang,
T.-D. Hu and Y.-N. Xie, Chem. Mater., 2003, 15, 3011-3017;
(k) X. Zhang, A. Marathe, S. Sohal, M. Holtz, M. Davis, L. ]J. Hope-
Weeks and J. Chaudhuri, J. Mater. Chem., 2012, 22, 6485-6490.

H. Li, W. Chen, F. Xu, X. Fan, T. Liang, X. Qi and W. Tian, Macromol.
Rapid Commun., 2018, 39, 1800053.

X.-S. Li, Y.-F. Li, J.-R. Wu, X.-Y. Lou, ]J. Han, ]J. Qin and Y.-W. Yang,
J. Mater. Chem. A, 2020, 8, 3651-3657.

N. Cheng, Y. Chen, Y. Zhang and Y. Liu, ACS Appl. Mater. Interfaces,
2020, 12, 15615-15621.

T. Zhang, Y. Liu, B. Hu, C. Zhang, Y. Chen and Y. Liu, Chin. Chem.
Lett., 2019, 30, 949-952.

(@) W. Luo and G. Wang, Adv. Opt. Mater., 2020, 8, 2001362;
(b) R. Nasseri, C. P. Deutschman, L. Han, M. A. Pope and
K. C. Tam, Mater. Today Adv., 2020, 5, 100055; (c¢) F. Soto,
E. Karshalev, F. Zhang, B. Esteban Fernandez de Avila,
A. Nourhani and J. Wang, Chem. Rev., 2021, DOI: 10.1021/acs.chem-
rev.0c00999; (d) P. Yang, F. Zhu, Z. Zhang, Y. Cheng, Z. Wang and
Y. Li, Chem. Soc. Rev., 2021, 50, 8319-8343.

(@) H. Dong, H. Zhu, Q. Meng, X. Gong and W. Hu, Chem. Soc. Rev.,
2012, 41, 1754-1808; (b) M.-M. Russew and S. Hecht, Adv. Mater.,
2010, 22, 3348-3360; (c) L. Zhang, X. Zhong, E. Pavlica, S. Li,
A. Klekachev, G. Bratina, T. W. Ebbesen, E. Orgiu and P. Samori,
Nat. Nanotechnol., 2016, 11, 900-906.

M. Han, H.-Y. Zhang, L.-X. Yang, Q. Jiang and Y. Liu, Org. Lett., 2008,
10, 5557-5560.

Z.-]. Ding, Y.-M. Zhang, X. Teng and Y. Liu, J. Org. Chem., 2011, 76,
1910-1913.

H.-B. Cheng, H.-Y. Zhang and Y. Liu, J. Am. Chem. Soc., 2013, 135,
10190-10193.

(@) M. Han, R. Michel, B. He, Y.-S. Chen, D. Stalke, M. John and
G. H. Clever, Angew. Chem., Int. Ed., 2013, 52, 1319-1323;
(b) S. Kobatake, S. Takami, H. Muto, T. Ishikawa and M. Irie, Nature,
2007, 446, 778-781; (¢) K. Uno, H. Niikura, M. Morimoto,
Y. Ishibashi, H. Miyasaka and M. Irie, J. Am. Chem. Soc., 2011,
133, 13558-13564; (d) X. Dai, X. Dong, Z. Liu, G. Liu and Y. Liu,
Biomacromolecules, 2020, 21, 5369-5379.

(@) D. J. Murray, D. D. Patterson, P. Payamyar, R. Bhola, W. Song,
M. Lackinger, A. D. Schliiter and B. T. King, J. Am. Chem. Soc., 2015,
137, 3450-3453; (b) T. Yamamoto, S. Yagyu and Y. Tezuka, J. Am.
Chem. Soc., 2016, 138, 3904-3911.

(@@ M. A. Filatov, S. Karuthedath, P. M. Polestshuk, H. Savoie,
K. J. Flanagan, C. Sy, E. Sitte, M. Telitchko, F. Laquai, R. W. Boyle and
M. O. Senge, J. Am. Chem. Soc., 2017, 139, 6282-6285; (b) W. Fudickar
and T. Linker, J. Am. Chem. Soc., 2012, 134, 15071-15082.

Y. Zhou, H.-Y. Zhang, Z.-Y. Zhang and Y. Liu, J. Am. Chem. Soc., 2017,
139, 7168-7171.

Y. Zhou, H.-Y. Zhang and Y. Liu, J. Photochem. Photobiol., A, 2018,
355, 242-248.

(a) A. Wakai, H. Fukasawa, C. Yang, T. Mori and Y. Inoue, J. Am.
Chem. Soc., 2012, 134, 4990-4997; (b) C. Yang and Y. Inoue, Chem.
Soc. Rev., 2014, 43, 4123-4143.

W. Zhou, Y. Chen, Q. Yu, P. Li, X. Chen and Y. Liu, Chem. Sci., 2019,
10, 3346-3352.

D.-H. Qu, Q.-C. Wang, Q.-W. Zhang, X. Ma and H. Tian, Chem. Rev.,
2015, 115, 7543-7588.

Z. Li, G. Wang, Y. Wang and H. Li, Angew. Chem., Int. Ed., 2018, 57,
2194-2198.

(@) W. Guan, W. Zhou, J. Lu and C. Lu, Chem. Soc. Rev., 2015, 44,
6981-7009; (b) T. L. Mako, J. M. Racicot and M. Levine, Chem. Rev.,
2019, 119, 322-477; (¢) X.-d. Wang, O. S. Wolfbeis and R. J. Meier,
Chem. Soc. Rev., 2013, 42, 7834-7869; (d) Z. Liu, W. Zhou, J. Li,
H. Zhang, X. Dai, Y. Liu and Y. Liu, Chem. Sci., 2020, 11, 4791-4800.
J.-C. G. Biinzli and C. Piguet, Chem. Soc. Rev., 2005, 34, 1048-1077.
Z. Pikramenou and D. G. Nocera, Inorg. Chem., 1992, 31, 532-536.
M. A. Mortellaro and D. G. Nocera, J. Am. Chem. Soc., 1996, 118,
7414-7415.

(@) R. Goodacre, B. Shann, R. J. Gilbert, E. M. Timmins,
A. C. McGovern, B. K. Alsberg, D. B. Kell and N. A. Logan, Anal.
Chem., 2000, 72, 119-127; (b) L. J. Rode and ]J. W. Foster, Nature,
1960, 188, 1132-1134.

Chem. Commun., 2021, 57, 11443-11456 | 11455


https://doi.org/10.1039/d1cc04672a

Published on 22 September 2021. Downloaded by Nankai University on 11/8/2021 9:20:17 AM.

Feature Article

34

35

36

37

38
39
40
41
42

43

44

11456 |

M. D. Yilmaz, S.-H. Hsu, D. N. Reinhoudt, A. H. Velders and
J. Huskens, Angew. Chem., Int. Ed., 2010, 49, 5938-5941.

Y. Liu, G.-S. Chen, Y. Chen, N. Zhang, J. Chen and Y.-L. Zhao, Nano
Lett., 2006, 6, 2196-2200.

W. Zhou, Y. Chen, X. Dai, H.-y. Zhang and Y. Liu, Org. Lett., 2019, 21,
9363-9367.

(@) L. A. Bazzano, J. He, L. G. Ogden, C. Loria, S. Vupputuri, L. Myers
and P. K. Whelton, Stroke, 2001, 32, 1473-1480; (b) C. R. Walsh,
M. G. Larson, E. P. Leip, R. S. Vasan and D. Levy, Arch. Intern. Med.,
2002, 162, 1007-1012.

S. E. Plush and T. Gunnlaugsson, Org. Lett., 2007, 9, 1919-1922.

C. Li, G.-L. Law and W.-T. Wong, Org. Lett., 2004, 6, 4841-4844.

A. Thibon and V. C. Pierre, J. Am. Chem. Soc., 2009, 131, 434-435.
D. Yang, Y. Wang, D. Liu, Z. Li and H. Li, J. Mater. Chem. C, 2018, 6,
1944-1950.

D. Liu, K. Tang, W. Liu, C. Su, X. Yan, M. Tan and Y. Tang, Dalton
Trans., 2010, 39, 9763-9765.

C. Allain, P. D. Beer, S. Faulkner, M. W. Jones, A. M. Kenwright,
N. L. Kilah, R. C. Knighton, T. J. Sorensen and M. Tropiano, Chem.
Sci., 2013, 4, 489-493.

(@) Y. Cai, Z. Wei, C. Song, C. Tang, W. Han and X. Dong, Chem. Soc.
Rev., 2019, 48, 22-37; (b) H. Dong, L.-D. Sun and C.-H. Yan, Chem.
Soc. Rev., 2015, 44, 1608-1634; (¢) F. Wang and X. Liu, Chem. Soc.
Rev., 2009, 38, 976-989; (d) D. Yang, P. a. Ma, Z. Hou, Z. Cheng, C. Li
and ]. Lin, Chem. Soc. Rev., 2015, 44, 1416-1448; (¢) W. Zheng,
P. Huang, D. Tu, E. Ma, H. Zhu and X. Chen, Chem. Soc. Rev., 2015,
44, 1379-1415.

Chem. Commun., 2021, 57, 11443-11456

45

46

47

48

49

50

51

52

53

54

55

View Article Online

ChemComm

L. Francés-Soriano, M. Gonzalez-Béjar and J. Pérez-Prieto, Nano-
scale, 2015, 7, 5140-5146.

L. Francés-Soriano, S. Gonzalez-Carrero, E. Navarro-Raga,
R. E. Galian, M. Gonzalez-Béjar and ]. Pérez-Prieto, Adv. Funct.
Mater., 2016, 26, 5131-5138.

X. Wang, J. Yang, X. Sun, H. Yu, F. Yan, K. Meguellati, Z. Cheng,
H. Zhang and Y.-W. Yang, Chem. Commun., 2018, 54, 12990-12993.
Q. Liu, C. Li, T. Yang, T. Yi and F. Li, Chem. Commun., 2010, 46, 5551-5553.
(@) X. Chen, Y. Wang, Y. Zhang, Z. Chen, Y. Liu, Z. Li and J. Li, Anal.
Chem., 2014, 86, 4278-4286; (b) H. R. Herschman, Science, 2003,
302, 605; (c) Y. Yin and A. P. Alivisatos, Nature, 2005, 437, 664-670.
B. Gu, Y. Zhou, X. Zhang, X. Liu, Y. Zhang, R. Marks, H. Zhang,
X. Liu and Q. Zhang, Nanoscale, 2016, 8, 276-282.

(a) H. Li, S. Song, W. Wang and K. Chen, Dalton Trans., 2015, 44,
16081-16090; (b) P. Rong, K. Yang, A. Srivastan, D. O. Kiesewetter,
X. Yue, F. Wang, L. Nie, A. Bhirde, Z. Wang, Z. Liu, G. Niu, W. Wang
and X. Chen, Theranostics, 2014, 4, 229-239.

A. Wang, W. Jin, E. Chen, J. Zhou, L. Zhou and S. Wei, Dalton Trans.,
2016, 45, 3853-3862.

(@) J. Fang, H. Nakamura and H. Maeda, Adv. Drug Delivery Rev.,
2011, 63, 136-151; (b) V. Torchilin, Adv. Drug Delivery Rev., 2011, 63,
131-135; (¢) C. Zhang, D. Ni, Y. Liu, H. Yao, W. Bu and J. Shi, Nat.
Nanotechnol., 2017, 12, 378-386.

M. Zhao, B. Li, P. Wang, L. Lu, Z. Zhang, L. Liu, S. Wang, D. Li,
R. Wang and F. Zhang, Adv. Mater., 2018, 30, 1804982.

W.-L. Zhou, Y. Chen, Q. Yu, H. Zhang, Z.-X. Liu, X.-Y. Dai, J.-J. Li and
Y. Liu, Nat. Commun., 2020, 11, 4655.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cc04672a



